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Abstract. The application of the crystal curvature technique for stress measure-
ments at surfaces and in flms is presented. Important aspects regarding sample
clamping and elastic anisotropy are elucidated in view of a quantitative stress anal-
ysis. Combined stress measurements and structural characterizations are manda-
tory to obtain a meaningful interpretation of the stress data. The in-situ combi-
nation of surface X-ray diffraction with stress measurements indicates a previously
unknown substantial distortion of a W(110) surface layer upon Ni coverage, and
the decisive role of this substrate relaxation for the stress state is discussed. The
magnetization-induced stress in epitaxial layers is measured to derive the magneto-
clastic coupling coefficients, which drive the magnetostriction of bulk samples. It
is found that even a subtle film strain in the sub-percent range leads to a drasti-
cally modified magneto-elastic coupling in the films as compared to the respective
bulk value. The implication of non-bulk like magneto-elasticity for the magnetic
anisotropy of strained films is emphasized, and recent progress in the theoretical
description of the strain-dependent modification of the magneto-elastic coupling is
acknowledged.

1 Introduction

Mechanical stress in thin films is known as one of the most important issues
when it comes to the application and reliability of thin film devices [1,2,3]. A
dramatic example of thin film failure is the delamination of a thin film from
its substrate. G.G. Stoney described already in 1909 [4] that this failure of
thin films has been observed as early as 1858, and he writes, “I have had the
same experience in protecting silver films in searchlight reflectors by a film of
electro-deposited copper, it being found that if the film of copper is more than
0.01mm thick peeling is apt to take place”. Stoney concluded that the Cu
film was deposited under tension, which seems very plausible from today’s
point of view taking the different lattice constants of Cu (3.61A) and Ag
(4.09A) into account. The difference of the lattice constants leads indeed to
a tensile lattice misfit of +13.3%. An example for the delamination a 900 nm
Cr film under tensile stress from a glass substrate is shown in Fig. la.
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Fig. 1. Stress effects in strained films. (a) Delamination of a 900 nm Cr film from
a glass substrate [5]. Image width 1.2 mm.(b) Distortion lines (white) in the 5th
layer of e (grey), deposited on an extended four layer thin Fe film (dark grey) on
W(001) [6]. Scanning tunneling microscopy image, image width 200 nm

The original work by Stoney [4] does not only describe the delamination
phenomenon, but it also offers the first quantitative measurement of Ni-film
stress from the bending of a thin steel substrate. Stoney deduced a stress of
0.3 GPa for a 5 pm thin film deposited on a steel ruler. He derived a relation
~ the so-called Stoney equation — between the radius of curvature R of a
substrate of thickness d due to the force per unit width exerted by a film
of thickness ¢ under a stress of 7, 7t = Ed?/(6R), with E : modulus of
elasticity of the substrate. However, this relation is faulty as it neglects the
two-dimensional nature of the stress and bending problem, and in the proper
analysis, E' is replaced by E/(1 — v), which includes the Poisson ratio v of
the substrate. Important aspects regarding quantitative stress measurements
are discussed in Sect. 3.

Even in films with just a few atomic layers thickness stress is an impor-
tant factor which determines the atomic structure. Considerable stress in the
GPa range often induces pronounced structural relaxations, which are driven
by a reduction of film stress. An example is shown in Fig. 1b, where islands
of the 5th layer Fe are shown as grey patches on a four layer thick Fe film,
deposited on W(100) [6]. White lines in the grey patches indicate the forma-
tion of distortion lines running along the (100) directions which are due to
the incorporation of additional Fe atoms. This process is driven by the large
misfit of 10 % between Fe and W. Incorporation of additional Fe atoms along
lines in the fifth layer reduces the strain [6].

The atomic processes which govern stress relaxation on the nanometer
scale are of interest in their own right, but here we discuss the implications
for the magnetic properties of atomic layers layers [7]. Combined studies of
both film stress and magneto-elastic coupling indicate that the magneto-
elastic properties of strained films deviate sharply from the respective bulk-
behavior, and film strain has been identified as a decisive factor which governs
the effective magneto-elastic coupling in ferromagnetic films.

This contribution offers a brief reference to work which discussed the
origin of stress at surfaces and in thin films in Sect. 2. Sect. 3 focuses on ex-
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perimental set-ups for stress measurements and important aspects regarding
the quantitative curvature analysis are discussed there. The stress during Ag
growth on a Fe whisker is discussed in Sect. 4, and examples of combined cur-
vature and X-ray diffraction studies are presented in Sect. 5. Sect. 6 elucidates
the application of curvature measurements to investigate the magneto-elastic
coupling in nanometer thin ferromagnetic films.

2 Origin of Stress in Thin Films and at Surfaces

Mechanical stress in a film can be due to lattice misfit (8], crystalline co-
alescence [9], surface stress changes [8,10] and magnetization processes [7],
to name just a few examples. We refer the reader to the references for a
deeper discussion of the underlying physical principles. Possible implications
of stress at interfaces and in nanometer thin structures for pattern formation,
alloying, shape and structural transitions have been reviewed [11]. In the fol-
lowing we present a few recent results to elucidate some selected aspects of
stress measurements.

3 Experimental Aspects of Stress Measurements

Forces acting in a film, which is deposited on one surface of a substrate, induce
hoth a bending and a dilation of the substrate. The resulting relation between
film forces and curvature of the substrate has been discussed [7,8,12]. The
determination of film stress proceeds via a measurement of the stress-induced
deflection of the film-substrate composite.

This deflection of a substrate, which is clamped at one end, a so-called
cantilever substrate, is analyzed. Various techniques have been applied suc-
cessfully to detect even minute deflections of the substrate, and different
experimental realizations are sketched in Fig. 2.

The relation between the radius of curvature R and the deflection line
of the substrate &(x), where z is measured along the sample length is given
in good approximation by 1/R = £”(z). If the deflection is measured at the
end of the substrate at 2 = L, the curvature is given by 1/R = 2£(L)/ L2.
Note, that this relation implies that the whole substrate of length L is cov-
ered by the film homogeneously. Also, the effect of clamping on the resulting
deflection is neglected, as will be discussed below. Stress measurement by
analyzing the substrate deflection have been performed with high sensitivity.
E.g., the substrate might form a capacitor with a reference electrode, and a
gtress-induced change of the capacitor plate separation can be detected with
sub-Angstrom sensitivity. If one regards the substrate as a macroscopic can-
tilever it is obvious, that all techniques which have been applied to detect the
cantilever deflections in atomic force microscopy (AFM) can be employed to
detect the substrate deflection in a stress measurement.
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Fig. 2. Cantilever beam experiments for stress measurements. (a) Interferometric
set-up [13]. The deflection of the cantilever 1 is detected by the change of the inter-
ference pattern produced in the gap between 1 and optical flat 2. (b) Capacitance
measurement [14]. The deflection of the cantilever 1 induces a change of the ca-
pacitor plate distance at the position of the reference electrode 9. (c) Capacitance
measurement with coils for magnetization measurements [15]. (d) Optical two beam
measurement [16]. The curvature 1/R of the substrate A is detected by the deflec-
tion of two laser beams on the position sensitive detectors E, F. C: beamsplitter,
D: mirror, F: laser

However, an important aspect with regard to quantitative stress measure-
ments is due to the sample clamping. In most experimental situations, the
thin substrate has a rectangular shape, and it is clamped along its width at
one end to a sample manipulator. This clamping inhibits a curvature along
the sample width near the clamping, and the resulting deflection line is con-
siderably changed. This has been analyzed in great detail by finite-element-
method calculations [17]. These calculations introduce the dimensionality of
bending D, and the deviation from D = 2 are due to effect of clamping. The
following expression describes the proper relation between curvature 1 /R and
the stress 7¢ = Yd?/{6(1 — »)[(1 + (2 - D)u|R}, where the film thickness is
given by ¢, and d is the sample thickness. The anisotropy of the Young modu-
lus ¥ and the Poisson ratio v of the substrate is neglected in this expression,
which is a perfect approximation for W for all orientations, and also for the
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(111) faces of cubic materials. In the latter case, Y and v have to be calculated
for the (111) plane [7,18].

The deviation from the ideal two-dimensional bending caused by the
clamping is indicated in Fig. 3. The effect of sample clamping on the deflec-
tion line is most severe for short substrates, with an aspect ratio length/width
below two. The effect of clamping is most severe when the deflection £(L) at
the sample end is measured, and it is less pronounced when the curvature
£"(L) is measured instead.

We present in Fig, 2d a two-beam optical deflection technique which al-
lows to measure the change of slope of the substrate between two points
separated along the substrate length. This difference of slope corresponds to
the crystal curvature, and such a measurement resembles a curvature mea-
surement to a good approximation. This technique has been applied to the
stress measurements on a Fe whisker, which are discussed next.

We conclude by quoting typical values for the stress-induced substrate
deflection. For any stress measurement of films in the nanometer thickness
range, substrates thinner as 0.5 mm are mandatory. A film stress of —0.6 GPa
in a1l nm Ag film on a 0.1 mm thin Fe(001) whisker is expected to induce
a radius of curvature of 570 m, the bottom end of the 10 mm long sub-
strate will be deflected by 0.88 um [19]). A curvature of this magnitude can
be routinely detected by stress measurements. However, stress induced by
magnetization processes is typically three orders of magnitude smaller, as
discussed in Sect. 6, and there averaging techniques or phase-sensitive signal
detection is used to increase the signal-to-noise ratio [20,21].

Dimensionality D

i
Ratio a = length / width

Fig. 8. Sketch of a cantilever experiment with a sample of length [ and width
w. The plot indicates the deviation from the true 2-dimensional bending, D = 2
for different aspect ratios and measurement schemes. The calculation is done for
an isotropic substrate A = 1 with a Poisson ratio v = 2. Data from [17], with
permission
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4 Film Stress During Epitaxial Growth: Ag on Fe(100)

Thin single crystalline substrates are mandatory for cantilever stress mea-
surements. For many semiconducting compounds thin samples are readily
available from stock, for metals however, thicker single crystalline samples
have to be polished down until the requested thickness is reached. An alter
native route towards thin crystals is given by the growth of needle-like Fe
whiskers from the gas phase [22]. It is well known that high quality Fe crys-
tals can be produced, with extended (100) terraces in the pwm range, which
are bounded by single atomic steps. These substrates have often a square-
like cross section of the order of 100 Hmx100 pm, and grow in length up to
14 mm. An example of such a Fe crystal is shown in Fig. 4, and the adjacent
needle indicates the small lateral dimensions of the Fe whisker. Thus, a rather
thin single crystalline substrate with an exceedingly large aspect ratio 3> 100
is obtained, which facilitates the quantitative stress analysis due to negligible
clamping effects as discussed above.

The growth of Ag on Fe(100) whiskers has been studied by reflection
high energy electron diffraction (RHEED) in great detail [23,24). RHEED
oscillation of the specular intensity have been observed during the deposition
at 360 K above a thickness of five Ag layers , and layer-by-layer growth
has been proposed in this thickness range. The layer-by-layer growth and
the small epitaxial misfit make Ag on Fe(100) an ideal prototype for stress
measurements, as the resulting film stress should be given by the lattice misfit,
and no stress relaxation is expected for depositions up to several dozen layers.
Indeed, our measurements indicate that the stress in films above 5 layers
thickness is given by the misfit, whereas surface stress effects and a possible
surface alloy formation dominate the stress in thinner Ag films [19].

Between fcc Ag (apg = 4.08 A) and bee Fe (ape = 2.866 A), the epitaxial
relation is given by 45° rotated surface unit cells of the two elements. A
moderate compressive in-plane lattice misfit N = (are—ang/V2)/(ang/V2) =
~0.8 % results. This misfit induces a biaxial film stress of r = NYag/(1 —
vag) = —0.61 GPa. Our stress measurements as presented in Fig. 5 confirm
this magnitude of stress for layer-by-layer growth conditions for tag > 5 ML.

Figure 5 shows a plot, of the Ag-induced stress of the Fe(100) substrate as a
function of Ag thickness in monolayers (1 ML Ag: 2.04 A) The measurement
was performed with a two-beam optical deflection technique, and the stress is

Fig. 4. Fe whisker with a mirror-like shiuy surface next
to a needle
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Z Fig. 5. Stress during Ag deposition on
29 A Fe(100), as measured on a Fe whisker
voA | (Fig. 4) with an optical two deflection
sl | 1 technique (Fig. 2(d)). 1 ML Ag: 2.043 A.
1Ag on )  IAgoff The constant slope of the stress curve in
0 10 20 30 40 50 regime III indicates a compressive stress
fag(ML) of —0.6 GPa

deduced from the measured curvature, as described above. A negative signal
indicates compressive stress, i.e, a stress, which favors an expansion of the
film with respect to the substrate. Immediately after the beginning af Ag
deposition, the stress drops rapidly and reaches a minimum of —1.7 N/m,
after deposition of one layer Ag. Further deposition leads to a small tensile
stress, and after 5 ML of deposition, the stress continues to drop, and it
reaches a constant slope of —0.6 GPa. After the deposition of 35 ML Ag the
Ag evaporator is closed, and the stress remains at —4.9 N/m. No significant
stress relaxation is observed, and we performed additional tests to verify that
a a possible radiative heating of the substrate by the Ag evaporator has no
impact on the curvature measurement,

Three distinct stress regimes are identified in Fig. 5. Regime I (0-1 ML) is
ascribed to the formation of the Ag-Fe interface. The measured stress change
is mainly due to the relief of the tensile surface stress of Fe(100) upon coverage
with Ag. The subsequent regime II (1-5 ML) is characterized by a much
smaller stress change. We ascribe this to a rougher surface morphology in
this thickness range, which is possibly caused by some surface alloy formation
between Ag and Fe. This assumption is corroborated by the RHEED results
which indicate an absence of intensity oscillations in this thickness regime
[24]. Regime III (> 5 ML) is characterized by a constant slope of the stress
curve given by —0.6 GPa, which is caused by the epitaxial misfit between Ag,
and Fe, ag discussed above. We performed many stress measurements during
the deposition of Ag at temperatures between 300 K and 393 K and for
deposition rates between 0.05 A/s and 0.5 A/S, and the three stress regimes
were always observed.

The back-extrapolation of the stress curve of all of our measurements from
regime III to zero coverage leads to a stress value of —1.23 N/m. We ascribe
this to the difference of surface stress between Ag(100) and Fe(100), and we
conclude that Fe is under a larger tensile surface stress as compared to Ag.
The calculated surface stress of Ag(100) is +0.82 N/m [25], and we deduce
2.05 N/m as the surface stress for clean Fe(100).

This example demonstrates that the high sensitivity. of stress measure-
ments can be exploited to investigate both adsorbate-induced changes of sur-
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face stress and filin stress [8]. In addition, even subtle structural relaxations,
which occur during epitaxial growth, give rise to stress oscillations with a
monolayer period, as has been verified for semiconductor [26] and metallic
systems [16]. In conclusion, stress measurements are sensitive tools to monitor
structural relaxation or composition changes at surface and in films,

An important ingredient of the stress analysis is a detailed knowledge of
the atomic structure of the film-substrate composite. To this end we per-
formed combined surface X-ray diffraction studies and curvature measure-
ments to derive stress-strain relations at the atomic level.

5 Combined Stress
and Surface X-ray Diffraction Measurements

Any interpretation of stress measurements relies on a knowledge of the ge-
ometric structure of both substrate and film. This statement might seem
trivial, but we want to point out that a detailed structural investigation may
reveal considerable adsorbate-induced distortions of the substrate, which can-
not be anticipated, nor excluded in general. An example is presented here,
where the substantial distortion of W(110) upon Ni deposition has been de-
tected by surface X-ray diffraction [27].

In-situ combination of stress measurements with structural investigations
Is extremely useful. We performed such combined stress measurcments by
the curvature technique with surface X-ray diffraction at the beamline ID-
03 of the European Synchrotron Radiation Facility (E.S.R.F.) in Grenoble,
France [27,28,29,30]. The strength of combined stress and X-ray diffraction
measurements is due to the high sensitivity of both techniques for subtle
structural changes of the film-substrate composite.

A revealing example is the Nishiyama-Wassermann growth of Ni on
W(110). Former investigation suggested the following sequence of Ni-
structures in the first layer with increasing Ni coverage: Ni is honded in
pseudomorphic sites at small coverage, then first in a 1 x 8 and then in a
¢(1 x 7) coincidence structure [31]. These structural transitions are driven
by the tendency of the Ni atoms to increase their atomic density on the W
surface. These structural transitions are accompanied by a reduction of the
strain along W[100] from +27 % for the pseudomorphic structure to -1.3 %
for the ¢(1 x 7) coincidence structure. Previous low energy electron diffrac-
tion and scanning tunneling microscopy studies indicate a constant strain
of +3.7 % along W[110] [31,32]. Our recent surface X-ray diffraction studies
identified the formerly proposed 1 x 8 coincidence structure as a structurally
modulated 1 x 1 structure, which gives rise to satellite reflections at positions
which deviate slightly from those of the former model, and a modulation pe-
riod of 7.7, and not 8 lattice units, along W[100] is found by surface X-ray
diffraction [27]. The proposed c(1 x 7) coincidence structure was confirmed
in the recent structural analysis [27].
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The ¢(1 x 7) coincidence structure is characterized by a coverage of 1.3
with respect to the atomic density of the W(110) surface. Only after this
structure has formed, additional deposition of Ni leads to the formation of a
fee(111)-like second layer, as described by the Nishiyama-Wassermann growth
mode.

The formation of the fce(111)-like second Ni layer is accompanied by a
characteristic change of the film stress from compressive c{1l x 7) coincidence
structure) to tensile for the second Ni layer [27]. This demonstrates that
stress measurements give an accurate and highly sensitive indication of the
formation of distinct surface structures.

An example of our combined stress and surface X-ray diffraction work in
shown in Fig. 6. Figure 6 shows the curvature measured along W[001] during
the deposition of Ni, right axis, and the measured X-ray intensity on the
left axis for a satellite reflection characteristic of the modulated 1 x 1 struc-
ture, top panel, and for the ¢(1 x 7) coincidence structure in the lower panel.
The sequential occurrence of the two structures is revealed by the intensi-
ties of both reflections. First, the modulated 1 x 1 structure is formed, then
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Fig. 6. Combined curvature and X-ray diffraction experiments at the ESRF. (a)
Sketch of the experimental layout. Crystal curvature and diffracted X-ray intensity
are measure simultaneously during Ni growth on W(110). (b) X-ray intensity (left
azis) and crystal curvature (right azis) during the deposition of the first layer of Ni.
The formation and disappearance of a modulated 1 x 1 structure with increasing Ni
coverage coincides with the change of curvature from compressive to tensile back
to compressive. (c) The 1 x 7 structure evolves only after the disappearance of the
modulated structure detected in (b). (d) Structural model of the 1 x 7 structure.
Atomic chains a, B between Ni and W are formed. Areas of higher atomic density
are separated by 1.1 nm along [001]
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its intensity drops down to almost zero with increasing deposition. While
the intensity of the modulated 1 x 1 structure vanishes with ongoing deposi-
tion, the ¢(1 x 7) coincidence structure gains in intensity. The completion of
the ¢(1 x 7) coincidence structure is identified by the vanishing slope of the
curvature signal. Thus, the curvature data clearly identify the filling of the
first layer, which is also characterized by the maximum diffracted intensity
of the ¢(1 x 7) satellite. The deposition of more Nj leads to g positive slope
of the curvature signal for a coverage above 1.3. The proper two dimensional
stress analysis reveals that the hiaxial film stress changes from compressive
to tensile once the second layer Ni grows in the fee(111)-like structure [27),

The exact Ni coverage which corresponds to the filling of the first Ni layer
Is identified with high precision by both techniques. The resulting ¢(1 x 7)
coincidence structure was subsequently analyzed by surface X-ray diffraction,
and the result of the structural model is presented in Fig. 6d. The main
structural characteristic is the formation of atomic chains between Ni and
W, as indicated by the dark lines A and B. Note, the substantial distortions
of W atoms from their respective bulk positions [27].

The measured tensile stress of the second layer Ni amounts to 15 GPa,
and this value can be quantitatively ascribed to an average isotropic film
strain of +3.7 % [20]. We emphasize that in contrast to the thicker Ni films
the stress in the first layer cannot be described by the average strain of
the different structures [31]. Our X-ray investigations offer a possible cause
for this complicated stress behavior of the first Ni layer, as we find that
the Ni induces substantial distortions within the W(110) surface layer, with
lateral displacements of the W atoms as large as 0.3 A, see Fig. 6d [27].
This substantial Ni-induced distortion has escaped previous investigations
and these structural details will be an important ingredient for future stress
calculations.

Finally, we discuss briefly the decisive role of even small strain in the
sub-percent range for the modified magneto-elastic coupling and magnetic
anisotropy of epitaxial thin films as compared to their bulk counterparts.

6 Magneto-elastic Coupling:
Non-bulk-like Behavior in Epitaxial Films

The coupling between lattice strain and magnetic anisotropy energy is given
by the magneto-elastic coupling. This effect can be understood as the strain
dependent part of the magnetic anisotropy energy density. The magneto-
elastic coupling takes the empirical result into account which indicates that
ferromagnetic samples change their length upon magnetization. For Fe this
effect is quite small, the strain induced by the magnetization along [100]
amounts only to 2x10~5, measured along [100], starting from a demagnetized
state. This effect is called magnetostriction. Ferromagnetic films have also the
tendency to strain upon magnetization changes. But they are bonded rigidly
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to a substrate, and magneto-elastic stresses (also: magnétostrictive stresses)
are induced instead. The degree of resulting film-substrate deformation de-
pends on the rigidity of the substrate. Figure 7 shows the difference between
magnetostriction of a bulk sample and magnetostrictive stress in a film.

The important aspect of magneto-elastic coupling is that the stress state
of ferromagnetic film can be changed by changing the orientation of the filim
magnetization. A measurement of the change of curvature upon reorientation
of the magnetization reveals the magnitude of the effective magneto-elastic
coupling.

Therefore, highly sensitive stress measurements are appropriate to mea-
sure magneto-clastic coupling coefficients, provided that the sensitivity is
sufficient to detect stress changes which are often three orders of magnitude
smaller (MPa) as compared to epitaxial misfit stress (GPa). The orientation
of the crystal axes, the magnetization directions and of the curvature mea-
surement determine which coupling coeflicient is measured. The appropriate
data evaluation ig discussed in [7,18]. E.g., switching the magnetization di-
rection between the in-plane [100] and [010] direction of a cubic film and
measuring the curvature along the [100] direction gives access to Bj.

Combined stress measurements during film growth and magneto-elastic
stress measurements reveal the impact of film strain on the effective magneto-
elastic coupling. According to the measurements, the effective magneto-elastic
coupling varies with film thickness. Therefore, at first sight one might be
tempted to ascribe the variation of B; to a thickness effect. However, the
stress measurements reveal, that also the film stress varies with film thickness,
and consequently the film strain is expected to vary with the film thickness
[33]. It has been possible to produce films of equal thickness but different
strain by lightly modifying the growth parameters during film deposition
[34]. These measurements, and our own measurements of the magneto-elastic
coupling coefficients, clearly indicate a strain-dependent correction of the
effective magneto-elastic coupling coefficients.

In Fig. 8a we present a plot of the stress as a function of Fe thickness for
different experiments on Fe growth on W(Q01). The plots Fig. 8b—¢ show the
effective magneto-elastic coupling Beg for Fe [7], Co [35], Ni [36] and Fe on
Cu(001) [36]. For Fe on Cu a combination of B; and By is measured [36]. The
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Fig. 8. (a) Film stress for Fe on W(001). Note the considerable residual stross
even in thicker films. (b)—(e) The effective magneto-elastic coupling constants By
of various systems. The straight lines through the data points indicate a strain-
dependent modification of By

straight lines through the data points indicate a modification of the effective
magneto-elastic coupling constants in proportion to film strain.

The modified magneto-elastic coupling has an important impact on the
magnetic anisotropy of strained films. Although magnetostriction of bulk Fe is
a small effect, the underlying magneto-elastic coupling gives rise to an impor-
tant contribution to the magnetic anisotropy of strained films. The reason is
the larger magnitude of the coupling constants B (B1(Fe) = —3.44 MJ/ m"'d)
as compared to the crystalline anisotropy K, (I (Fe) = 0.05 MJ/m™*). This
values correspond to an energy per atom of the order of (0.3 meV for the for-
mer, and 4 peV for the latter [7,37]. The magneto-elastic coupling coefficient
By couples the strain ¢ to the energy density via a term ~ Bye, thus even
a strain in the percent range renders the magneto-elastic coupling a decisive
contribution to the magnetic anisotropy.

Therefore, measurements of the magneto-elastic coupling are mandatory
to put the anisotropy discussion of strained films on a, physically sound foun-
dation. The most important result of all experimental determinations of the
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various B; of different epitaxially strained systems indicate that magnitude
and sign of B; are not given by the respective bulk value [7]. Instead, the
data analysis suggests that the effective B; is given by a strain dependent
correction of the bulk value. This important result was not considered in
earlier anisotropy discussions.

Recently, a strain dependent correction of the magneto-elastic coupling
was also found in state-of-the-art calculations of the strain dependence of
the magnetic anisotropy [38,39,40,41,42,43]. We conclude that non-bulk like
magneto-elastic coupling is a general phenomenon in epitaxially strained
films, and the application of bulk coupling constants to anisotropy problems
will lead to erroneous results.

7 Conclusion and Outlook

Although stress measurements on thin films have a tradition which dates
back to the 1850's, highly sensitive experiments reveal exciting new results,
which cannot be ascribed to simple stress-strain relations. Stress in the (sub)-
monolayer coverage range are determined by the often strong adsorbate-
substrate interaction which can induce substantial distortions or intermixing
at the interfaces. The electronic origins of the corresponding stress changes
are still under debate and are a topic of current research [8,44].

New insight into the correlation between even subtle structural relaxations
and forces acting in film-substrate composite is accessible by combined stress
and surface X-ray diffraction measurements. Here, ab initio based calculation
can elucidate the relevant mechanisms on the mesoscale {45,46].

The effect of even relatively small strains in the sub-percent range on the
magnetic anisotropy of thin films are profound. The implication for the appli-
cation of nanometer thin films in sensors are significant. Recent first principles
calculations support convincingly the experimental result of a strain-induced
modification of the magneto-elastic coupling [42]. Further work on alloys
should investigate the consequences for technologically relevant systems.
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