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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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The magnetic ordering of the topmost surface layer of ultrathin Cr films grown @DBeis 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 intiive spin polarization which gradually decreases with in-
a prototype system to study interlayer exchange coupling andreasing film thickness. Using the same technique, although
the giant magnetoresistance effect. During recent years, comvithout energy resolution, Ungurist al3® succeeded in ob-
siderable experimental and theoretical work has been peserving layer-by-layer oscillations in the spin polariza-
formed on these artificially layered magnetic structures leadtion starting from the fourth layer for growth at 570 K.
ing to OutStanding diSCOVeriéSThe basic bU|Id|ng block of A common feature of techniques based on e|ectron_
these multilayers are bare films of Cr epitaxially grown onjndyced electron emission is a signal stemming from a depth
Fe(100. In this communication we present studies on theyegion comprising a few layers beneath the surface. Extrac-
magnetic structure of ultrathin Cr films on ®€0 using &  {jon of the overlayer signal thus requires modeling and sub-

gﬁfergnkt) techmque: sptm-p_olarlz?d Aemtls_i!on (f)f etleCtrOfn?h'_n'traction of a generally spin- and energy-dependent back-
uced by grazing proton impact. A striking teaturé ot his . ., | ,42.14 ¢ js evident that this poses problems in cases like

technique is the extreme sensitivity to the topmost film IayerCr on Fe, where interfacial alloying and largely different

in comparison to larger probing depths in conventionalI o .

) L : ayer magnetizations are expectéd Refs. 3 and 8 Cr-
lectron-in lectron emission r ies. . . . o
electron-induced electron emission spectroscopies g%:erlayer induced features in the observed spin polarization

Considerable progress has been achieved concerni \ af £ th derlving back d
knowledge of the structural and chemical properties of ultra@mount to only a few percent of the underlying backgroun

thin Cr films on Fé100). Growth is epitaxial and pseudo- Pelarization for the first few layers grown o
morphic in a wide range of temperature§.Almost perfect In this communication we demonstrate a significant re-
layer-by-layer growth is achieved for substrate temperatureduction of the probing depth in spin-polarized electron emis-
around 600 K, whereas lower temperatures lead to kineti§iOn spectroscopy by using fast protons instead of electrons
roughening of the film. Recently it has been observed tha@s primary particles. The protons are scattered under grazing
growth of the first layer leads to the formation of a Cr-Feangles from the surface layer without penetrating into the
alloy,”~® which is essentially confined to the surface and subfilm (“surface channeling®). Thus, in contrast to the al-
surface layer. For converges of more than two monolayersiost uniform in-depth generation of secondary electrons by
(ML) the topmost layer consists almost exclusively of Crprimary electrons, proton-induced electrons originate mainly
atoms® from the topmost surface layer. Common to both techniques
Most studies have focused on the magnetic properties dg that the emission results from a transfer of kinetic energy
the Cr films since the seminal discovery of a layer-by-layerof the primary particle to electrons of the film. In this respect
antiferromagnetic ordering in several ML thick Cr films. our method differs from related techniques, where the poten-
Although a number of experimental techniques, mainlytia| energy of impinging ions causes emission or capture of
based on spin- and, in some cases, energy-r_esolved _ScatterWn—polarized electron$-19
of electrons, have been applied, the magnetic behavior of the The experiments are performed at a pressure of some

first few layers remained unclear. Walketr al1° infer from 10~ *'mbar. The Fe crystal is mounted to close the gap of a
slightly negative asymmetries in spin-polarized electron-

soft-magnetic yoke with a coil. The crystal is magnetically
energy-loss_spectroscopy that 1 ML. Cr grown at 4.70 Ksaturated by current pulses along an easy axis of magnetiza-
couples antiferromagnetically to Fe, in agreement with re- —
sults from magnetically sensitive core level spectro-tion [001] or [001] within the (100 surface plane and per-
scopies 13 Upon further deposition, the asymmetry main- Pendicular to the scattering plane. With the magneto-optic
tains the same sign as for clean Fe up to coverages of abolt§err effect we find a square-shaped hysteresis loop with full
8 ML. A similar behavior is observed using electron-excitedreémanence near the center of the target and a reduced rema-
spin-polarized electron emissidgsecondary electron emis- nence near the edges. All data are recorded in the remanent
sion spectroscopyfor room temperature growtld. After state. The Fe target is prepared by cycles of grazing sputter-
background subtraction, a negative spin polarization is ining with 25 keV Ar ions and subsequent annealing, until
ferred for the 1 ML Cr film. Subsequent layers show a posi-the surface is clean and flanhean terrace width-1000 A),
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' > ‘ ticles (b). The spectra were recorded at 610 K during Cr
- growth. In order to discriminate secondary electrons gener-
ated at surfaces in the chamber other than the target surface,
we biased the target by 10 V with respect to grountf We
estimate an increase of the effective solid angle at small elec-
tron energieselectron trajectory calculations show 30% at 5
eV), which at least partly compensates for the energy depen-
dence of the transmission due to residual magnetic stray
fields.

The intensity distributions in Fig. {curves exhibit the
well-known behavior: a pronounced peak with a maximum
at 1-2 eV and a gradual decrease towards higher energies.
The peak is usually ascribed to cascade multiplication owing
to kinetic electron-electron collisions, whereas direct excita-
tion of electrons by primary particles should dominate at
higher energies. Although details of the intensity distribu-

0 tions will be discussed elsewhere, we would like to mention
0 10 200 10 20 two observations herdi) Aside from a shift of the maxi-
Energy (eV)  Energy (eV) mum to smaller energies, the effect of the Cr coverage is
weak. (i) The cascade peak is less pronounced foreci-

FIG. 1. Normalized intensity distributiofturves, right-hand or-  tation, but we do not observe significant differences between

dinatg and spin polarizatiorisymbols, left-hand ordinate®f elec-  electron and proton excitation. This is in contrast to Ref. 19,

trons excited by 25keV Hions (a) and 4 keV electrongb). The  \yhere similar experiments on clean surfaces are interpreted
spectra refer to the clean @90 surface(bottom) and Cr coverages solely in terms of potential emission by ion impact.

_(av_eraged over a coverage range 10.2 ML in each caseas The observed spin polarizatiofFig. 1, symbols is in
indicated. The polarization is calculated from the measured asymy oo ment with previous studies on electron-induced elec-
\Tei:irc):/a‘lllvng acirst;n;?gr;%nucr:'g;soge%?i'n;):e origins are displaced o, o missior?324 It is largest for small energies and falls
y by rapidly within the range of cascade electron energjlgg.
1(b)]. This is also observed for proton excitatigfig. 1(a)].
as checked by low-energy electron diffractidhEED),  This similarity between proton and electron excitation is re-
Auger spectroscopy, and angular distributions of scatmarkable, as it shows that cascade effects are important even
tered ions?® for grazing angles of incidence. We note that, for the clean
Cr is sublimated by electron beam heating. Growth isFe surface, the polarization is smaller for proton impact than
monitoredin situ and in real time by measuring the specularfor electron impact. This can be, at least partly, ascribed to
intensity of grazingly scattered ions. This technique enablethe larger source are#&reduced magnetization near the
one to calibrate the coverage and quantitatively determineample edgeand the smaller probing depftthermally re-
the film morphology. For the present study we choose aluced magnetization at the surface
growth temperature of about 610 K, where growth is found Although the overall shape of the spin polarization spectra
to proceed in an almost perfect layer-by-layer mode, in achardly changes upon growth of Cr, we observe for proton
cordance with our previous studie3ypical growth rates are excitation a strong and nonmonotonic dependence of the val-
some 10*MLs ™% ues of the polarization on the coverage. This is in clear con-
Emitted electrons are collected within a cone of about 12%rast to the gradual decrease observed for electron excitation.
full opening angle around a direction of 10° off normal andThe effect becomes more evident when the measured spin
enter a cylindrical sector field energy analyzer via a transfepolarization is averaged over the whole spectral rafege
lens (CSA300, Focus After energy separation and 90° cluding small energieE<2 eV) and plotted against the Cr
deflection, electrons are imaged by another lens into @&overage. For proton excitatigfrig. 2(a)] the spin polariza-
LEED spin-polarization detectdt.Pass energy80 eV), en-  tion follows a series of roughly linear variations. The break-
ergy resolution[3.0 eV full width at half maximum point positions coincide with integer ML coverages. This
(FWHM)], and LEED scattering enerdyt04.5 e\j are kept  oscillatory behavior clearly differs from electron excitation
constant during energy scans. Each polarization spectrum j&ig. 2(b)], where, aside from the first layer, the layer-by-
obtained from two identical measurements with reversedayer growth of Cr does not appear in the observed polariza-
magnetization to eliminate instrumental asymmetries andion. We note that the shape of the spin polarization curves
checked by measurements on a paramagnetic Ta foil attach¢glig. 2) hardly depends on the choice of energy interval for
directly near the Fe sample. energies larger than a few eV, if normalized to the data for
In Fig. 1(a) we show intensity distributioricurves and  the clean Fe surface.
spin polarization(symbolg of electrons excited by 25 keV Considering the conceptual and physical similarity of
H* ions incident at a grazing angle of 1.2° upon the clearboth experiments, the striking difference between the ob-
and Cr-covered R&00) surface. For comparison we also use served polarization curves may be ascribed to different prob-
4 keV electrons at oblique inciden¢83°) as primary par- ing depths for proton and electron excitation, respectively.

Spin Polarization (%)
Intensity (norm.)
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25 keV H* Cr / Fe(100)

Magnetic Moment (pz)

0*1* 2+ 3 4 5 6 7 8
Cr Layer

FIG. 3. Layer-dependent magnetic moments per atom for Cr/
Fe(100 obtained from a fit to the data from Fig. 2 according to Eq.
(1). Layers 0 and ¥ (alloyed layers are marked By refer to the
subsurface and surface layer, respectively, after deposition of 1 ML
of Cr. The error bars cover statistical errors and systematic errors

Spin Polarization (norm.) Spin Polarization (norm.)

+ due to the choice of electron energy interval and the uncertainty of
P L ‘foo. probing depth.
0.0 0 1 2 3 4 5 6 8 . . . .
Cr Coverage (ML) tion, attenuation lengths have been compiled in Ref. 25. Here

Ns=4.2ML (Fe) and\,=2.9 ML (Cr) (we neglect the spin
FIG. 2. Spin polarizatiorfsymbols of electrons excited by im- dependence observed for the smallest energi€d0eV).
pact of 25 keV H ions (a) and 4 keV electrongb) on Cr/Fé1000  On the other hand, for grazing proton impact, we expect
versus Cr overlayer thickness. The solid lines represent model cal-, 0, Yet there is a finite probability for the protons to pen-
culations assuming the same layer-dependent magnetization profiigrate the surface via ledges of islands, substrate steps, or

but different probing depths for proton and electron excitatsse thermally displaced atoms. From trajectory simulatf8ree
text). The data have been normalized to the polarization for thesgtimate) .=\ =(0.5+0.3) ML
s=N\a .5*0. .

clean Fe surface. The layer-dependent magnetic moments obtained from a

. . . fit to the data for proton excitatiofrig. 2(a), solid lined are
Whereas grazingly scattered protons mainly excite electron P dFig. 22 3

f h i | h bing depth for el Shown in Fig. 3. As expected, the plot closely resembles the
fo”.‘t.e top-most film layer, the probing ept. or eectror)spin polarization curve. Note, however, that the moments
excitation amounts to several layers. An antiferromagneti

: Weduced for the alloyed layers 01*, and Z represent av-
stacking of layers, as expected for CHE®D), thus causes & 3004 moments of Fe and Cr atoms. Our results show that

gradual decrease of the measured polarization with incréagqe e are significant deviations from the layer-by-layer oscil-
ing coverage, in agreement with our observation and preViryiong of Cr moments observed for thicker lay2fEhis is

ous studies on electron-induced electron emisSiéiNever- 1 oot'cigent for coverages of 1 or 2 ML, where considerable

theless., we do not observe a Ia}yer-by-lgyer change in sig.n. focilloying occurs. From the third monolayer, the observed mo-
proton impact, in agreement with the highly surface sensitivg o nts are similar to the rms Cr bulk moméabout 0.4ug).

: 10
exp_l)_e;]rlrr:ents gf Wal(l;ee: al. i ; b i tA ide from the unexpected magnetic ordering at the begin-
€ layer-aependent magnetic moments can be estima ng of growth, our data suggest another irregularity between

by fij[ting the datg for_proton excitat_ion ff°’T' Fig(zﬁ, as- layers 4 and 5. This would explain the anomalous phase of
suming a proportionality between spin polarization and Madine magnetic stacking observed in thicker layers.

hetization, Note that an averaged moment ofL.4ug for the inter-
face layer 6 would imply huge negative moments for Cr
> Ngai eXP(—2Z/\,) +Nghsexp(—d/\ ) atoms 4.7 ug), if we assume Fe moments as in the bulk

Poc ! ) (1.92ug). Such huge Cr moments—(4.5ug) have been

also observed by Turtur and Bayreutfeduring initial
growth at room temperature by absolute magnetometry.
With the layer-dependent magnetic moments from Fig. 3,
where ng(n, ;) is the number of conduction electrons per we calculated the spin polarization curve for electron excita-
atom in the substratéiim layeri), ng{(ng,;) the Bohr mag- tion [Fig. 2(b), solid lined, also by using Eq(1), but with
neton numberd the film thickness, and 4(\,) the attenua- larger attenuation lengths. The consistency of the data sets
tion length of electrons in the substrdfém). n, ; is slightly ~ corroborates our assumption of different probing depths in
layer dependent due to interfacial alloyih.We assume proton and electron excitation. We note that the reverse pro-
ngs=0.9X2.13=1.92(the prefactor takes account of thermal cedure(deduction of moments from measured spin polariza-
spin excitationsto be independent on the depth. For a uni-tions) leads to ambiguous results.
form in-depth generation of electrons as in electron excita- In summary, we studied the magnetic ordering of ultrathin

Z Ng i €XP(—Zi/Ng) FNshgexp(—d/N,)
I
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Cr films on F€100 by spin-polarized electron emission. The face sensitivity for proton excitation enables one to deduce
films were grown under conditions where growth is almostmagnetic moments of the topmost film layer in a straightfor-

perfectly layer-by-layer and the chemical composition is wellward manner.

known. In addition to conventional excitation by electrons,

we used grazing impact of fast protons. The observed spin The assistance of T. Igel, A. Laws, K. Maass, and R. A.

polarization of emitted electrons shows layer-by-layer oscil-Noack in the preparation of the measurements is gratefully
lations for early Cr growth, in contrast to the gradual de-acknowledged. This work was supported by the Deutsche
crease observed for excitation by electrons. The extreme sukorschungsgemeinschgBonderforschungsbereich 290
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