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Ultrathin Films J. Freeland, Chairman

Structure and perpendicular magnetization of Fe/Ni(111) bilayers on W(110)

D. Sander, A. Enders, C. Schmidthals, and J. Kirschner
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

H. L. Johnston, C. S. Arnold, and D. Venus
Department of Physics, McMaster University, Hamilton L8S 4M1, Canada

Scanning tunneling microscopy and low energy electron diffraction show that high quality fcc
Ni(111) films can be prepared on @10. The subsequent coverage of this Ni template by
monolayers of Fe leads to a Fe/Ni bilayer with striking magnetic properties. The Fe cap layer
induces a spin reorientation of the easy axis of magnetization from in-plane to perpendicular to the
film, as checked with the magneto-optic Kerr effect. At higher Fe coverages, an in-plane
magnetization of the bilayer is found, which is proposed to be caused by the fcc to bcc transition in
the Fe layer. ©1997 American Institute of Physids$s0021-8977)47208-(

I. INTRODUCTION tion. In our low energy electron diffractioLEED) studies
the effect of annealing of the first Ni layer resulted in a
The magnetic properties of bilayers, consisting of twosomewhat sharper<l diffraction pattern with a slightly de-
ferromagnetic materials with thicknesses of several monoereased background intensity compared to the as-grown film.
layers(ML) are best studied on nonferromagnetic substratesA detailed growth study on NiML10 including STM,
This enables the investigation of the small magnetic respondeEED, and stress measurements will be published else-
from the ultrathin film, without having to contend with an where®
overwhelming contribution from the bulk of a ferromagnetic To clarify whether Fe grows in the fcc structure, angle-
substrate. In this study we demonstrate that less than orresolved Auger electron spectroscoyRAES)* was per-
monolayer of iron induces a reorientation of the easy axis oformed. To a good approximation, high energy Auger elec-
magnetization of a fcc Ni11) film from the previously trons are emitted isotropically by any one atom. In a
reported in-plane orientation to perpendicular to the film. crystalline environment, the positive atom cores focus the Fe
We find that this spin reorientation takes place over a wideAuger electrons along the directions where the nearest neigh-
range of Ni and Fe thicknesses, as long as the Fe film growisor atoms lie. This leads to maxima in the Auger electron
in a fcc structuré. intensity when it is measured as a function of the detection
angle. As is shown in Fig. (@), fcc growth can be distin-
guished from bcc growth by the different angles, under
which the maxima are observed. Figuré)2clearly shows
IIl. STRUCTURAL PROPERTIES the absence of any structure around 45°, indicative of bcc

Our investigations revealed the necessity for high qualityd"owth, but the characteristic fcc maxima at 35° and 55° are
Ni templates for the subsequent Fe growth to ensure an ebvious for 2 and 3 ML of Fe. The small size of these peaks
clusive out of plane easy axis of magnetization. A Ni tem-in the curve for 1 ML Fe indicates minimal intermixing be-
plate with a low island density was obtained, only if the firsttween Fe and Ni, for which fcc like maxima had to be an-
Ni monolayer was annealed to 900 K for several minutedicipated.
before subsequent Ni layers were grown at room tempera-
ture. This is illustrated in the scanning tunneling microscopy
(STM) pictures of 2 ML Ni on W110) in Fig. 1(a). Note the
almost perfect layer-by-layer growth, with a very low density
of Ni islands of the third layer. Figureqld) and Xc) reveal Ill. MAGNETIC PROPERTIES
the relevance of the annealing step for the quality of the
subsequently deposited Fe layer. Figutb) shows a STM In situ magneto-optical Kerr effect measuremeéristhe
image of the relatively smooth Fe film with a low step den-polar and longitudinal geometry with sample fields of up to
sity deposited on the annealed Ni layer of Figp)lwhereas 0.3 T were employed to investigate the perpendicular and
Fig. 1(c) depicts the much higher step density and considerin-plane magnetization, respectively. As an example of the
ably decreased island size of 0.8 ML Fe deposited on a NFe induced perpendicular easy axis of magnetization we
template which was not annealed. The film of Fidc)l presentin Fig. @) a polar hysteresis loop of 1 ML Fe/2 ML
showed in-plane and out of plane easy axes of magnetizaNi. A number of such experiments were done for different Fe
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FIG. 2. Angle-resolved Auger-electron spectroscajayexperimental pro-
cedure. Different growth modes can be distinguished from the respective
position of the intensity maxima. Note that two stacking sequences are ex-
pected for fcc growth(b) Fe Auger electron intensity for different Fe cov-
erages on 2 ML Ni. The maxima at 35° and 55° found for 2 and 3 ML
indicate fcc growth. The absence of clear structure in the 1 ML curve indi-
cates no significant intermixing between Fe and Ni.

occur for Fe covered Ni thicknesses of up to 5 ML. For low
Ni coverages, we did not observe any magnetic response for
1 ML Fe on 1 ML Ni, either in the polar nor in the longitu-
dinal Kerr geometry. We tentatively assign this to the special
morphology of this 1 ML Fe/1 ML Ni bilayer. It is well
known from earlier experimerftshat Ni undergoes a series
of different atomic arrangements on the(1¥0 substrate,
starting from a X1 structure at low coverage, showing a
8X1 coincidence structure for increasing coverage before a
7X1 structure indicates the completion of the first mono-
layer. This first Ni layer is not yet sufficiently fcc-like to
FIG. 1. STM images of Ni/WL10 and Fe/Ni/W110. Image size is 250 allow the growth of smooth fcc Fe, whesea 2 ML Ni

nmx250 nm. Terraces of the W substrate, separated by monoatomic Ste'fémplate is. There are indications from STM experim%uts
running from the upper-left to the lower right hand side of the images are ligh 7><1 . in th dl FNLT
apparent.(a) Deposition of 2 ML Ni on W110. Anneal at 900 K after a slight corrugation even in the second layer of Ni. To

deposition of the first ML Ni(b) Deposition of 0.8 ML Fe orfa) at 300 K. ~ What extent this minute structural distortion might influence
(c) 0.8 ML Fe on 2 ML Ni/M110). First Ni layer not annealed. Note the the magnetic properties of the bilayer remains to be investi-
considerably increased island density comparetblo gated. Thus, our maximum magnetic field of 0.3 T might not
be sufficient to rotate the film magnetization to the direction
of the external field, diminishing our chances to observe any
magnetic response with MOKE. This behavior is different
and Ni thicknesses as a function of temperature. The resulfsom the magnetism of the bare Ni and Fe monolayers: in-
of our Kerr effect measurements are summarized in Figsplane magnetization has been repoftéor 2 ML Ni on
3(b) and 3c). W(110, and for 1 ML Fe on W110).2 In conclusion, we
First, we want to elucidate the question of how much Nisuggest that more than 1 ML of Ni is necessary for the Fe
can be made to switch to a perpendicular easy axis of magnaduced spin reorientation to occur.
netization by a single monolayer of Fe. The corresponding We find an increase of the remanent polar Kerr signal for
magneto-optic Kerr effectMOKE) results are summarized increasing the Ni thickness from 2 to 3 ML, but a further
in Fig. 3(b). Our results indicate, that the in-plane magneti-increase of the Ni coverage up to 5 ML does not lead to a
zation reporteti for thicker Ni films on W110) does not larger Kerr intensity. Although this almost constant remanent
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FIG. 3. MOKE results for Fe/Ni bilayers

on W10. First Ni layer an-

nealed(a) Hysteresis curve measured by the polar Kerr eff@gtremanent
polar Kerr intensity for 1 ML Fe on various Ni coveragés) remanent

polar Kerr intensity for 0.5-2 ML Fe films
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on 3 ML Ni.
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Kerr signal might indicate that only 2 ML Ni underneath the
Fe cap layer contribute to the polar magnetization, only
gquantitative magnetometry can clarify this issue. Relying
solely on the Kerr signal can be misleading, as demonstrated
in a recent work on the perpendicular magnetization of Co/
Ni/Co multilayers® There, magnetometry revealed that the
saturation magnetization increases linearly with Ni thickness,
whereas the Kerr intensity is actually decreasing for increas-
ing Ni thickness’

Finally, we discuss the dependence of the polar Kerr
signal on the Fe coverage, as shown in Fi¢c).3Already
half a monolaye of Fe is sufficient to induce the reorien-
tation of the easy axis of magnetizatigbottom curve.
Comparing the remanent polar signals for 0.5, 1, and 2 ML
Fe, an increase of the polar Kerr signal with increasing Fe
coverage is found. To what extent the magneto-optics of the
bilayer or differences in the saturation magnetization are re-
sponsible for this increase of the Kerr signal is difficult to
judge, especially with the data for 0.5 ML being so close to
the transition temperature. More work has to be done to
clarify the magnetic Fe/Ni bilayer coupling. A discussion of
the influence of the fcc to bcc transition of the Fe film at
higher Fe coverages around 4 ML that was found to induce
in-plane magnetization of the bilayer will be given
elsewheré.
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