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Periodic Oscillations of the Surface Magnetization during the Growth of Co Films on Cu(001)
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Magnetization induced second harmonic generation is used to investigate the magnetic behavior of fcc
Co films growing on Cu(001). An oscillatory behavior of the magnetic asymmetry with one monolayer
period is observed. At half filled layers the magnetic signal originating from the surface of the film is
enhanced with respect to filled layers. The relation of these results to the magnitude of the magnetic
moments of Co atoms at step edges is discussed. [S0031-9007(98)06011-6]

PACS numbers: 75.70.Ak, 42.65.Ky, 78.20.Ls

The influence of the dimensionality on magnetism hasonstant giving a strong evidence of periodic changes of
been widely studied during the past years. A general trenthe magnetic properties during the periodic nucleation,
is that the magnetic moment in ferromagnets like Fe, Cogrowth, and coalescence of Co islands. The analysis of
and Ni is enhanced with reduced coordination number [1]surface and interface MSHG contributions shows that the
It was found that the magnetic moment of the free surfacenagnetization induced component of SHG at the surface
is enlarged with respect to that of the bulk [2—5]. From theis enhanced at half filled layers compared to filled layers.
enhanced moment at rough surfaces on Fe(110) Albrecht The Co films were grown on Cu(001) in a molecu-
et al. derived the magnetic moment for atoms at step sitetar beam epitaxy (MBE) apparatus (base pressurg X
to be larger by roughl.5up than for those in the flat 10~!! mbar). The Cu substrate was kept at room tempera-
surface atl’ = 300 K [6,7]. Recently it has been shown ture (T = 300 K). p- or s-polarized light of a pulsed
that the morphology of the substrate strongly affects thdi:sapphire laserX = 840 nm, 80 fs pulse width) was fo-
magnetic anisotropy of the film [8,9]. Webet al. found cused onto the sample in the MBE chamber (spot diameter
a one monolayer periodic oscillation in the step inducedabout 30xm, pulse energy below 10 nJ). The angle of in-
uniaxial anisotropy [10]. However, no oscillation in the cidence wa®; = 38° and the optical plane was parallel to
saturation magnetization could be resolved. the[110] azimuthal direction of the Cu crystal. A magnetic

During the layer-by-layer growth of ferromagnetic films field was applied to magnetically saturate the film along
the average step density periodically oscillates becausgirections parallel to the [110] direction, the easy axis of
of the periodic nucleation, growth, and coalescence ofmagnetization. The field component parallel to the crystal
islands. For the growth of Co on Cu(001) at roomsurface was about 70 Oe. The transversal Kerr geome-
temperature the average island size at half filled layers iBy was used, i.e., the magnetization direction was perpen-
of the order of 5 to 10 nm in linear dimensions resultingdicular to the optical plane. Similar to the ordinary Kerr
in a fraction of 10% to 20% of atoms sitting on edge siteseffect in the fundamental light, a change in the SH vyield
[11]. Consequently a periodically oscillating magneticis observed upon reversal of the magnetization. During
moment of the topmaost layer of the film is expected. Tothe growth of the Co film (growth rate about 7 Wh) the
our knowledge this has not yet been observed directly. frequency doubled light was recorded for the magnetiza-

It has been shown that magnetization induced secontion in the two opposite directions switched every 5s. To
harmonic generation (MSHG) is a highly surface andsuppress the background light from the Co oven a shutter
interface sensitive tool for the investigation of magnetismin front of the oven was periodically opened and closed
[12-16]. In materials with inversion symmetry optical (7.y.e = 20 s) and the SH intensity was recorded only in
second harmonic is generated only at the surface or burigtie periods of closed shutter.
interfaces of these materials within a depth in which Figure 1(a) shows the total SH intensity fetpolarized
the inversion symmetry of the electron density is locallyincident light as a function of the Co film thickneds,
broken. It has been shown now for several cases thdor the two opposite magnetization directions. The SH
this effective interface thickness is of the order of 1 toyield from the uncovered Cu surface is much smaller
2 monolayers (ML) [13,16]. (about /30) than that from a Co film. Therefore, at

Here we report on the observation of 1 ML periodthe beginning of the Co deposition the SH intensity
oscillations in the magnetic asymmetry of the MSHGincreases nearly linearly. The onset of a difference in
signal from a Co film growing on Cu(001). For a the SH intensity for] and | magnetization direction at
certain geometrical arrangement of sample and opticalc, = 1.5 ML indicates the onset of magnetic order.
plane, and polarization of the incident laser light these In Fig. 1(b) the magnetic asymmet®y = [[;2w) —
oscillations appear only in the magnetic signal whilel|(2w)]/[1;(2w) + I}(2w)] calculated from the SH inten-
the average second harmonic (SH) intensity remainsities in Fig. 1(a) is plotted. Fot < 0.3 it is proportional
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(@) Measured total SH intensity as a function ofmains.
the Co film thickness forp-polarized incident light in the
transversal Kerr geometry for the magnetization in {he0)
direction [/;(2w)] and in the(110) direction [[;(2w)]. The
maxima of the 1 ML periodic oscillation ifh(2w) and I;(2w)

The same periodicity can be found not only in the SH
intensities but in the asymmetryas well. However, since
the average SH intensity,, = (I; + 1;)/2 in Fig. 1(c)
shows the same oscillation period, a clear separation be-
tween electronic and magnetic effects cannot be obtained
easily. Therefore we searched for conditions in which
the SHG is less sensitive to the surface topological struc-
ture. Figure 2 shows the result ferpolarized incident
light with otherwise identical conditions as for the mea-
surements in Fig. 1. The SH intensity for this polarization
is about 1 order of magnitude lower than fefpolarized
incident light. Again, the SH intensitidg2w) and/|2w)
are not constant after the initial strong increase from 0O to
2 ML for reasons discussed above. The average inten-
sity depicted in Fig. 2(c) still shows some variation with
the cobalt layer thickness, but at a thickness larger than
5 ML only a very small and smooth variation &f, re-

On the other hand, the asymmetryshown in
Fig. 2(b) exhibits well resolved 1 ML period oscillations
from 2 to 8 ML over a slowly varying course. For clarity
in Fig. 2(d) the rapidly varying componentaf 6 A, calcu-

are indicated by arrows. The geometrical setup used in théated as the difference of and its average over 50 points
experiments is drawn in the upper right corner of this figure.is plotted. The same data treatment is applied,jcand

(b) The magnetic asymmetr and (c) the average SH the result§l,,, is plotted in 2(e). Besides the initial oscil-

intensity 1,,(2w) calculated from the SH intensities in (a).
The SH intensities were measured during the growth of the
Co film.

to the ratio of the magnetic to the nonmagnetic second or-
der susceptibility within 10%. After this fast increade
drops to about 0.15 at 5 to 6 ML. On top of the overall
thickness dependence an oscillation with a one monolayer
period in the SH intensitief(2w) and I;(2w) is clearly
visible up todc, = 7 to 8 ML. The slowly varying part

in the asymmetry is caused by changes in the electronic
structure with increasing film thickness and the appear-
ance of quantum size effects in the SHG [12,17,18].

The fact that this asymmetry reaches its maximum
value of about 32% already at a thickness of 2.5 ML
is a direct proof of the surface/interface sensitivity of
MSHG as discussed in Ref. [12]. However, the one ML
period oscillations cannot be understood from the above-
mentioned changes of the electronic structure with Co
layer thickness but must be related to the morphology of
the surface. It is well known that SHG is quite sensitive <«
to the surface morphology. For example, on a stepped Al ©
surface the enhancement factor varies frofd 10 more
than 10 depending on the step density and step orientatior
[19]. The enhancement of SHG from this atomic scale
roughness is caused by the modified electronic structure
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flat surface. Co grows on Cu in a nearly layer-by-layerthe Co film thickness fors-polarized incident light in the
growth mode [11]. Periodically Co islands nucleate, growiransversal Kerr geometry for the magnetization in opposite

in size, and finally coalesce causing the total length of steﬁ
edges to oscillate. Therefore, we attribute the observeg;
oscillatory component in the SH intensitiég2») and

I,(2w) to the oscillatory varying step density.

irections. (b) Magnetic asymmetry and (c) average SH
ntensity calculated from the SH intensities in (a). In (d) the

fference of the magnetic asymmetry and its running average
over 50 points is plotted. In (e) the similar difference as in (d)

is plotted for the average SH intensity.
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Initially, the asymmetry in Fig. 2(b) has a relatively
small amplitude and even changes sign at around 4 ML
thickness. However, this doe®t imply that the magne-
tization direction has changed. We recall that MSHG is
sensitive to the surfacand the interface magnetization.
Therefore, the observed SH intensity is a coherent super-
position of the SH light amplitude from the surface and the
interface. This fact was used here to increase the sensitiv-
ity of MSHG to small changes in the magnetic part of the
second order susceptibility. At about 4 ML the magnetic
surface contribution is exactly canceled by the interface
contribution. For smaller or larger Co layer thickness ei-

I ]
ther the surface contribution becomes larger than the inter- & 22 #\.\\ ]
face contribution or vice versa. Therefore a small change Ak 4 1
in the magnetic surface second order susceptibility leads to o2r M ]
a large relative change in the asymmetry. 04r §

Depending whether the surface contribution or the 08 e e e 0 100 20 140
interface contribution is largest an enhancement of the Co layer thickness d, (ML)
surface contribution leads to an enhanced reduced Co
SH intensity. In general, it is difficult to separate theseFIG. 3. (a) Total SH intensities from a thick Co wedge for
two contributions for ultrathin films. It can be done by s-polarized incident light. Open and solid symbols indicate
measuring the SH intensity at different incident anglestjr;fe(mgﬁsur(%‘; |\S/|g 'rr]‘é?irgsg'sesmf%reg‘? ??ﬁggltézig?cnulgte%p?%ﬁe
[18]. Fo_r only a few ML th'Ck layers, however, the optlcql the measured integsities; so%id line Zalc)L/JIated from the fit shown
phase difference of the light at the surface and the burieg) (a) as solid lines.
interface is very small, so that the difference in weight
of surface and interface contributions to the SH intensity
is small, too. Therefore we have chosen a differenis larger than the interface contribution again as indicated
approach: Co grows on Cu pseudomorphically up to dy thepositiveasymmetry.
large thickness. It has been shown that at about 16 ML From the above discussion it is now straightforward to
the in-plane lattice constant relaxes partially towards itainderstand the phase of the 1 ML period in Fig. 2. From
natural value [20,21] but this does not affect the SHdc, = 0 to 4 ML the sign of the asymmetry is deter-
intensities significantly. In agreement with Ref. [20] we mined by the surface contribution. At half filled layer
found that Co remains in the fcc structure up to large layethis “surfaceasymmetry” is enhanced, and therefore the
thicknesses, in our case up to 150 ML. In Fig. 3 the resultotal asymmetry has a maximum value at half filled lay-
from a Co wedge grown onto the Cu substrate rangingrs. Because the average SH intensity does not show the
from dco, = 0 to 140 ML is depicted. Because of the 1 ML periodic oscillation the observed oscillation in the
finite penetration depth of the incident light the Co surfaceasymmetry is caused by a periodic oscillation of the “mag-
contributes mainly to the SH light afc, > 100 ML, netic” second order surface susceptibility. As mentioned
while with decreasing thickness the contribution from theabove, the sign change of the asymmetry at about 4 ML
buried C¢/Cu interface becomes more significant. Theis caused by only the destructive interference of surface
solid lines in Fig. 3 are fitted curves to the experimentalmagnetization induced SHG and a smoothly increasing
data using the model of infinite thin nonlinear sheetsinterface contribution with increasing., resulting from
and the theory developed by Sipe [22] and appliedhe varying electronic structure of the Co film with the
to multilayer structures by Wierenget al.[23]. With  number of (filled) layers. It can be concluded that in the
the exception ofdc, < 15 ML the fit reproduces the whole investigated thickness range only the magreaiie
measured data quite well. The range of very thin layerdace nonlinearity exhibits the one ML period oscillations,
cannot be described by this model because electroniwhich have their maxima at half filled layers.
changes of the film with the cobalt layer thickness are As other methods like the linear magneto-optical Kerr
not taken into account. effect of Mssbauer spectroscopy, MSHG does not mea-

The calculation confirms that for thicker layeds, >  sure magnetization directly. However, it has been shown
50 ML the SH is mainly generated at the surface andby Pustogowaet al.that the magnetic tensor elements
the surface magnetization induced SHG leadsptsi- of the second order susceptibility depend linearly on the
tive asymmetry. Surface and interface contributions havenagnetization to a first approximation [24], and because
(nearly) opposite phase. Because of an increasing intethe amplitude of the periodic part df is only about 0.02
face contribution with decreasindt, a change of sign in a linear correlation between the variation of the magnetic
the asymmetry occurs at about 50 ML. &, < 4 ML, surface second order susceptibility or the asymmairy
however, the magnetization induced surface contributiomespectively, and the variation of the magnetic moment of
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