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Abstract

The surface magnetic properties of ultrathin Cr films grown on an O/Fe/Ag(100) substrate have been studied by
means of spin polarized metastable de-excitation spectroscopy. The presence of oxygen on top of the Fe film inhibits
the segregation of Ag and strongly reduces Fe/Cr intermixing. The magnetization of the outermost Cr layer is zero
immediately after its deposition, whereas, upon annealing up to 500 K, a net magnetization is observed which reverse
its direction as a function of the film thickness already from a 3 ML thick film. The magnetization reversal is in
agreement with the layered antiferromagnetic structure of Cr clearly observed for thicker films. © 2000 Elsevier

Science B.V. All rights reserved.
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The magnetic properties of surfaces and thin
films are the object of a strong interest because of
the great variety of phenomena observed in systems
with low dimensionality [1].

Chromium, with its layered antiferromagnetic
structure and its incommensurate spin-density
wave, is particularly interesting [2]. Since Allan’s
prediction of a ferromagnetic phase at the Cr(100)
surface characterized by high localized magnetic
moments [3], considerable efforts have been
devoted to the experimental determination of the
magnetic state of this surface [4].

The first attempts to identify the magnetization
at the Cr(100) surface gave controversial results
[5-7]. The disagreement between theoretical and
experimental results can be attributed to the fact
that real surfaces are not perfectly flat as assumed
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in the calculations. In fact, the presence of terraces
separated by single steps can explain the absence
of a net macroscopic magnetic moment at surface.

Recently, the magnetic properties of thin Cr
films have also been investigated because giant
magnetoresistance effects, which may have impor-
tant technological applications, have been
observed in Fe films separated by thin Cr layers
[8]. The net magnetization at the surface of Cr
films grown on Fe(100) has been investigated by
means of scanning electron microscopy with polar-
ization analysis (SEMPA) [9] and inelastic polar-
ized electron scattering (SPEELS) [10]. Apart
from the conflicting results concerning the phase
of the antiferromagnetic ordering of the Cr layers,
both SEMPA and SPEELS experiments observe a
delayed onset of the antiferromagnetic ordering
which becomes clear from the fifth layer on. The
suppression of a clear antiferromagnetic ordering
up to the fourth layer can be attributed to the Cr—
Fe intermixing revealed by STM experiments [11].
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In this experiment, we investigate the magnetic
state at the surface of the above-described system
and the role played by growth conditions and Cr—
Fe alloying in films with thickness smaller than
5-6 ML. We wuse spin polarized metastable
de-excitation spectroscopy (SPMDS) to investigate
the surface magnetism of ultrathin films of Cr
grown on Fe. SPMDS exploits the electron emis-
sion induced by the de-excitation at the surface of
spin-polarized metastable helium atoms [12-14].
This technique is surface specific as it is sensitive
to the electronic states which spill out into vacuum
at a distance of about 2-3 A from the surface
plane [15-17]. Obviously, the surface specificity is
particularly suitable for the measurement of the
magnetization of the outermost layer of the Cr
film and it is essential in the study of ultrathin films.

The surface magnetization can be related to the
experimentally measured asymmetry
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In Eq. (1), P is the polarization degree of the
metastable helium atom beam impinging on the
surface and I{{§'(E) are the experimental energy
distributions of electrons ejected following
de-excitation of metastable atoms with polariza-
tion antiparallel (|) or parallel (1) to the magne-
tization vector at the surface.

In order to extract quantitative information on
surface magnetism, we apply a model thoroughly
described elsewhere [14]. The model allows the
calculation, from the experimental quantities
ITB'(E), of the effective spin-selected densities of
states py,(E) with majority (minority) character.
The effective density of magnetization m(E)=
p1(E)—p(E) and of charge n(E)=p(E)+py(E)
can then be easily obtained. As shown in Ref. [14],
the best fit of the experimental quantities depends
critically on the choice of p;y(E) so that m(E)
and n(E) can be obtained with high accuracy.

The experimental apparatus in which surface
magnetism is investigated by means of SPMDS
and surface morphology by means of (ground
state) He reflectivity Ry, [18] has been described
in detail elsewhere [14].

The substrate on which Cr films are grown is

obtained by evaporating 20 ML of Fe on the (100)
surface of a silver single crystal prepared by means
of successive cycles of sputtering with Ne* at
3 keV followed by annealing at 700 K. In order to
minimize the amount of silver segregated at sur-
face, the iron film was deposited on the Ag(100)
substrate held at 120 K [14]. Successive deposition
of Cr on this substrate does not lead to a magnetic
surface (the asymmetry is zero) irrespective of the
thickness of the chromium layer. This can be
understood by observing that the Fe surface on
which Cr growth takes place is rough (Ry. is
vanishingly small) and it cannot be annealed [19]
in order to avoid segregation of silver to the
surface layer. Consequently, the Cr film deposited
on such a surface is also rough and, being com-
posed by a large number of terraces of different
thickness, it is characterized by a surface magne-
tization which averages to zero.

Oxygen is known to improve the surface order
of Fe films and to act as a surfactant for the
growth of Fe [20]. In fact, although the homoepi-
taxial growth of iron is of 3D type [21,22], the
growth of Fe on O(1 x 1)-Fe(100) proceeds in a
layer-by-layer mode, the surface composition
remaining unchanged during the deposition.

In an attempt to improve the surface order of
the Fe/Ag(100) substrate, the Fe surface was
exposed to oxygen (7 L; 1 L=10"° Torr s) at room
temperature and subsequently annealed at 500 K.
He diffraction measurements indicate the forma-
tion of a O(1 x 1) phase although more disordered
than that obtained on the Fe/MgO substrate (the
intensity of the first order diffraction peaks is
lower).

The presence of oxygen on top of the Fe film
inhibits the segregation of Ag to the surface. The
presence of silver on the surface can be excluded
by examining the SPMDS energy distribution
curves and by comparing them to those measured
as a function of the annealing temperature for
Fe/Ag(100) [19]. Ion backscattering measure-
ments are under way in order to determine the
in-depth concentration of Ag.

As in the case of the Fe deposition on O(1 x 1)-
Fe(100), also on this substrate, Ry, exhibits oscilla-
tions during further deposition of iron and the
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total density of states of the surface does not
change.

On this O(1 x 1)-Fe/Ag substrate, the asymme-
try exhibits the same shape as that measured for
O(1x1)-Fe/MgO [23] although its intensity is
lower (4-5% compared with 12%). The observa-
tion of a lower asymmetry can be related either to
an increased disorder or to the presence of Ag
dissolved in the Fe film (or both). Work is in
progress to clarify this point.

On the O(1 x 1)-Fe/Ag(100) substrate held at
room temperature, Cr films of different thickness
have been evaporated by electron bombardment
of a rod at a deposition rate of 0.3 ML min~1.
The thickness of the film and the deposition rate
have been determined by monitoring the oscilla-
tions of Ry, during the growth process. The oscilla-
tions are strongly damped and three oscillations
only are detected, a clear indication of a 3D
growth.

Measurements  performed  after  having
interrupted the growth in correspondence of the
third maximum of Ry, show that the asymmetry
is zero, an indication of the absence of a net
magnetization at surface. This is consistent with
the low value of Ry., a clear indication of a
disordered surface.

A better structural order is obtained upon
annealing at 500 K. After the annealing, Ry, recov-
ers to values similar to those detected on the initial
O(1x1)-Fe/Ag(100) substrate. The SPMDS
asymmetry measured on the annealed 3 ML Cr
film is shown in Fig. la (dots): the high values of
A(E) provide evidence that the surface exhibits a
net magnetization.

One more monolayer of Cr was then deposited
at room temperature. During deposition, a reduc-
tion of the helium reflectivity is observed without
any oscillation. Immediately after deposition, the
net magnetization of the surface is zero. Following
a further annealing at 500 K, the asymmetry shown
in Fig. 1b is observed. The figure clearly shows
that the asymmetry changes sign from 3 to 4 ML
and that the shape of A(E) is quite similar in the
two cases. The different intensities are probably
due to a different surface morphology of the two
films determined by a different density of terraces.
The change of sign of the asymmetry, and therefore
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Fig. 1. Asymmetry for 3 ML (a) and 4 ML (b) Cr films depos-
ited on O(1 x 1)-Fe/Ag(100) at room temperature and annealed
at 500 K. The experimental data, measured at room temper-
ature, are represented by dots whereas the continuous lines pro-
vide the fit to the data (see text).

of the magnetization, is in agreement with the
layered antiferromagnetic structure of Cr pre-
viously observed for larger thicknesses [9,10].
The experimental data obtained by means of
SPMDS for the 3 and 4 ML thick films have been
analyzed by using the model mentioned above
(continuous lines in Fig. 1). The corresponding
majority (minority) density of states for the 3 ML
film are reported as dashed (dotted) lines in Fig. 2
where the total density of states n(E)=
p+(E)+p (E) is also shown (continuous line).
Four features are clearly visible in the density
of states. The shoulder at lower binding energy
(E,~1¢eV) can be attributed to Cr d states in
agreement with theoretical calculations [24] and
ARUPS data [25]. Moreover the spin-selected
density of states shows a predominance of the
states with majority character at this binding
energy again in agreement with theoretical calcula-
tions [24]. According to the results of Ref. [26],
the features at Ey~5¢V and E,~7¢V can be
attributed to states of oxygen chemisorbed on the



878 R. Moroni et al. | Surface Science 454—456 (2000) 875-879

Fig. 2. Majority density of states p;(E) (———), minority den-
sity of states p((E) (---) and total density of states
n(E)=py(E) + p,(E) (—) obtained from the fit of the experimen-
tal data relative to the 3 ML Cr film.

surface and the peak at E,~2.5¢V can be attrib-
uted to a Cr state induced by the presence of
oxygen. The oxygen-induced states definitely
exhibit a spin polarization as can be observed
in Fig. 2.

We observe that the ARUPS data of Ref. [26]
were obtained by exposing the (100) surface of a
chromium single crystal to oxygen so that the
good agreement between the states detected on
O/Cr(100) [26] and on Cr/O(1 x 1)-Fe/Ag allows
us to relate the above-mentioned states to the
presence of oxygen, excluding any effect induced
by the presence of Fe. Furthermore, the oxygen-
induced states of the O/Fe/Ag system (E,x~6¢eV)
[27] are absent, which allows one to exclude the
presence of areas uncovered by Cr.

The analysis of the 4 ML film (not shown here)
provides equivalent results concerning p(;,(£) and
n(E), with the role of the majority and minority
components being obviously reversed.

Finally we observe that the analysis of the
surface density of states of the 3 ML film before
and after annealing shows that oxygen contribu-

tions are already present at the surface of the
as-grown film, but that they do increase upon
annealing. Concerning iron, at present we cannot
exclude its presence at the surface, although we
observe that its contribution to the density of
states near the Fermi edge seems to be minor,
if any.

In conclusions, we find that the net magnetiza-
tion of the outermost Cr layer is zero immediately
after its deposition. After the annealing of the film
up to 500 K, the asymmetry increases to about
10% and it oscillates in sign as a function of the
thickness of the Cr film starting already from a
3 ML thick film.

The data available at present indicate that
oxygen does not act as a surfactant for the growth
of Cr on Fe (at least not to the extent it does for
the homoepitaxial growth of Fe [20]) but that it
seems to reduce strongly the Cr—Fe intermixing.

Several questions are still open such as the role
of oxygen and the influence of annealing on the
structure and the magnetic properties of Cr film.
Work is in progress to clarify the previous points
and to determine the effect of oxygen on the
growth conditions, on Cr—Fe intermixing and on
the formation of the Cr/Fe interface. The presence
of the antiferromagnetic order in 1 and 2 ML thick
films is currently under investigation.
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