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the reduction of tensile surface stress of Cu(001) uporasarélloy formation, which contributes to the
stress measurement as a compressive stress.

This assertion is corroborated by recent DFT calculatid@g, [which find a surface stress change
upon MnCu surface alloy formation ef1.52 N/m, in fair agreement with our experimental value of
—1.2 N/m. The magnitude of the stress change renders the Cu suafawst free of surface stress.
Thus, our stress measurements in conjunction with thedy iftlicate that the reduction of surface
stress of Cu might play a crucial role for this surface allogniation.

One important implication of this finding is that surfaceess measurements offer quantitative data,
which may serve as a comparison for theory. This combindigiween experiment and theory offers
deeper insight into the underlying physics by consideriisg éorces between atoms, an aspect which
has not been studied in detail before.

5 Film stress and film structure

Cantilever stress measurements have a long tradition éomsasurement of film stress. Very dif-
ferent topics including stress in amorphous films, stregpitaxial films, stress relaxation due to misfit
formation, structural- and morphology-induced stressigeahave been investigated. Several reviews
and data compilations [1-12] and publications [13—19] mleWurther insight.

A strength of stress measurements is that quantitativesdar film stress are obtained directly from
the analysis of the substrate curvature. This allows to @mthe measured stress with the calculated
stress, where the calculation is based on model assumpggasding the film structure. Very often
pseudomorphically strained epitaxial films are studiedthia case, the epitaxial misfit gives rise to a
film strain, which induces the film stress. Our measurementiew monolayer thin films do indeed
confirm, that bulk reference states are appropriate to eéitm stress from strain for films thicker than
1-2 monolayers [43, 47-49].

For thinner films, surface stress effects might dominatesttresss behavior, rendering the concept of
film strain irrelevant for the resulting stress. Exampledude the sub-monolayer stress of Fe and Ni
on W(110), where even a stress of opposite sign as compathkd expected stress due to film strain is
measured for a film coverage below 0.5 layers [14, 26].

Here, we present in Fig. 8 stress measurements during tetgod epitaxial Fe films on Ir(001),
where scanning tunneling microscopy (STM) and a quantéagtructural analysis by LEED indicate
almost perfect layer-by-layer growth with a constant iar@ film strain from O to 10 ML Fe coverage
[50]. In contrast to the constant in-plane strain from 0-1D, Mhe stress curve shows a variation of
its slope around 2 ML. The positive slope of the curve indisa tensile film stress of6 GPa from
1-2 ML, and it shows a negative slope corresponding to a cesspre film stress of 10 GPa from
2—-10 ML.

The initial negative slope of the stress curve up to 0.5 MLserided to Fe-induced reduction of
surface stress of Ir. The deviation of the stress curve friigsnconstant slope above 10 ML indicates
stress relaxation due to the formation of misfit dislocationhich begin to form around 10 ML, and
they also give rise to a characteristic change of the diffstagattern in LEED.
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Figure 8. Film stress during deposition of Fe on Ir(001) at 300 K. The panels show

LEED images (E= 98 eV), taken at the indicated thickness.k&iof the stress curve are
observed around 2 ML and 10 ML, indicating the end of growtla dé€t-precursor and of

epitaxially strained bct-Fe, respectively.

The top panel of Fig. 8 shows LEED images which were takereatiticated film thickness. Already
a qualitative inspection reveals the end of pseudomorpiowtly at 10.5 ML. An area of enhanced
diffuse intensity with weak extra spots develops towareéscénter of the LEED screen around the spots
indicative of thel x 1 structure [50], and this ascribed to the onset of misfit d&lmn formation at
10.5 ML.

Note the amazingly high magnitude of the film stress-af) GPa from 2—-10 ML. This strikingly
demonstrates that film stress in a magnitude well beyond#he stress of high strength bulk materials is
accessible in ultrathin films, and this renders the invasitign of the correlation between stress, structure
and magnetism of strained films so interesting [8]. The ntagdei of stress is quantitatively ascribed to
the compressive epitaxial misfit ef5.6 % between bcc-Fe and Ir(001) [50].

The initial tensile film stress cannot be ascribed to the tbstiween bcc-Fe and Ir. Rather our stress
measurements, in connection with a detailed structurdagsia by LEED, where also the vertical layer
spacings of the Fe film are analyzed, suggests that the fioskatyers of Fe grow as a fct-precursor. A
tensile epitaxial misfit is expected for fcc-Fe growth o®0Y), and this explains qualitatively the tensile
film stress. Subsequent Fe depositions leads to the grovidtt-éfe on top of this precursor. A detailed
discussion of this scenario is given in reference [50].
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This example demonstrates that stress measurements aneegyddool to observe subtle structural
transitions in atomic layers, even in cases where no chahg¢igean-plane strain is observed. The
combination of stress measurements with structural iryatsbn offers a comprehensive understanding
of structural transitions.

6 Magnetoelastic stress of ferromagnetic layers

The magnetic anisotropy of ferromagnetic layers determihe orientation of the easy and hard
magnetization directions, and it can also have an importapact on the magnitude of the coercive
field [51, 52]. A lot of experimental and theoretical work Heeen devoted to the understanding of the
principles which govern the magnetic anisotropy [8, 34,55 These studies suggest lattice strain as
an important factor, which often determines the magnetiscdropy of atomic layers.

The coupling between lattice strain and magnetic anisgtiogiven by the magnetoelastic coupling,
which gives rise to magnetostriction, i.e. the change ofjflerof a bulk sample upon magnetization
[51, 57]. Ferromagnetic films are usually bonded to a sutesteand the films are not free to strain upon
magnetization. Here, the lattice strain, as given e.g. byettitaxial misfit between film and substrate,
induces a magnetic anisotropy, which determines in margscthe easy magnetization direction of the
film. Thus, a detailed understanding of the magnetoelastiplng in films is mandatory to understand
and tailor their magnetic properties.

In contrast to bulk samples, where the magnetization lemdstagnetostrictive strain, the magneti-
zation of a film-substrate composite leads to a magnetiektstss. This stress is typically 2—3 orders
of magnitude smaller than the epitaxial misfit stress disedsabove, which is of the order of GPa per
one percent misfit. In spite of this minute magnetoelastiesst stress measurements by the cantilever
curvature technique provide quantitative and accuratesorements of the underlying magnetoelastic
coupling coefficients3; [8, 20, 58].

Magnetoelastic stress measurements are performed byoringithe change of a curvature of the
film-substrate composite upon a reorientation of the film medigation along two orthogonal directions.
Depending on the crystalline orientation, different magekastic coupling coefficients are determined
[59, 60]. Figure 9 illustrates the magnetization direcsi@ong a cantilever sample, and it shows the
magnetoelastic stress curve of 8 ML Fe on Ir(001) [56]. Switg the magnetization direction along
these directions gives accessip = 7' — 7910 — Ar. The plot of Fig. 9 reveals that the magne-
toelastic stress (red curve) changes upon a reorientatiireanagnetization direction from along the
sample length to along the sample width. Simultaneouslgrtakagneto-optical Kerr-effect (MOKE)
[61] measurements (blue curve) verify that the magnetimatirection switched in the described manner.
A magnetoelastic stres§T = 0.01 N/m is measured. Note that this is roughly 3 orders of mageitu
smaller than the film stress measured for 10 ML Fe on Ir(O0fgws in Fig. 8.
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Figure 9. (a) Sketch of the magnetization directions for the magrastie stress measure-
ment of (b). The red curve shows the magnetoelastic stressgehupon a magnetization
reorientation in-plane (indicated in (a)), which is mon&d also by longitudinal MOKE
measurements(LMOKE, blue curve)[56].

The magnetoelastic stress change of 0.01 N/m corresporgis+o—10 MJ/m~3 [56]. This value is
a factor of almost 3 larger than the respective bulk value ®ft MJ/m~3. Numerous detailed studies of
the magnetoelastic coupling of strained epitaxial flmsedythat a deviation between tlig of a film
and that of the respective bulk material is the rule. Thisltdsas important implications. It indicates,
that bulk values of3; do not give an appropriate description of magnetoelastiplog in films [8].

Rather, the results from combined film stress and magnetiekstress measurements suggest that
film strain is a decisive factor which drives the deviatiorBpfrom its bulk value [8, 56, 62]. This impact
of film strain on the magnetoelastic coupling has been alentified in state of the art calculations of
magnetoelastic coupling in elements [63—66] and alloy$. [Blowever, the agreement between theory
and experiment for the magnetoelastic coupling of elemisngsialitative at best presently. This calls
for more experiments and theoretical efforts in this fieldamn a deeper understanding of the electronic
origin of the influence of strain on the magnetic anisotropy.

7 Conclusion

We have demonstrated that highly accurate and sensitigectlastress and magnetoelastic coupling
are accessible in cantilever experiments. These measntemlecidate the correlation between stress
and surface alloying, reconstruction, structural tramsg, and magnetic properties of surfaces and in
atomic layers.

Thus, stress measurements contribute to an improved uadeinsg of fundamental aspects of surface
science by providing accurate quantitative values fordsmcting within a surface. The consideration of
forces at surfaces has been neglected a bit in experimeditthaary so far. Related work has attracted
much less attention as compared to e.g. investigationswdtatal and electronic aspects. Ongoing
efforts from experiment and theory are therefore calledd@dvance in the understanding of the corre-
lation between stress, structure and magnetic anisottayfaces and in atomic layers at a fundamental
level. Cantilever measurements are an appropriate toartyibute to this effort.
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