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Magnetoelastic coupling in Ni and Fe monolayers on Cu (001)
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The correlation between mechanical stress and magnetic anisotropy of Ni and Fe film&6d) Cu

is investigated. The magnetoelastic couplargl the film stress during the growth are measured

situ with a highly sensitive optical bending beam technique. For Ni a dramatically reduced
magnetoelastic coupling &; = 3.5 MJ/n? is found for films thinner than 10 ML, roughly one third

of the bulk value of 9.4 MJ/rh This change is explained by a strain correction to the magnetoelastic
coupling. The influence of the interfaces does not significantly contribute to the magnetoelastic
coupling. A very small magnetoelastic coupling of 0.4 M3for Fe films in the range from 12 ML

to 25 nm is attributed mainly to the crystallographic orientation of the bcc—Fe20@ American
Institute of Physicg.S0021-89780)48508-7

In this article the influence of mechanical stress on theME coupling, the interface magnetic anisotropy, and the in-
magnetoelastiéME) coupling of ultrathin films of Ni and Fe terface ME coupling, which hardly can be separated from
on Cu00Y) is discussed. In bulk materials the ME coupling each other by performing a measurement of the thickness
is responsible for the magnetostriction, i.e., a minute changdependence of the magnetic anisotropy only.
in length and volume when the sample is magnetized. On the In this contribution we report direct measurements of the
other hand, an imposed strain on the material leads to aNE coupling in thin films by means of a bending beam
additional magnetic anisotropy. It is generally accepted thamethod. The same technique is used to deterrinirsitu the
this ME coupling is responsible for the perpendicular mag-ilm stress during film preparation from which the film strain
netic anisotropy of Ni/C(001)! in the range from about 10 s derived.

(Ref. 2 to several tens of ME.Ni grows pseudomorphically The film preparation and the ME measurements were
and is strained by 2.5% in the film plane. With the bulk ME performed in an ultrahigh vacuum chamber. The base pres-
coupling constant 0B, =9.4 MJ/n? (Ref. 4 and the elastic sure was below %10 “'mbar. The film thickness was de-
constants of Ni, an anisotropy of 0.53 MJ/iis obtained, termined by measuring the deposition rate of the evaporator
which is larger than the shape anisotropy-69.15 MJ/mi.  with a quartz balance right before and after deposition.
Thus, a perpendicular magnetization is preferred. An addiwhile evaporating, the pressure was below 70~ °mbar
tional interface anisotropy is responsible for the in-planefor Ni and 5x 10~ °mbar for Fe.

magnetization below 10 ML. The ME anisotropy is reduced  The experimental setup for measuring the epitaxial and
in thicker films due to strain relaxation and the magnetizatiormagnetoelastic stress has been described in detail
is forced back into the film plane by the shape anisotropy. elsewheréd:!® The substrates are thir-100 um) single crys-

In Fe/Cy00Y) a structural transformation from a pseudo- tals of C(001) with the [100] direction along the sample
morphic fcc film to a(110-bce film takes place at 12 ML. |ength of 15 mm. The sample is clamped at one end, the
The structural transition is accompanied by a reorientation ofyidth is 3 mm.
the magnetization from out-of-plane to in-plahe. Due to the biaxial epitaxial straie of the film, a stress

It has been shown previously that the ME coupling in 7= v/(1— ) x e along the sample lengtfL00] is expected
thin films is dramatically different from bulk materidl§:”  fom elasticity theory.Y is the Young modulus ang the
Even a change in sign has been obseft&d” Two models  pojsson ratio of the film material. The stress is continously
have been proposed to describe this change in the ME COWacorded during film evaporation. The film strain is calcu-
pling. In the first model, an interface ME coupling term is |5ted from the stress curve.
introduced:** The second model includes higher order  fter deposition the ME coupling is determined by mag-
terms in the strain in order to take the large misfit strain intonetizing the sample along its length and width subsequently
account!® Several attempts have been made to separate difing measuring the change in the sample curvature. In the
ferent contributions to the magnetic anisotropy of thin films55e of &002)-film, the ME stress,e measured alongL00]
by measuring the anisotropy as a function of film g given by the ME coupling consta, .°
thickness:>*“** However, the magnetic anisotropy of thin The magnetoelastic coupling has been measured for Ni
films is influenced by a large set of parameters like the bulkiimg of different thicknesses. The result is shown in Fig.
1(a). For films below 10 ML the ME coupling is close to 3.5
¥Electronic mail: tgl@mpi-halle.de MJ/m°. It seems to be constant for a film thickness between
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FIG. 2. Measuredsquares ME coupling of Fe/C(001) as a function of
film thickness. Note the small scale of the ME stress. The solid line results
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0 1 2 3 been measured since our fields were not sufficient to magne-

strain e [%] tize the fcc films below 12 ML in-plane. The small magne-

FIG. 1. (a) ME coupling of Ni/Cy001) as a function of film thickness. The toglastp COUplmg can be attr'bu.ted to th? CryStaIIOQra.-ph'C
squares are experimental values, the solid line is deduced from a strai@rientation of the Fe. A schematic drawifigs presented in
dependent correction and the dotted line from a surface term correction tthe inset of Fig. 2. From the measurement of the ME stress

the ME coupling. The regions of perpendiculan and in-plane(l) mag-  he gyerage value of four structural domains of possible
netic anisotropy are indicateth) Experimental(squares ME coupling vs

film strain deduced from the experimental film stress and model of a straitdc0(110) orientations is obtained. The [Fel0] and C{i100]
dependent correctiq(solid ling). The inset shows the experimental fim djirection in the different domains are tilted with respect to
stress vs the film thickness. each other by an angle 6f9.7° and=+80.3°. The calculation
can be simplified by using the approximate tilt angles-@f°
and +90°. One obtains a magnetoelastic stress rQt
1.1 and 1.4 nm, as can be seen from the inset. For films of (3B, +B,)/4=—0.62 MPa with the bulk ME constants
more than 20 nm the ME coupling is of order 6.5 M3/m B,=—3.43 andB,=7.83MJ/nt.* When using the exact
The solid and the dotted lines are derived from models thatvalues of +9.7° and +80.3° the result isryz=0.35MPa,
will be discussed later. In the region of perpendicular magwhich is close to zero as compared to simfy or B,.
netic anisotropy the maximum magnetic field of 0.4 T wasThus, the combination of ME constants leads to a very small
not sufficient to magnetize the film in-plane and no values ofME coupling in this geometry. The experimental values ob-
B, could be obtained. tained with the Fe film are all close to 0.4 MPa.

In Fig. 1(b) the experimental magnetoelastic coupling is  We first discuss the results obtained with the system Ni/
plotted versus the strain of the film. The strain is derivedCu(001). As already pointed out, the ME coupling of the thin
from the film stress that is measured during evaporation. Duéiims can deviate significantly from the bulk values. In order
to the large initial strain of 2.5% of the Ni film, third-order to investigate the reason for this change, two models were fit
terms’ in the elastic energy density have been consideredo our data. The first one includes higher order terms in the
thus leading to a reduced biaxial modulus ¥f(1—v)  strain to the ME energy density thus leading to a ME stress
=168 GPa. With these values a film stress of 4.2 GPa ishat has the forfh’
expected which is very close to the experimental value of 4.3
GPa. Thus, we conclude that the stress measurement is an
appropriate measure also for the film strain. The stress and
the calculated strain are plotted in the inset of Fidp) s a
function of film thickness. In the initially pseudomorphic re- From fitting a straight line to the measured values of the ME
gion the strain of the film is constant until strain release setsoupling versus film strair [see Fig. )] by varying the
in above a critical thickness of about 17 MR.8 nm). slope only, we obtaiD,=—234 MJ/ni. Note, that the in-

In Fig. 2 we show the experimental values of the MEtercept ate=0 is not varied but kept fixed at the bulk value
stress of Fe/O@01). Note the small scale of the stress val- of B?=9.4 MPa. From the experimental film strain as a
ues. The values are all close to 0.4 MPa over the wholéunction of thickness and Ed1), the ME coupling can be

mve=B1=BM*+ D e. (1)
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calculated as a function of thickness. The result is plotted as The same model of a strain dependent ME coupling can
a solid line in Fig. 1a). Before discussing this result in more be applied to the bcc—Fe films on @01). From the linear
detail, we apply a second model to our data. fit to the ME coupling as a function of film strain we obtain
Due to symmetry lowering, one expects interface typea weak strain dependence of the ME coupling of
contributions to the magnetoelastic coupling that ledd@tb  0.22 MJ/n¥x e. Obviously not only the bulk ME coupling

interface but also the strain correction terms almost cancel out in the
TME=31=BEUW+I—- 2) giver! crystqllogrqphic origntation. The ME coupling as a
F function of film thickness is calculated from the film stress

Again the model was fit to our data by varying the parametefnd the correction term. The result is plotted as a solid line in

Binterface ang keeping the bulk value fixed. The result is Fig. 2. It agrees very well with the experimental data.

shown as dotted line in Fig.(4). We have presented experiments in which the magneto-
Obviously the model of a strain dependent correction teglastic coupling of thin films of Fe and Ni/Q@@01) has been

the ME coupling fits our data better than the interface ternfletermined. The ME coupling of the Ni film is significantly

correction. This is confirmed by two main characteristics.different from the bulk value. The data are in very good

One is that the ME coupling does not reach the bulk valuggreement with a model that includes a strain dependent cor-

even for thick films of more than 20 nm. This is a conse-rection term to the ME coupling.
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