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Abstract. The cantilever bending beam technique was applied to measure film
stress, film magnetization and magneto-elastic coupling in nanometre Fe films
grown epitaxially on W substrates. A simple optical deflection technique yielded
sub-monolayer sensitivity for stress measurements and was used to determine
magnetization and magnetostrictive properties of nanometre Fe films in situ. The
combination of an electromagnet inside an ultra-high-vacuum chamber with a
rotatable external magnet was employed to perform magneto-optical Kerr-effect
measurements in the transversal, longitudinal and polar geometry in fields of up to
0.4 T. Examples for stress-driven structural changes in monolayer Fe films are
discussed with respect to the unusual high coercivity found for sesquilayer Fe films
and the re-orientation of the easy axis of magnetization in Stranski—-Krastanov Fe
films. The direct correlation between strain and magnetism was exploited to
measure the magnetostrictive bending of the film—substrate composite. The
magnitude and sign of the magneto-elastic coupling coefficient were found to
depend on the film thickness, in contrast to the respective bulk values.

1. Introduction [10], a crude estimate with a typical Young modulus of
order 16* N m~2 gives a tremendous film stress of order
The experimental and theoretical study of the unique 1 GPa (1000 N mm?) per 1% lattice mismatch. Film
magnetic properties of ultrathin ferromagnetic films with stress of that order is expected to modify the growth of
thicknesses of the order of nanometres has attractednetero-epitaxial films considerably, due to the tremendous
considerable attention in recent review articles [1-3] and elasticity energy of order 0.1 eV per atom in a film
books [4]. One fundamental aspect of the hetero-epitaxial strained by only 1%. Therefore, film stress is expected
growth is how the lattice mismatch between film and to be a dominant driving force for structural transitions in
substrate induces characteristic changes in the structuralltrathin Fe films on W(110) and will be discussed in this
and magnetic properties of the ferromagnetic film. Owing paper. The formation of a misfit distortion network for
to the often very strong bond between the film material room temperature growth or the island formation observed
and the substrate of up to 5 eV per film atom, as has beenfor Stranski—Krastanov growth at higher temperatures are
determined for example by thermal desorption experiments ascribed to a reduction of film stress that was measured
[5], the first monolayer of the growing film remains in situ with sub-monolayer sensitivity. The effect of film
pseudomorphic in registry with the substrate even in casesstress and its relaxation on the coercivity and the easy axis
in which the lattice mismatch between the bulk atomic of magnetization are examinéd situ with the magneto-
distances of the film material and the substrate reachesoptical Kerr-effect (MOKE). A most direct manifestation
values of 10% and more. Examples for such heavily of the intimate relation between the strain state and
strained monolayers are the growth of Fe, Co and Ni on magnetism came from magnetostriction experiments that
W(110). Structural investigations by low-energy electron were performed to investigate the magneto-elastic coupling
diffraction (LEED) [6] and scanning tunnelling microscopy in nanometre Fe films on W(100).
(STM) [7] proved that the first monolayer of Fe on W(110) In the following experimental section, the basic idea
remains pseudomorphic, thus heavily strained (by 9.4%). of our stress-measurement set-up is described and the
The even larger lattice mismatch of 27% for the growth of lay-out of the magnetic system to perform MOKE and
Ni on W(110) does not hinder pseudomorphic growth in magnetostriction experiments is given. Then, the stress and
the sub-monolayer range, as was found in LEED [8] and magnetic properties of Fe films grown at room temperature
combined STM and LEED studies [9]. Without going into in the Frank—van der Merwe mode are discussed, before
details of the elasticity theory applied to epitaxial growth the effects of island formation in Stranski-Krastanov
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a radius of curvature. In optical techniques, a light beam
is reflected from the bottom end of the substrate onto a
position-sensitive detector. The bending of the substrate
causes a deflection of the beam that is measured as a
position signal and converted into a stress value. As we
have described in detail elsewhere [17], our simple and
compact optical deflection technique sketched in figure 1
can be mated to any UHV viewport and allows us to detect
a radius of curvature as large as 40 km, which corresponds
to a deflection of the bottom end of the approximately
10 mm long sample by only 2 nm, giving sub-monolayer
sensitivity. On the position-sensitive detector, an easily
measurable deflection of almostlOum results. The
high sensitivity allows one to measure not only film
stress, but also adsorbate-induced stress [18] and forces

Figure 1. A schematic diagram of the optical deflection
technique. Any stress on the front surface of the crystal

induces a minute bending, characterized by the radius of in ferromagnetic films due to the torque of a magnetized
curvature R, that is detected by reflecting a laser beam film in an external field and due to magnetostriction in

from the bottom end of the crystal to a position-sensitive the ferromagnetic layer. The combined application of the
detector. The image shows the compressive stress; the cantilever technique to measure stress, film magnetization

numbers correspond to the sensitivity limits. The laser and L .
a split photodiode are mounted onto an UHV window and magnetostriction has been demonstrated before with

flange [17]. a capacitive technique [19]. We employ the somewhat
simpler optical deflection technique that gives a comparable

) sensitivity. Note that magnetostrictive strains of order®10
Fe layers grown at higher temperatures on stress andare three orders of magnitude smaller than misfit strains in
magnetism are presented. The application of the stresSthe 104 range. Thus, for detecting magnetostriction of a
measurement technique to determine film magnetization monolayer film, the sensitivity has to be 1000 times higher

and magnetostriction concludes this paper. than that for measurement of the stress of a monolayer film!
Currently, the detection limit for magnetostriction both of
2. The stress-measurement technique capacitive and of optical techniques is of the order of ten

monolayers of Fe [20].
In order to measure film stress with monolayer sensitivity
during growth, the cantilever bending beam technique Was 3 Transversal, longitudinal and polar magnetic
employed. As shown in the schematic diagram of our fields
optical deflection technique in figure 1, the main idea of
the film-stress measurement was to monitor the bendingTg correlate the stress and magnetism of ultrathin films
of a substrate due to any kind of adsorption processes oni sjty, we incorporated two magnets into our ultra-high
its front surface, whereas the back side of the substrateyacyym (UHV) chamber. As shown in the schematic cross
remained clean. Any change of the stress state of the frontgection of a part of our UHV chamber in figure 2, the
surface of the substrate will lead to a minute bending. Thus, sample (1) can be exposed to a magnetic field of up to 0.1 T

monitoring the change of the radius of curvature of the along its length by a pair of water-cooled electromagnets
substrate allows one to determine the change of the StreSS(z)_ In position (1), Kerr-effect measurements [21] in

on the front surface. From a measurement of the radius ofhe transversal geometry (A) are performed. Lowering
curvaturer the stresg in units of force per length can be  he sample to position (3) allows one to measure the

calculated from Stoney’s formula [11] that is corrected by |ongitudinal Kerr effect (B) with an external electromagnet
the factor (1 — v) to take the biaxial nature of the stress (4). Its pole pieces (5) are mounted inside the UHV

into account: v chamber on a turntable and direct the magnetic field to
R — the sample. The external magnet and the pole pieces
6R(1—v) (5) are mounted on two separate turntables; thus, without

To get sub-monolayer sensitivity, rather thin substrates having to rearrange the Kerr-optics, the magnetic field can
with thicknessess of order 0.1 mm have to be used. be oriented perpendicular to the sample surface for polar
Young's modulusy’ and the Poisson ratio of the substrate  Kerr-effect measurements. Longitudinal and polar Kerr-
have to be calculated for the particular substrate surfacemeasurements are performed in fields of up to 0.4 T.
orientation [12]. The applicability of Stoney’s equation With the sample in the lower position (3), the vertical
to measure epitaxial stress [13] and magnetostrictive stressmagnetic field produced by the water-cooled electromagnet
[14] has been discussed by Marcus. Capacitive [15] and (2) gives a vertical field component of up to 0.03 T. Thus,
optical techniques [16] have been employed to measureat position (3), magnetic fields with arbitrary direction
stress with sub-monolayer sensitivity. In capacitive can be produced by vector addition of the respective
techniques, the change in distance between the bottomfield components. At position (3) the optical stress-
end of the substrate and a fixed reference electrode ismeasurement set-up is mounted onto an UHV window to
determined from the change in capacity and translated intoperform magnetometry and magnetostriction experiments.
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UHV chamber

Figure 2. A cross section through the lower part of the
UHV chamber. The sample in position (1) can be exposed
to a vertical magnetic field produced by the water-cooled
electromagnet (2) that is mounted inside the UHV chamber.
At position (3), the sample can be exposed to a horizontal
and polar magnetic field produced by the external
electromagnet (4) with pole pieces (5). Magnet (4) and pole
pieces (5) are rotatable, allowing in-plane and out-of-plane
magnetization. Transversal Kerr measurements (A) are
performed in fields of up to 0.1 T; longitudinal and polar

Mechanical stress and magnetic properties

sub-monolayer coverages of Fe on W(110), as shown in
our stress curves of figure 3. The maximum compressive
stress is reached at approximately 0.6 ML and amounts
to a tremendous-5 N m~ for room-temperature growth
and —3 N m! for high-temperature growth, as shown in
figures 3(a) and (c), respectively. These results indicate
that the pseudomorphic Fe islands at a coverage of 0.6 ML
induce a huge compressive stress of order 35 GPa on the
W surface. As has been discussed in more detail elsewhere
[22], we ascribe the compressive sub-monolayer stress to a
mere surface stress effect, indicating the inappropriateness
of continuum elasticity based on bulk reference data for
application to the sub-monolayer range. Only for coverages
above 0.6 ML does the continuum elasticity describe the
film stress at least qualitatively, as manifested by our
finding of a tensile film stress of order 6 N7Th per
monolayer, estimated from the slopes of the stress curves in
the coverage range 0.7-1.5 ML. The stress measurements
revealed a distinct kink in the slope of the stress versus
coverage curve at a coverage of 1.5 ML (2A5 Fe.
Whereas the slope of the curve was reduced from 6 to
3 N m~! per monolayer for the room-temperature growth
shown in figure 3(a), deposition at 700 K (figure 3(b))

Kerr measurements (B) are possible in fields of up to 0.4 T. led to an even more pronounced reduction to 1 Nm

Deposition at 1000 K (figure 3(c)) led to practically stress-
For magnetometry, the film is first magnetized along its free growth after the kink at 1.5 ML. For room-temperature
length by magnet (1) and then exposed to a polar magneticgrowth, no stress relaxation was observed after termination
field, produced by the external magnet (4), rotated to the of growth, whereas deposition at higher temperatures led to
polar position. Thus a torque is acting on the film that leads a partial stress relaxation after growth, the relaxation being
to a bending of the substrate. As indicated in figure 7 later strongest for high-temperature growth at 1000 K. Here, the
and discussed below, from the measured bending of thestress of a 1A (7 ML) thick Fe film relaxed to 4 N m!
sample the film magnetization is determined. To measure compared with 15 N m! for room-temperature growth.
magnetostriction, the magnetization is switched between The kink of the stress curves at the sesquilayer coverage of
the horizontal and vertical directions by applying fields 1.5 ML was ascribed to the formation of a misfit distortion
of the external magnet (4) and the UHV magnet (2) and network in the Fe film. Owing to the high strain energy
the corresponding magnetostrictive bending of the sampleof the pseudomorphic phase, already at 1.5 ML coverage
is detected. Simultaneously, Kerr-effect measurements arethe formation of misfit distortions is triggered and relaxes
performed to identify the appropriate magnetization states, part of the strain energy of the film. The contribution
as shown in figure 8 later. of the misfit distortions and the resulting inhomogeneous
stress field to the high coercivity of the sesquilayer film is
discussed in the following section situ LEED revealed
a regular distortion patternf@a 3 ML Fefilm, as indicated
in figure 4(a) and described previously [6]. STM images
The growth of Fe on W is governed by the large lattice Of @ 3 ML film in figure 3(b) identified a regular distortion
mismatch of almost 10% between Fe and W. A number of line network in the Fe film as hexagonal shaped darker
previous structural investigations by LEED [6] and STM [7] lines on the lighter grey Fe patches of the third and fourth
revealed a pseudomorphic first Fe monolayer on W(110). layers. In accordance with a detailed STM analysis of the
One monolayer (ML) is defined as4ll x 10'° Fe atoms distortion pattern [7], we ascribe the kink of the stress
per cnf, equivalent to a monolayer thickness of 1.86 curves at 1.5 ML to the onset of the formation of misfit
From the expression for the elastic energy density of a distortions at the interface between the first and the second
BCC (110) surface, the resulting stress in the strained Fe layer. The first layer remains pseudomorphic, whereas
Fe film can be calculated. The first layer of Fe grows already in the second layer the misfit distortions induce a
heavily strained by almost 10%, and a huge anisotropic partial relief of stress in the film, manifested by the reduced
tensilefilm stress of order & N m~! per monolayer along  slope of the stress curves. This stress-relief mechanism due
WI[001] and of 79 N m~! per monolayer along WI[LO] to the formation of misfit distortions is most efficient at high
is predicted from the application of continuum elasticity, growth temperatures, which suggests that it is a thermally
based on bulk reference data. The stress anisotropyactivated process. Growth at higher temperatures leads to
simply reflects the only two-fold rotational symmetry of the formation of Fe islands on top of the first Fe monolayer
the BCC (110) surface. In striking contrast to the results that covers the W surface pseudomorphically [23]. A
of continuum elasticity, we measucempressivestress for double diffraction pattern with the lattice constants of BCC

4. Stress and stress relaxation in Fe monolayers
on W(110)
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(110) W and BCC (110) Fe, respectively, is observed

in the LEED image of figure 4(c). The STM image of (a)
figure 4(d) identifies foa 3 nm Fe filmgrown at 300 K ~ 041 6 ML Fe / W(110) 15
to 700 K, after annealing, islands elongated along W[001] § T=300K 10 A Fe
with lengths of 10um, widths of 01 xwm and maximum €02 ° 10
heights of 17 nm. The same diffraction and STM images -3 @l s“‘{‘er open shutter closed £
were obtained upon annealing a room-temperature-grown  § 0.0 e >
film and for deposition at higher temperatures, indicating = g ‘—‘L. ) -5 o
the equivalence of the two experimental procedures in g g[ ) kink at 1.5 ML @
producing Stranski—Krastanov Fe layers. Scanning Auger -0.2 % 7]
microscopy proved that, in between the islands, 1 ML of Fe 5 T -0

0 1 2 3 4 5 6MLFe

covers the W surface [24]. As discussed in the following ) 500 1000 1200 2000

section on magnetism, the coalescence of Fe into 3D

islands induces an in-plane re-orientation of the easy axis ,ib) TAd= 700 K 4 A Fe ; 20
of magnetization in the Fe islands. The measured stress for §0_0_ 1 3 .
high-temperature growth is ascribed to the first monolayer @ l i - 15€
alone, whereas the formation of the 3D Fe islands does -2 6 AFe L 10S
not increase the film stress any further, as indicated by the 50.5 - E 2
horizontal section of the stress curve measured during Fe ::% 12 AFe ;'5 g
deposition of figure 3(c). Some relaxation of stress after g kink L0 ?
termination of growth leads to a final stress indicative of -1.0 4 mzA Fe ]

the strained first monolayer. 0 500 1000 1500 2000

—
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5. The high coercivity and re-orientation of the
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The most significant structural change for room-
temperature-grown Fe films is the formation of a misfit dis-
tortion network at the sesquilayer coverage of 1.5 ML. De-
position of Fe at higher temperatures and annealing room-
temperature-grown films to 700 K lead to the formation of 6 Mg AFe : -0
3D Fe islands, characteristic of Stranski—Krastanov growth. 0 500 1000 1500 2000
Both structural transitions, the formation of misfit distor- time (s)

tions and the island formation, induce characteristic changes

of the film magnetism, affecting the coercivity and the Figure 3. Stress measurements during Fe growth on

: : ; it : W(110). (a) The growth of 6 ML Fe at 300 K. The kink
orientation of the easy axis of magnetization, respectively. in(gicat)es(th)e forrr?ation of the misfit distortion network.

As discussed in more detail previously [22], the () The growth of several thicknesses at 700 K. A partial
coercivity of Fe on W(110) shows a pronounced maximum relief of stress after termination of growth is visible; the kink

at the sesquilayer coverage of 1.5 ML. The striking remains at 1.5 ML coverage. (c) The growth of 12 A at
thickness dependence of the coercivity is clearly indicated 1000 K. Note the stress-free growth after the kink at

by longitudinal Kerr-effect measurements on an Fe film 1.5 ML.

with a mesa-shaped thickness variation, summarized in

figure 5. The Fe film thickness was changed over the coercivity was higher than 0.3 T at 140 K; only at the
sample length by moving the crystal during evaporation in slightly higher temperature of 190 K could the film be
front of the Fe evaporator. The resulting thickness profile, magnetized with a coercivity of 0.2 T. A characteristic film
which was checked with Auger electron spectroscopy, is structure in the sesquilayer range is presented in the STM
given in figure 5(a): the thickness increased from 0.8 ML image of figure 5(d). Lighter grey patches of the second
at one end of the crystal to 2 ML at the middle of the layer of Fe were imaged on the darker grey first monolayer
crystal and then dropped to 0.8 ML at the other end of of Fe that covered the W surface homogeneously. The
the crystal, covering a total length of 8 mm. MOKE was second-layer patches were of order 10-20 nm long and 5—
performed with a collimated laser beam, thus by scanning 10 nm wide. In the process of magnetization, a domain
the laser over the crystal length, different Fe thicknesseswall has to move in the sesquilayer film and its energy
were probedn situ. Figure 5(b) shows two clear maxima will depend on the local layer thickness, being either one
of the coercivity of order 0.2 T for the slopes of the Fe monolayer or two monolayers in the second-layer patch.
film, for which the thickness was 1.5 ML. Note that the A simple estimate shows that the domain wall energy is
maximum is quite sharp on the thickness scale. The 0.8 ML higher for the two-layer region. Thus a pinning mechanism
film had a coercivity smaller than 0.02 T; the 2 ML film results that gives a maximum coercivity of order 0.6 T [22].
had a coercivity smaller than 0.07 T. Figure 5(c) shows The contribution of the inhomogeneous stress field to the
results from a MOKE experiment performed on a single coercivity [25], once misfit distortions have been formed,
sesquilayer film in the longitudinal geometry. Here, the can be estimated to be of order 0.07 T, suggesting that the

o
»
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Figure 4. LEED and STM of Fe on W(110). (a) 3 ML Fe, ple (T)

grown at 300 K. The diffraction pattern of the distortion
network to be seen in the STM image (b). A hexagonally

shaped distortion line network appears as darker grey lines . . e )
on the surface of the third (grey) and fourth (white) Fe film. (b) Spatially resolved coercivities of film (a), measured

layers. The underlying second Fe layer appears black. at 140 K. Note two pronounced maxima where the

: thicknesses cross 1.5 ML. (c) Longitudinal MOKE on a
(c) Annealing to 700 K changes (a) to a double BCC (110) ; ; . .
diffraction pattern, indicating W lattice distances and sesquilayer film with constant thickness at 190 K. (d) A

relaxed Fe distances. (d) A STM image of 3 nm Fe STM image of the sesquilayer film: islands of the second
annealed to 700 K. Fe(is)lands elonga?ed in W[001] are lr%?]rog ?/;plggarl\ﬂiosngrgofnailéczgspgT)fﬂ:ﬁedgakbirgizyagr;éar
seen as grey stripes; the maximum height is 17 nm. . . h

as lines running from the upper left-hand side down to the
lower right-hand side of the image.
thickness dependence of the domain wall energy is the main
factor affecting the coercivity mechanism [22].

The formation of 3D Fe islands upon annealing a room-
temperature-grown film induces a re-orientation of the easy
axis of magnetization, as indicated by the MOKE curves
of figure 6, that have partially been discussed elsewhere
[26]. Rectangular transversal Kerr-effect curves indicate
that there is an easy axis of magnetization alondLY9]
and a hard-axis curve in the longitudinal Kerr geometry for
magnetization along W[001] for room-temperature growth
of 10 ML Fe. Whereas fields of 0.25 T were sufficient
to saturate the in-plane magnetization along the hard
direction, polar magnetization did not lead to saturation.
The continuous slope of the curve of the polar Kerr
effect suggests that the effective anisotropy against out-
of-plane magnetization, is even stronger than in-plane
anisotropy, in accordance with previous work [27]. The
pronounced in-plane anisotropy has been found to be
thickness dependent. Fe(110) layers grown on GaAs and6. Magnetometry and magnetostriction by
on W(110) have an easy axis of magnetization aldri] cantilever bending technigues
for small thicknesses that switches in-plane to [001] at
thicknesses of 5 nm [28] and 10 nm [29], respectively. Forces acting on ferromagnetic films in external magnetic
We found that the in-plane re-orientation of the easy axis of fields and forces due to magnetostriction of ferromagnetic
magnetization occurs even for much smaller Fe thicknessesfilms cause a bending of the film—substrate composite that
after annealing room-temperature-grown films. As shown can be evaluated to give film magnetization or magne-
in the lower row of figure 6, after annealing a 1.7 nm tostriction constants. Vibrating-sample magnetometry and
thick film, the easy magnetization could be observed along force magnetometry rely on the detection of the minute

Figure 5. MOKE in the sesquilayer range. (a) A cross
section of the mesa-shaped thickness variation of the Fe

[001], whereas the former rectangular magnetization curve
measured in the transversal geometry has been replaced
by a hard-axis curve. The effective anisotropy opposing
polar magnetization was increased, as we deduced from
the reduced slope of the magnetization curve of the polar
geometry. Annealing led to a coalescence of Fe into 3D
islands, as indicated in the STM image of figure 4(d).
Thus, the nominal thickness in the islands is considerably
increased and the easy axis of magnetization re-orients to
[001], which is the easy direction of bulk Fe. We ascribe
this re-orientation of the easy axis of magnetization to the
diminished importance of surface anisotropies in the thick
Fe islands that had been proposed to be the main reason
for the pronounced in-plane anisotropy of Fe films that had
not been annealed [27, 29].
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Figure 6. The effect of annealing on the direction of the easy axis of magnetization. The upper row shows MOKE on 1.7 nm,
grown at 300 K. The easy axis is oriented along [110]. The lower row is for the same film after annealing. The easy axis is

re-oriented to [001].
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Figure 7. Magnetometry of 110 nm Fe on W(100). (a) A
polar deflection field is increased stepwise and acts on the
magnetized sample. A stepwise increasing torque T is
induced and leads to a deflection of the sample that is
detected by the change in the position signal. (b) The
resulting deflection signal is proportional to the deflection
field. The slope of the curve gives the total magnetic
moment of the film.

bending of a flexible mounted substrate—film composite
by induction voltages in pick-up coils [30], a voltage in-
duced in a piezoelectric bimorph [31] or optical measure-
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Figure 8. In situ MOKE and magnetostriction experiments
with 110 nm Fe on W(100). (a) Transversal Kerr
measurements reveal a switching of the magnetization,
with a horizontal intermediate magnetization, produced by a
static horizontal field. (b) The magnetostrictive bending
measured simultaneously. Vertical film magnetization
causes the film to expand along its length. The
magneto-elastic coupling induces a magnetostrictive
compressive stress in the film that leads to a bending of
the film—substrate composite.

ment of the maximum sample deflection in resonance [32].
Even UHV compatible microbalances have been realized
for magnetometry of nanometre Fe films by measuring the
forces on the film in an inhomogeneous field [33]. The
magneto-elastic coupling that describes the effect of mag-
netostriction of ferromagnetic films that are not free, but
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bonded to a substrate, can be investigated with the bend-behaviour suggests thaurface magneto-elastic coupling
ing beam technique as well. Examples are given by theis a more appropriate description of magneto-elasticity in
capacitive detection of the cantilever deflection [34] and by ultrathin films [39].

optical deflection techniques [35] that can be enhanced in
sensitivity by lock-in techniques [36]. Whereas the experi-
ments cited were all tailored towards a maximum sensi-
tivity either for magnetometry or for magnetostriction, our
simple set-up allows one to perform measurements on the

magnetometry and magnetostriction of nanometre films in mental evidence for the intimate relation between the film

a;j(il;;uon t0|tr_1| situ s:reshs measturements. T?r'ls cotmblnec? US€ stress and the magnetism. Stress-driven structural changes
8 € C?tnhl ever ect nlthuef 0 me?surg 1805 resls: ?Ipen'like the formation of a misfit distortion network for room-
ence of the magneto-elastic coupling In hm e hims temperature growth of Fe on W(110) and the coalescence of

Waschently (rj]er?cirllzcs)tratelci by K\?\fq (527]' q Fe into 3D islands for high-temperature Stranski—Krastanov
e growth o nm Fe on W(100) leads 1o easy axes growth induce a high coercivity of the sesquilayer Fe film

of maI\gne'tAZEtlo_Ph alonrg] trl‘:e ??mple Igngth and'alcélngl the and an in-plane re-orientation of the easy axis of magneti-
sample width. Thus, the Fe film can be magnetized along zation, respectively. The high sensitivity of the optical de-

its length by the UHV mag_net (2) of figure 2 in posm_o_n flection technique for measuring stress allows a determina-
(3). The ext_erng | magnet is ro.t atgd to the pqlar position 4, o magnetostrictive effects in nanometre ferromagnetic

and the application of a magnet|c_f|e|d perpendicular to the films. The magneto-elastic coupling in ultrathin films was

sam.ple surface leads to a belndl.ng of the crystal due .tofound to be thickness dependent, in contrast to the respec-
the 'ndl.JCEd torque, as shown in figure 7(a). The torque is tive bulk behaviour. The stress measurements indicated
proportional to the sam'plle cu'rvatur¢RL Thus, from th? that, for sub-monolayer coverages, the concept of lattice
slope of the curve position signal Versus deflection field, mismatch does not describe the film stress adequately. It is
the total magnetic moment of the Fe film can be calculated rather the surface stress of the substrate—film composite that

with a high retlatl\;et\illccuracy, ‘?S mdmat;d n flgutr_e 7(b) by tgoverns the sub-monolayer stress. The experimental results
measurements o two separate Tuns. A magnetic momenty, syress and magneto-elastic coupling in the monolayer
close to the bulk value of Fe  wgon) Was obtained.

X range cannot be adequately described by models based on
Note that th try of the set leond quate’y y
m(; eneti?atio: a?gr?m?hrey ng |§ Eﬁ _'tjhp vrv?t%ugejefslsgizr? bulk behaviour. A more appropriate description of epitaxial
fielcgj}j oriented perpe%dicular topthe su?faée or vice versa growth and magneto-.elastlc c.oupllng. that' goes beyond the
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