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Topmost layer magnetization of ultrathin Cr films on Fe„100… from proton-induced spin-polarized
electron emission
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~Received 24 January 2001; published 16 March 2001!

The magnetic ordering of the topmost surface layer of ultrathin Cr films grown on Fe~100! is studied via
spin-polarized electron emission, excited by fast protons grazingly scattered from the film surface. We find that
most electrons originate from the topmost layer. Based on simple assumptions we are able to deduce the
layer-dependent magnetic moments from the observed spin polarization of electrons. We demonstrate that our
method has a clearly smaller probing depth than conventional spin-polarized electron spectroscopies.
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Fe/Cr/Fe sandwiches and superlattices have evolved
a prototype system to study interlayer exchange coupling
the giant magnetoresistance effect. During recent years,
siderable experimental and theoretical work has been
formed on these artificially layered magnetic structures le
ing to outstanding discoveries.1 The basic building block of
these multilayers are bare films of Cr epitaxially grown
Fe~100!. In this communication we present studies on t
magnetic structure of ultrathin Cr films on Fe~100! using a
different technique: spin-polarized emission of electrons
duced by grazing proton impact. A striking feature of th
technique is the extreme sensitivity to the topmost film lay
in comparison to larger probing depths in conventio
electron-induced electron emission spectroscopies.2

Considerable progress has been achieved concer
knowledge of the structural and chemical properties of ul
thin Cr films on Fe~100!. Growth is epitaxial and pseudo
morphic in a wide range of temperatures.3–6 Almost perfect
layer-by-layer growth is achieved for substrate temperatu
around 600 K, whereas lower temperatures lead to kin
roughening of the film. Recently it has been observed t
growth of the first layer leads to the formation of a Cr-
alloy,7–9 which is essentially confined to the surface and s
surface layer. For converges of more than two monolay
~ML ! the topmost layer consists almost exclusively of
atoms.8,9

Most studies have focused on the magnetic propertie
the Cr films since the seminal discovery of a layer-by-la
antiferromagnetic ordering in several ML thick Cr films3

Although a number of experimental techniques, mai
based on spin- and, in some cases, energy-resolved scat
of electrons, have been applied, the magnetic behavior o
first few layers remained unclear. Walkeret al.10 infer from
slightly negative asymmetries in spin-polarized electro
energy-loss spectroscopy that 1 ML Cr grown at 470
couples antiferromagnetically to Fe, in agreement with
sults from magnetically sensitive core level spect
scopies.11–13 Upon further deposition, the asymmetry mai
tains the same sign as for clean Fe up to coverages of a
8 ML. A similar behavior is observed using electron-excit
spin-polarized electron emission~secondary electron emis
sion spectroscopy! for room temperature growth.14 After
background subtraction, a negative spin polarization is
ferred for the 1 ML Cr film. Subsequent layers show a po
0163-1829/2001/63~14!/140406~4!/$20.00 63 1404
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tive spin polarization which gradually decreases with
creasing film thickness. Using the same technique, altho
without energy resolution, Unguriset al.3,8 succeeded in ob-
serving layer-by-layer oscillations in the spin polariz
tion starting from the fourth layer for growth at 570 K.

A common feature of techniques based on electr
induced electron emission is a signal stemming from a de
region comprising a few layers beneath the surface. Ext
tion of the overlayer signal thus requires modeling and s
traction of a generally spin- and energy-dependent ba
ground.2,14 It is evident that this poses problems in cases l
Cr on Fe, where interfacial alloying and largely differe
layer magnetizations are expected~in Refs. 3 and 8 Cr-
overlayer induced features in the observed spin polariza
amount to only a few percent of the underlying backgrou
polarization for the first few layers grown!.

In this communication we demonstrate a significant
duction of the probing depth in spin-polarized electron em
sion spectroscopy by using fast protons instead of electr
as primary particles. The protons are scattered under gra
angles from the surface layer without penetrating into
film ~‘‘surface channeling’’15!. Thus, in contrast to the al
most uniform in-depth generation of secondary electrons
primary electrons, proton-induced electrons originate mai
from the topmost surface layer. Common to both techniq
is that the emission results from a transfer of kinetic ene
of the primary particle to electrons of the film. In this respe
our method differs from related techniques, where the pot
tial energy of impinging ions causes emission or capture
spin-polarized electrons.16–19

The experiments are performed at a pressure of so
10211mbar. The Fe crystal is mounted to close the gap o
soft-magnetic yoke with a coil. The crystal is magnetica
saturated by current pulses along an easy axis of magne

tion @001# or @001̄# within the ~100! surface plane and per
pendicular to the scattering plane. With the magneto-op
Kerr effect we find a square-shaped hysteresis loop with
remanence near the center of the target and a reduced r
nence near the edges. All data are recorded in the rema
state. The Fe target is prepared by cycles of grazing spu
ing with 25 keV Ar1 ions and subsequent annealing, un
the surface is clean and flat~mean terrace width.1000 Å!,
©2001 The American Physical Society06-1
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as checked by low-energy electron diffraction~LEED!,
Auger spectroscopy, and angular distributions of sc
tered ions.20

Cr is sublimated by electron beam heating. Growth
monitoredin situ and in real time by measuring the specu
intensity of grazingly scattered ions. This technique enab
one to calibrate the coverage and quantitatively determ
the film morphology. For the present study we choose
growth temperature of about 610 K, where growth is fou
to proceed in an almost perfect layer-by-layer mode, in
cordance with our previous studies.6 Typical growth rates are
some 1024 ML s21.

Emitted electrons are collected within a cone of about
full opening angle around a direction of 10° off normal a
enter a cylindrical sector field energy analyzer via a trans
lens ~CSA300, Focus!. After energy separation and 90
deflection, electrons are imaged by another lens into
LEED spin-polarization detector.21 Pass energy~80 eV!, en-
ergy resolution @3.0 eV full width at half maximum
~FWHM!#, and LEED scattering energy~104.5 eV! are kept
constant during energy scans. Each polarization spectru
obtained from two identical measurements with rever
magnetization to eliminate instrumental asymmetries
checked by measurements on a paramagnetic Ta foil atta
directly near the Fe sample.

In Fig. 1~a! we show intensity distribution~curves! and
spin polarization~symbols! of electrons excited by 25 keV
H1 ions incident at a grazing angle of 1.2° upon the cle
and Cr-covered Fe~100! surface. For comparison we also u
4 keV electrons at oblique incidence~33°! as primary par-

FIG. 1. Normalized intensity distribution~curves, right-hand or-
dinate! and spin polarization~symbols, left-hand ordinate! of elec-
trons excited by 25 keV H1 ions ~a! and 4 keV electrons~b!. The
spectra refer to the clean Fe~100! surface~bottom! and Cr coverages
~averaged over a coverage range of60.2 ML in each case! as
indicated. The polarization is calculated from the measured as
metry with a Sherman function of 0.2. The origins are displac
vertically by constant amounts~dashed lines!.
14040
t-

s
r
s
e
a
d
-

°

r

a

is
d
d
ed

n

ticles ~b!. The spectra were recorded at 610 K during
growth. In order to discriminate secondary electrons gen
ated at surfaces in the chamber other than the target sur
we biased the target by210 V with respect to ground.22 We
estimate an increase of the effective solid angle at small e
tron energies~electron trajectory calculations show 30% at
eV!, which at least partly compensates for the energy dep
dence of the transmission due to residual magnetic s
fields.

The intensity distributions in Fig. 1~curves! exhibit the
well-known behavior: a pronounced peak with a maximu
at 1–2 eV and a gradual decrease towards higher ener
The peak is usually ascribed to cascade multiplication ow
to kinetic electron-electron collisions, whereas direct exc
tion of electrons by primary particles should dominate
higher energies. Although details of the intensity distrib
tions will be discussed elsewhere, we would like to ment
two observations here:~i! Aside from a shift of the maxi-
mum to smaller energies, the effect of the Cr coverage
weak.~ii ! The cascade peak is less pronounced for H1 exci-
tation, but we do not observe significant differences betw
electron and proton excitation. This is in contrast to Ref.
where similar experiments on clean surfaces are interpr
solely in terms of potential emission by ion impact.

The observed spin polarization~Fig. 1, symbols! is in
agreement with previous studies on electron-induced e
tron emission:23,24 It is largest for small energies and fal
rapidly within the range of cascade electron energies@Fig.
1~b!#. This is also observed for proton excitation@Fig. 1~a!#.
This similarity between proton and electron excitation is
markable, as it shows that cascade effects are important
for grazing angles of incidence. We note that, for the cle
Fe surface, the polarization is smaller for proton impact th
for electron impact. This can be, at least partly, ascribed
the larger source area~reduced magnetization near th
sample edge! and the smaller probing depth~thermally re-
duced magnetization at the surface!.

Although the overall shape of the spin polarization spec
hardly changes upon growth of Cr, we observe for pro
excitation a strong and nonmonotonic dependence of the
ues of the polarization on the coverage. This is in clear c
trast to the gradual decrease observed for electron excita
The effect becomes more evident when the measured
polarization is averaged over the whole spectral range~ex-
cluding small energiesE,2 eV) and plotted against the C
coverage. For proton excitation@Fig. 2~a!# the spin polariza-
tion follows a series of roughly linear variations. The brea
point positions coincide with integer ML coverages. Th
oscillatory behavior clearly differs from electron excitatio
@Fig. 2~b!#, where, aside from the first layer, the layer-b
layer growth of Cr does not appear in the observed polar
tion. We note that the shape of the spin polarization cur
~Fig. 2! hardly depends on the choice of energy interval
energies larger than a few eV, if normalized to the data
the clean Fe surface.

Considering the conceptual and physical similarity
both experiments, the striking difference between the
served polarization curves may be ascribed to different pr
ing depths for proton and electron excitation, respective
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Whereas grazingly scattered protons mainly excite electr
from the top-most film layer, the probing depth for electr
excitation amounts to several layers. An antiferromagn
stacking of layers, as expected for Cr/Fe~100!, thus causes a
gradual decrease of the measured polarization with incr
ing coverage, in agreement with our observation and pr
ous studies on electron-induced electron emission.3,14 Never-
theless, we do not observe a layer-by-layer change in sign
proton impact, in agreement with the highly surface sensi
experiments of Walkeret al.10

The layer-dependent magnetic moments can be estim
by fitting the data for proton excitation from Fig. 2~a!, as-
suming a proportionality between spin polarization and m
netization,

P}

(
i

nBa,i exp~2zi /la!1nBsls exp~2d/la!

(
i

na,i exp~2zi /la!1nsls exp~2d/la!

, ~1!

where ns(na,i) is the number of conduction electrons p
atom in the substrate~film layer i!, nBs(nBa,i) the Bohr mag-
neton number,d the film thickness, andls(la) the attenua-
tion length of electrons in the substrate~film!. na,i is slightly
layer dependent due to interfacial alloying.7,9 We assume
nBs50.932.1351.92~the prefactor takes account of therm
spin excitations! to be independent on the depth. For a u
form in-depth generation of electrons as in electron exc

FIG. 2. Spin polarization~symbols! of electrons excited by im-
pact of 25 keV H1 ions ~a! and 4 keV electrons~b! on Cr/Fe~100!
versus Cr overlayer thickness. The solid lines represent model
culations assuming the same layer-dependent magnetization p
but different probing depths for proton and electron excitation~see
text!. The data have been normalized to the polarization for
clean Fe surface.
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tion, attenuation lengths have been compiled in Ref. 25. H
ls54.2 ML ~Fe! andla52.9 ML ~Cr! ~we neglect the spin
dependence observed for the smallest energiesE,10 eV).
On the other hand, for grazing proton impact, we expecl
→0. Yet there is a finite probability for the protons to pe
etrate the surface via ledges of islands, substrate step
thermally displaced atoms. From trajectory simulations20 we
estimatels5la5(0.560.3) ML.

The layer-dependent magnetic moments obtained fro
fit to the data for proton excitation@Fig. 2~a!, solid lines# are
shown in Fig. 3. As expected, the plot closely resembles
spin polarization curve. Note, however, that the mome
deduced for the alloyed layers 0* , 1* , and 2* represent av-
eraged moments of Fe and Cr atoms. Our results show
there are significant deviations from the layer-by-layer os
lations of Cr moments observed for thicker layers.3 This is
most evident for coverages of 1 or 2 ML, where considera
alloying occurs. From the third monolayer, the observed m
ments are similar to the rms Cr bulk moment~about 0.4mB).
Aside from the unexpected magnetic ordering at the beg
ning of growth, our data suggest another irregularity betwe
layers 4 and 5. This would explain the anomalous phase
the magnetic stacking observed in thicker layers.3

Note that an averaged moment of21.4mB for the inter-
face layer 0* would imply huge negative moments for C
atoms (24.7mB), if we assume Fe moments as in the bu
(1.92mB). Such huge Cr moments (24.5mB) have been
also observed by Turtur and Bayreuther26 during initial
growth at room temperature by absolute magnetometry.

With the layer-dependent magnetic moments from Fig
we calculated the spin polarization curve for electron exc
tion @Fig. 2~b!, solid lines#, also by using Eq.~1!, but with
larger attenuation lengths. The consistency of the data
corroborates our assumption of different probing depths
proton and electron excitation. We note that the reverse p
cedure~deduction of moments from measured spin polari
tions! leads to ambiguous results.

In summary, we studied the magnetic ordering of ultrath

al-
file

e

FIG. 3. Layer-dependent magnetic moments per atom for
Fe~100! obtained from a fit to the data from Fig. 2 according to E
~1!. Layers 0* and 1* ~alloyed layers are marked by* ! refer to the
subsurface and surface layer, respectively, after deposition of 1
of Cr. The error bars cover statistical errors and systematic er
due to the choice of electron energy interval and the uncertaint
probing depth.
6-3



e
os
e
s
p

ci
e
s

uce
or-

A.
ully
che

RAPID COMMUNICATIONS

R. PFANDZELTER, M. OSTWALD, AND H. WINTER PHYSICAL REVIEW B63 140406~R!
Cr films on Fe~100! by spin-polarized electron emission. Th
films were grown under conditions where growth is alm
perfectly layer-by-layer and the chemical composition is w
known. In addition to conventional excitation by electron
we used grazing impact of fast protons. The observed s
polarization of emitted electrons shows layer-by-layer os
lations for early Cr growth, in contrast to the gradual d
crease observed for excitation by electrons. The extreme
14040
t
ll
,
in
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-
ur-

face sensitivity for proton excitation enables one to ded
magnetic moments of the topmost film layer in a straightf
ward manner.
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