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Magnetic ordering of ultrathin Mn films on Fe „100… studied via capture of polarized electrons
by fast ions
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Humboldt-Universita¨t zu Berlin, Institut fu¨r Physik, Invalidenstrasse 110, D-210115 Berlin, Germany

~Received 7 May 1998!

The magnetic ordering of the topmost surface layer of Mn films grown on Fe~100! at different temperatures
is investigated via the polarization of fluorescence light emitted after capture of spin-polarized electrons into
excited atomic terms during scattering of 25-keV He1 ions. For coverages up to about 0.5 ML the observed
spin polarization is in accordance with in-plane ferromagnetic order of Mn moments with antiparallel coupling
to moments of the Fe substrate. For 1–8-ML films the detected spin polarization vanishes, indicating in-plane
antiferromagnetic order of the topmost layer.@S0163-1829~98!03730-8#
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Considerable attention has been devoted to films of n
ferromagnetic metals on a ferromagnetic substrate owin
their importance in understanding exchange-coupling p
nomena in sandwich and multilayer systems.1 Cases of cur-
rent interest are Cr and Mn films on Fe~100!, where the film
material shows a tendency to antiferromagnetic order
Whereas the understanding of growth and structure of
films on Fe~100! has improved,2,3 the magnetic ordering o
the films is a matter of dispute, both theoretically4–8 as well
as experimentally.9–14

Various configurations of the magnetic moments of M
atoms have been discussed, comprising parallel and ant
allel couplingwithin as well asbetweenthe film layers. Most
experimental techniques, sensitive to a magnetizationM at a
surface, average over a macroscopic regionwithin the sur-
face and a number of layersbeneaththe surface. Though it is
possible to investigate a ferromagnetic ordering, one can
distinguish between different antiferromagnetic configu
tions, since magnetic moments average toM50.

Here we report on experimental studies where we h
analyzed magnetic ordering during growth of a thin me
film via capture of spin-polarized electrons into excit
atomic states of fast atoms during scattering from the fi
surface. The spin polarization is deduced from the polari
light emitted in the subsequent decay of those states.15–18

This method can be considered as an attractive alternativ
the technique to deduce the spin polarization from a com
cated analysis of a nuclear reaction.19

Similar to other methods to probe surface magnetism
quantitative relation between surface magnetizationM and
spin polarization of captured electronsPS has not been es
tablished so far. A theoretical treatment for the formation
excited terms during grazing scattering from a target wit
realistic spin-resolved band structure has still to be wor
out. However, from simple concepts of charge exchange20–23

some important conclusions for the application of o
method can be drawn.

~1! Since electronic orbitals of excited atomic states ha
typical mean radii.10 a.u., these states can only survi
from collisions where the atom core has reached a dista
from the surface of about those radii on the outgoing traj
tory. From this feature we conclude a sensitivity of o
method to a region above the topmost layer of surface ato
PRB 580163-1829/98/58~5!/2430~4!/$15.00
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This extreme surface sensitivity makes electron captur
powerful technique to study magnetic ordering in th
films.24

~2! Some qualitative statements on the relation betw
magnetic moments andPS can be given:PS reflects the mag-
netization owing to an orientation of spin momenta, beca
the spin is assumed to be conserved in the capture proc
The spins are collinear withM . PS changes sign withM . As
a consequence, it should be possible for thin films to d
criminate between a parallel and antiparallel stacking of l
ers. Moreover, a distinction of parallel and antiparallel alig
mentswithin the surface plane becomes feasible.

The concepts and analysis of experiments on polari
light emission after electron capture are described in deta
Ref. 18. We refer to a geometry where the scattering plan
the xy plane, and light is emitted along the positivez direc-
tion. During interaction with the film surface, the ions ca
ture electrons into excited atomicuLSMLMS& states (LS
coupling!. For orbital angular momentaLÞ0 the broken cy-
lindrical symmetry in the excitation geometry may lead
anisotropic populations of states with magnetic sublev
ML , resulting in an anisotropy of orbital angular momen
^Lz&Þ0. In case the film surface shows a long-range m
netic order with magnetizationMzÞ0, electrons with a net
spin polarization are captured, and the electronic ato
states havêSz&Þ0. In order to obtain the spin polarizatio
PS5^Sz&/S and the polarization of orbital angular momen
PL5^Lz&/L, two independent measurements of the polari
tion of fluorescence light are needed. This is accomplis
by inverting the sign of PS by a reversal of the
magnetization,15,18 which does not affectPL .

In addition to the light emission, the intensity of spec
larly reflected ions is also measured. For layer-by-la
growth, the intensity varies with the coverage in an oscil
tory way, similar to oscillations in reflection high-energ
electron diffraction. This allows one to continuously monit
coverage and morphology of the film.25–27

In our experiments a well-collimated beam of 25-ke
He1 ions is directed onto the target surface at a polar in
dence angleF'1° – 2° with respect to the surface plane. A
substrate we use an Fe~100! single-crystal disk, instead o
making use of a thin epitaxial Fe film, in order to prepare
2430 © 1998 The American Physical Society
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PRB 58 2431BRIEF REPORTS
smooth substrate surface largely free of defects and to a
complications owing to segregation of foreign atoms, wh
has been assumed to explain contradictory experime
results.12,11 In situ preparation of the Fe surface is perform
by cycles of grazing Ar1 sputtering and subsequent anne
ing. Mn is deposited from high-purity rods by electron-bea
heating in a commercially available evaporator~EFM3, Omi-
cron! with integrated flux monitor, using typical growth rate
of some 1023 ML s21. Growth is monitored by recording
the intensity of specularly reflected ions by means of a ch
neltron detector. Before and after deposition, Auger elect
spectroscopy, spot-profile analysis of low-energy elect
diffraction, and analysis of polar angular distributions
scattered He projectiles28 show a clean and well-ordered su
face.

The Fe crystal is mounted into the gap of a toroidal yo
with a coil of 50 windings. Magnetization of the crystal
performed along an easy axis of magnetization@001# or
@001̄# in the ~100! plane by current pulses. Via these pulse
reliable remanent magnetization is achieved, as checke
the longitudinal magneto-optic Kerr effect. A zero net ma
netization is obtained by a gradual decrease of an ac cu
through the coil.

The light of the HeI 1s2s 3S-1s3p 3P transition atl
53889 Å, which is in the UV spectral range, so that t
detection is hardly affected by blackbody radiation from t
filament for heating the crystal, is imaged 1:1 onto the ca
ode of a UV photomultiplier. The circular polarization fra
tion of the light is measured by means of a quarter-wa
plate, a linear polarizer, and a narrow bandwidth interfere
filter via a rotation of the quarter-wave plate in intervals
90°. We also replaced the linear polarizer by a polariz
cube beam splitter and measured with two photomultip
the light intensities for opposite helicities simultaneous
The latter setup enhances count rate and stability of data
reduces the absolute accuracy ofPS andPL owing to differ-
ent efficiencies of both detection channels.

The overall quantum efficiency of our optical setu
amounts to about 331024 for the single-channel and 6
31024 for the two-channel system. Typical count rat
amount to 1500 and 4000 s21, respectively, for a curren
density of 20 nA mm22, which is low enough to avoid ion
beam-induced sputtering or damage of the film, as has b
checked from Mn/Fe Auger signal ratios and angular dis
butions of scattered He projectiles.

In recent studies we found that growth of Mn on Fe~100!
starts in a layer-by-layer mode3 with a favorable growth tem-
perature of about 560 K. Lower temperatures lead to kin
roughening. After four layers, the growth mode chang
from layer to island growth for temperatures above ab
420 K. Below this temperature a~metastable! layer-by-layer
growth is observed. In accordance with growth conditio
used in published studies on Mn/Fe~100!, we first show re-
sults for Mn films grown at 300 K~Fig. 1!. The intensity of
specularly reflected ions oscillates with coverage, which
the signature of layer-by-layer growth@Fig. 1~a!, open
squares#. The intensity of emitted light~sum of the light
intensities for opposite helicities! shows the opposite behav
ior @Fig. 1~a!, solid circles#. It increases first and oscillates
a higher level. The oscillations show a phase shift of 0.5 M
compared to the intensity oscillations of reflected ions, i
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FIG. 1. ~a! Normalized intensity of fluorescence light emitted
the HeI 1s2s 3S-1s3p 3P, l53889 Å transition~solid circles! af-
ter grazing scattering of 25-keV He1 ions from Mn films grown on
Fe~100! and normalized intensity of specularly reflected 25-keV H1

ions~open squares! @we note that there is no fundamental differen
between scattering of He1 and H1 ions ~Ref. 27!#. Incidence angle
F51.75°, growth temperatureT5300 K. ~b! Spin polarizationPS

~circles! and polarization of orbital angular momentaPL ~squares!
obtained from the fraction of circular polarization in the fluore
cence light measured with the single-channel~open symbols! and
the two-channel~solid symbols! system, respectively. Each da
point represents the average of five single measurements fo
quentially reversed magnetizations. The total accumulation time
data point is 30 s, corresponding to about 1.23105 counts. Note
that the data have been accumulated continuously without interr
ing the Mn flux. The left vertical line indicates the opening of th
shutter.
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the light intensityincreaseswith the surface roughness an
has maxima whenever the surface layer is about half fille

The spin polarizationPS and the polarization of orbita
angular momentaPL are shown in Fig. 1~b!. The open and
solid symbols represent data measured with the single-
two-channel system, respectively. First, we note thatPL
slightly increasesupon deposition of Mn. This increase
strongest for submonolayer coverages and weakens
completion of the first layer. Upon deposition of Mn th
work function should decrease from 4.7 eV for Fe~100! to
about 4.1 eV for Mn, with the strongest change occurring
the submonolayer range. Calculations on polarized elec
capture from a jellium metal indicate thatPL increases for
lower work functions and might explain our findings.29

The spin polarizationPS shows a pronounceddecrease
from the clean Fe surface value~about 23%! to a small,
almost constant value for Mn coverages beyond 0.5 M
This behavior has been observed in all of our measurem
with a scattering of data for different runs by62% around a
mean value of about 2%. The initial decrease ofPS is in
accordance with an opposite orientation of the Mn mome
with respect to the Fe substrate. Assuming a proportiona
betweenPS and the surface magnetizationMz and compa-
rable moments of Mn and Fe surface layer atoms,4,30 a cov-
erage of 0.5 ML should be sufficient to cancelPS , in accor-
dance with our observation. A parallel alignment of the M
moments with an opposite orientation to the Fe moment
expected from calculations for the submonolayer regim4

and in accordance with recent experiments on spin-reso
photoelectron spectroscopy11 and magnetic circular
dichroism.13,14

Upon further deposition of MnPS saturates to a sma
value, i.e., the net in-plane magnetizationMz is almost zero,
indicating a loss of in-plane ferromagnetic order or the
currence of antiferromagnetic or ferrimagnetic order. This
in accordance with calculations for a 1-ML film,4,7 because
the ~antiparallel! Mn-Mn coupling prevails in the monolaye
regime compared to the~antiparallel! Mn-Fe coupling domi-
nant in the submonolayer regime. The absolute values of
moments of adjacent Mn atoms are similar (3.2
3.4mB),4,6–8 resulting in a ferrimagnetic in-plane configur
tion with very small net magnetic moment. An almost va
ishing net moment for 1–3-ML films has been also repor
in Refs. 11 and 14 and explained by intralayer or interla
antiferromagnetic configurations.

In Fig. 2 we show data for growth at 560 K. The transiti
in growth mode from layer to island growth at 4 ML~Ref. 3!
leads to a decrease for the intensity of reflected ions@Fig.
2~a!#. A similar behavior appears for the observed polari
tion of orbital momentaPL , which abruptly decreases at
ML @Fig. 2~b!, squares#. We ascribe this decrease to an i
creased surface roughness, which lowersPL as has been
found for poorly polished surfaces.

Note thatPL for the clean surface does not change w
temperature within the experimental error. This is expec
since the geometry of the capture process does not vary
the target temperature. In contrast, the spin polarizationPS
decreases with temperature„16% at 560 K @Fig. 2~b!,
circles#…. This is typical for surface magnetism, where t
magnetization shows a pronounced decay with increa
temperature.
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The dependence ofPS on the Mn coverage is similar fo
560 K and room-temperature growth, although, for a cov
age,1 ML, the decrease seems to be weaker for the hig
temperature. An intermixing between Mn and Fe atoms d
ing growth of the first layer, as observed by us recently31

may explain this finding.
In summary, we have presented experiments on the e

sion of polarized light after grazing scattering of fast io
from ultrathin magnetic films. The growth process as well
the magnetic properties of the topmost film layer can
studied simultaneously and in real time. A sensitivity to fra
tions of a monolayer is achieved. The spin polarization o
served for electrons captured into the 33P state of He atoms
after scattering from ultrathin Mn films grown on Fe~100! at
different temperatures indicates an in-plane ferromagn
order of Mn moments with antiparallel Mn-Fe coupling

FIG. 2. Same as Fig. 1, but for growth at 560 K.
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the submonolayer regime. The nearly vanishing spin po
ization for the monolayer film is in accordance with an i
plane antiferromagnetic or ferrimagnetic order in agreem
with recent theoretical predictions. Similar experiments
ultrathin Cr films on Fe~100! are in progress.
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