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Magnetic moments in thin epitaxial Cr films on Fe(100)
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The absolute magnetic moments of thin Cr overlayers ¢a@@ are directly determined by energy-resolved
spin-polarized secondary-electron emission. Spin-dependent attenuation of low-energy secondary electrons is
guantitatively treated, following a model by Siegmann, to extract magnetic depth profiles in the adlayer. The
first monolayer of Cr couples antiferromagnetically to the Fe substrate and exhibits a maximum magnetic
moment of 1.8&0.2ug per atom for a submonolayer coverage. Subsequent Cr layers show a positive magne-
tization.[S0163-182606)06538-1

The topic of induced magnetic moments in nonmagneticsteps at the Cr-Fe interface leads to frustration and hence to
adlayers at ferromagnetic surfaces combines state-of-the-artultiple magnetic moment distributions with reduced aver-
experimental thin film magnetometry with computationalage moments. This, however, contradicts first-principles
physics. Most important, however, is the quantitative experiband-structure calculations by Coehodran F&100)/Cr su-
mental determination of the magnetic moments since th@erlattices with mixed monolayers at the interface where Fe
computers provide numerical values which are to be chaland Cr moments show almost no dependence on the nearest-
lenged. Stimulating indeed is the fact that on both sides eveneighbor environment. A very recent study with spin-
conceptual uncertainties persist and constant progress plarized core-level photoemission by Xt all? reports
made towards the understanding of the underlying physics.1.8ug/atom for a submonolayer coverage using the same

In the present study we focus on Cr epitaxially grown onpolarization-to-moment conversion as in Ref. 6.

Fe(100 which is the best investigated system in its family. The SPSEE surface spectrométés straightforward. The

We utilize spin-polarized secondary-electron emissionsample, which is an F&00) single crystal with a Cr adlayer
(SPSEE as in a recent report on V/E00).! The high sur- in the present case, is magnetized by a small horseshoe-
face sensitivity of SPSEE with a quantitative treatment of theshaped electromagnet along an easy direction. It exhibits full
spin dependence of the electron scattering enables us to esemanence at which all the measurements are performed. A
tract quantitative magnetic moments of the adlayers. Subsecondary-electron cascade is excited near the surface by an
stantial progress over the earlier study is made in that wenpolarized primary-electron beam of 2000 eV. The surface-
utilize the energy dependence of the scattering and reaatiormal emission of secondary electrons is resolved in energy
consistency as a stringent test. We find that at room temperd a cylindrical-mirror energy analyzer and subsequently
ture one monolayefML) of Cr on Fe aligns antiparallel to submitted to spin-polarization analysis in a 100 keV Mott
the Fe magnetization. It has a maximum magnetic momendetector. The spin polarization is definedRs (NT—N])/

of 1.8+0.2ug/atom for a submonolayer coverage. Subse{NT+N]). NT(]) is the number of electrons with magnetic
guent layers show a positive magnetization which decreasaaoment paralle(antiparalle] to the quantization axis of the
with increasing distance from the interface. detector which is chosen to lie parallel to the Fe magnetiza-

For a monolayer of Cr on F£00 an induced magnetiza- tion direction. The Cr films are deposited on the well-
tion with very large magnetic moments ranging from 3.1 toprepared FE.00) surface at room temperature by electron-
3.9 ug/atom(Refs. 2—4 has been predicted to align antipar- beam evaporation. During evaporation the pressure is kept
allel to the magnetization of the Fe substrate accompanied Hyelow 10°° Torr. The cleanliness of the substrate and of the
a slight reduction of the interfacial Fe moment. These earlyadlayers is checked with Auger-electron analysis. The film
predictions so far could hardly be confirmed by experimentathicknesses are determined by the relative changes of the Fe
observations. For a submonolayer of Cr Idzeedlal. report  LzM4sMyus5, Fe MMMy, and Cr LgM oM ys Auger-
0.6ug/atom from soft x-ray magnetic circular dichroism. electron intensities upon evaporation. They exactly follow
Hillebrechtet al® have found from spin-polarized core-level exponential attenuation laws as shown in Fig. 1, lower panel,
photoemission a value of 0.5—4ds/atom. Hopsteet al.” in-  with perfect consistency of the respective attenuation
fer from an exchange splitting of 1.9 eV obtained by spin-lengths* at the relevant energies. This gives evidence of a
polarized electron energy-loss spectroscopy a moment ajrowth mode without island formation or interdiffusion. We
roughly 1.Qug/atom for 1 ML Cr on Fe. Later Turtur and do not expect, however, the growth to be strictly layer by
Bayreuther have determined large magnetic moments dhayer. The absolute Cr thickness is based on published at-
4uglatom and a sizable depolarization of the Fe atoms at theenuation lengthd? The crystalline structure of the Cr layers
interface byin situ alternating gradient magnetomefrfor  is examined by low-energy electron-diffractio. EED)

Cr deposited on vicinal Fe surfaces the same group réportgnalysis. We find that Cr on FE)0) displays the same

strong deviations from the layered antiferromagnetic strucLEED pattern as clean Fe for all Cr thicknesses of the
ture which are ascribed to particular surface morphologiespresent study. The intensity maxima occur at the same elec-
Recent tight-binding calculations clatfithat the presence of tron energies as with Fe and no diffuse background is ob-
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L — ocr=0Fag(nt—n")/2. (4)

1or CriFe(100) | Using Eqs(1)—(4) it is possible to express the observed spin
_08F 4 Eg<3eV 1 polarizationP in terms ofn™. This allows one to determine
= o6l * the magnetic moment which is given hy=(n"+n")ug
T from P with only two adjustable parametees (or o) and

0.4}t oy.

02l Application of this scheme to a surface of a semi-infinite

0.0 sample is not favorable since it assume® be constant for

' all depthsz which usually is not the case. The power of the

08l method, however, lies in the investigation of ultrathin adlay-
= ers in the submonolayer-to-monolayer range where the mag-
§ 06 netization can be considered to be homogeneous over the
= 04l adlayer thickness. In the present study we use it to inves-
“g’= il tigate Cr on FELOO. In the case of an adlayer on a magnetic
< o2} substrate the integration of E() yields

00 e T I=(t) =l exp(—to)+i"[1—exp—ta™)], (5

Thickness (Cr) (Al wherel { is the emission from the substrate. It appears to

_ S _ _ be practical to compute the quantiBl=1"—1" in terms
FIG. 1. Secondary-electron spin-polarization times interBity  of the spin polarization of the valence electrons
at E;;,<3 eV (upper paneland Auger-electron iqteqsitieﬁnwer P0=(n+—n‘)/(n++n‘+nsp) and compare it to the ex-
B oo Ao o g permentally ceteminec({i(). The procecre has o
: : P ready been described in a recent study of V ofilBg).” As
ér iml\j/l&f/l'& f((g)ﬂ;i Fg;sii'\r/:gng‘less(.e)c’ti'\:/EIM23M45M45(‘)’ and 3 substantial progress, however, we here make use of the
372345 g - resp v energy dependence of . At kinetic energies above 20 eV

served. Cr is adopting the structure of bcc-Fe. All measure'Ehe spin  dependence of the scattering cross section
' pting ; . “vanishes® Thus we can compare data taken at below 3 eV
ments are performed at room temperature with a workin

pressure of2—5x10 0 Torr %ind at 47 eV with the corresponding analyses usifig0.72

. : nm ! (Ref. 19 and o4,=0, respectively. We indeed find a
The measured secondary-electron spin-polarizaBoat . . . : S
; . . consistent picture which lends confidence to the validity of
low energies of a bulk sample is proportional to the sampl

§he scheme
magnetization in a surface region of about 4—5Hef. 15 ; N . i
thickness. The determination of the magnetic moment per. Using energy-resolved SPSEE we measure the spin polar

atom u from P then requires quantitative knowledge of the ization P and intensityl versus Cr thickness The observed

. - thickness dependence of the prod@&t)I(t) of secondary
production and emission rates of secondary electrons. For th N . ) .

. electrons with kinetic energies below 3 eV is presented in
production we can assume that all valence electrons are e

. : o o ; f—"ig. 1, upper panel. For a nonmagnetic overlayer it is ex-
?cl)tregpw(;trh dievuﬁagpgfob&bélt'itgﬁ rTaT; C))/flelds for each spif= pected to exhibit the exponential attenuation of the substrate

emission by virtue of the overlayer. The signal strongly de-
i“=i(n*+n J2) (1) viates however, from an exponential attenuation law with
S ) . . . .
attenuation length=4.7 A (Ref. 17 shown as a solid line in
wheren™ and ns, are the number ofl and sp electrons, Fig. 1, upper panel. This is in pronounced contrast to the
respectively, in the valence band. The emission from depth Auger intensities depicted in the lower panel of Fig. 1. The
then is governed by a spin-dependent inelastic scatteringomparison with the Auger data demonstrates that the devia-
cross sectionr—. This gives rise to the secondary-electrontions of theP| signal from an exponential are of magnetic
current origin and do not relate to the growth properties of the ad-
layer. The difference between tifd data and the exponen-
dI*=i"exp—zo~)dz, (2)  tial background is shown in Fig. 2, upper panel. In principle
it could arise from an induced magnetization in the Cr ad-
E’;\yer or from a considerable demagnetization of the substrate
surface or a combination of the two. In the particular system
Cr on F€100) only a weak depolarization of the interfacial
Fe atoms compared to the bulk value is numerically
predicted®~*1?Moreover, element-specific measurements by
core-hole photoemission of Cr on #€0) (Ref. 6 as well as
of Fe on Cf100) (Ref. 18 have shown that the Fe polariza-
for sufficiently low kinetic energies of the electrons. Thetion and exchange splitting remain unchanged compared to
authors were able to determine the parametgysand oy pure Fe. Based on these observations we neglect a reduction
from a compilation of data of various transition metals. of the magnetic moment of the Fe atoms at the interface. We
Straightforward applicatidnl of this concept to a ferromag- note that with this assumption the present analysis yields an
net then yields upper bound of the magnitude of the Cr moment. It further

The key to the present magnetic moment determination lie
in the quantitative treatment of . Following Siegmann and
co-workers® the scattering cross sectienin transition met-
als can be described as being proportional to the number of
holesh=2(5-n) in the form

o=yt ay(5—n) 3
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. FIG_' 2. .(Upper pangl Secondary-electron spin-pol_arization FIG. 3. Secondary-electron spin-polarization times interBity
tl:"n::a_s |nienfs|tyPI Et Eki“_<3 e?/ ﬁf Cr/Fe(lOO)_ vlekr)sui Crthickness 5 Ein=47 eV of Cr/Fe(100 versus Cr thicknesgUpper panel

ot F1g. ater'su _tractlon_ of the _exponentla ackgroufichwer raw data(doty and exponential background with attenuation length
pane) Magnetization profile obtained from the data. The corre-) _4 5 & (solid line). (Lower panel Same data after subtraction of
sponding c?lculated’l (see textis shown as a solid line in the the exponential background. The solid and broken lines represent Pl
Upper pane. calculations with different parameters of the motide text

turns out that consistency between the data of various elesensitivity of Pl to spin-dependent scattering we, for com-
tron energies only exists for zero reduction of the Fe interparison, also have calculatd with 0,=0.72 nm ! as in
face moment. the low-energy case. The resultiotted line in Fig. 3
Next we attempt to determine a magnetic depth profilestrongly deviates from the experimental data. Likewise as a
from the PI data. As a first step starting from the bare sub-test we have computed a profile (t) from the low-energy
strate we calculat®| of a small Cr adlayer of thickness Pl data settingry=0, i.e., neglected spin-dependent scatter-
within which we assume the moment to be constant. We using altogetherw*, which is not shown here, exhibits quali-
Egs.(1)—(5) with the parameters=1/\ andoy=0.72 nm! tatively the same shape agt) but the absolute values are
taken from Ref. 15 and obtajm of this Cr adlayer by best fit more than twice as largé—4.2 ug for 0.3 ML Cr on
to theP| data. This step then is repeated for each additionaFe(100)]. The correspondind| curve at 47 eV, however,
fraction of adlayer of thickness using the precedent layers does not fit the experimental data at @hksh-dotted line in
of total thickness as a new substrate. With this procedureFig. 3. This indicates that spin-dependent scattering at low
we imply the rather strong assumption that the moment of &nergies is important, indeed. The consistencyuf) of
given layer does not change upon adsorption of further layFig. 2 for both energies with and without scattering, respec-
ers. The resulting magnetization profikét) is shown in Fig.  tively, demonstrates that the present treatment of spin-
2, lower panel, together with the correspondcurve as  dependent attenuation is meaningful.
a solid line in the upper panel. We have shown that the presence of the Fe interface in-
In order to gain confidence in the quantitative treatment ofduces a large spin polarization in thin Cr adlayers. For the
the spin dependence of the inelastic scattering we have rgarticular structure of epitaxially grown Cr on E&00) at
peated thé?| measurements at a different kinetic energy ofroom temperature we find that a Cr adlayer of a submono-
the secondary electrons. Figure 3 shd®isat 47 eV kinetic  layer coverage has an induced magnetization of0.2 ug
energy as a function of the Cr thickness. This energy correper atom and is magnetically oriented antiparallel to the Fe
sponds to the F&,3M 4sM 45 Auger line. It is particularly — surface magnetization. The entitgt) in Fig. 2 can be re-
suited because the spin dependence of the scattering vanistgzsded as a magnetic depth profile of Cr on (E80), but
above 20 eV!® on one hand, and the attenuation length caronly with some reservation. We note that a reasonable fit to
directly be determined without further parameters from thethe data within the first monolayer only is obtained when
decrease of the Auger intensity, on the other. The attenuationsing fractional monolayers. This reflects the fact that the
length turns out to ba=4.2 A. Deviations ofP| from the  growth at room temperature is not strictly layer by layer, as
corresponding attenuation laggolid line in Fig. 3, upper has been shown with tunnel microscogyrhe analysis fur-
pane) again are significant; the difference is shown in thethermore implies the rather strong assumption that the mag-
lower panel of Fig. 3. Using the same magnetic depth profilsetic moment in a given fraction of the Cr layer does not
u(t) as in Fig. 2 obtained from low-electron-energy data wechange upon adsorbtion of further layers. This assumption is
have calculated the thickness dependencklofvithout any  correct for the first monolayer but, however, might be wrong
adjustable parameters taking=1/\ andoy=0. The resultis for the next few layers near the Fe interface. We emphasize,
shown as a solid line in the lower panel of Fig. 3. It exhibitshowever, that in the range of submonolayer coverage the
good agreement with the experimental data. To illustrate theletermination of the magnetic moment for thin Cr films on
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Fe (100 is a firm result. When going to thicker Cr adlayers Itis a pleasure to thank H. C. Siegmann for many fruitful
we observe the sign of the induced magnetization to changeonversations and continuous support and to K. Brunner for
in the first layer and the magnetization to remain positive forexpert technical assistance. Financial support by the Sch-
thicker Cr films. weizerischer Nationalfonds is gratefully acknowledged.
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