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Magnetic-circular-dichroism microspectroscopy at the spin reorientation transition
in Ni „001… films

W. Kuch, J. Gilles, and S. S. Kang
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

S. Imada and S. Suga
Osaka University, Graduate School of Engineering Science, 1–3 Machikaneyama, Toyonaka 560-8531, Japan

J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 10 November 1999!

The spin reorientation transition in fcc Co/Ni/Cu~001! epitaxial ultrathin films as a function of Co and Ni
film thickness is studied by the combination of photoelectron emission microscopy and x-ray magnetic-
circular-dichroism spectroscopy at the NiL2,3 edge. This microspectroscopic technique allows one to extract
local quantitative information about the Ni magnetic properties on a submicrometer scale. Domain images in
the thickness range of 1.4–2.6 atomic monolayers~ML ! Co and 11–14 ML Ni show that the spin reorientation
occurs as a function of both Co and Ni thicknesses. Increasing the Co thickness or decreasing the Ni thickness
leads to a switching of the magnetic easy axis from@001# out-of-plane tô 110& in-plane directions. A constant
effective Ni spin moment similar to the bulk magnetic moment is observed. The Ni orbital to spin moment
ratio shows distinctly different values for out-of-plane magnetization (0.08060.005) and in-plane magnetiza-
tion (0.05360.005). This is discussed in terms of the connection to the Ni magnetocrystalline anisotropy. The
domain density of the perpendicular magnetization increases towards the spin reorientation transition line.
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I. INTRODUCTION

A considerable portion of current research on ultrat
magnetic films is focused on the direction of the easy axis
magnetization. It is determined by the magnetic anisotro
energy~MAE!, which in epitaxial thin films contains impor
tant thickness-dependent contributions connected to the p
ence of a surface or interface, or to the elastic strain.
minimum of the sum of the MAE and the magnetosta
demagnetizing energy~shape anisotropy! defines the easy
axis of magnetization. Spin reorientation transitions of
easy axis of magnetization in ultrathin films may occur a
function of film thickness, temperature, or composition. Bo
thin films with a magnetization in the film plane and perpe
dicular to it have important technological relevance. The
fore measurement and control of the MAE are import
technical issues.

The MAE is related to the anisotropy of the orbital ma
netic moment, as discussed by Bruno,1 and later experimen
tally verified.2–5 The orbital moment should be higher for
direction of magnetization preferred by the MAE.6–8 This
opens the possibility of determining the angular depende
of the MAE in an element-selective way by measuring
orbital magnetic moment by magnetic circular dichroism
soft x-ray absorption~XMCD!. XMCD probes the spin and
orbital asymmetry of the unoccupied part of the band str
ture just above the Fermi level.9 Transitions of spin- and
orbit-polarized core level electrons into the unoccupied p
of the exchange split valence bands are excited by circul
polarized x rays. The dichroism, i.e., the difference in a
sorption intensity upon reversal of helicity, thereby depen
on the projection of the direction of the incoming photo
PRB 620163-1829/2000/62~6!/3824~10!/$15.00
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onto the magnetization direction. The intensity of photoem
ted electrons from a sample surface is most often used
convenient measure for the absorption.

Sum rules have been proposed to deduce quantitative
formation from XMCD spectra.10,11Although there has been
some dispute about the applicability of these rules,12–15 they
seem to yield reasonable results for the 3d transition
metals.14–16 These sum rules allow one to extract numbe
for the spin and orbital magnetic moments from a compa
son of the absorption cross section at theL3 andL2 edges of
transition metals. They enable thus the separate determ
tion of magnetic properties of different elements in the sa
sample.

This element specificity has been used by Du¨rr et al. to
study element-resolved anisotropies of a stack of th
atomic monolayer~ML ! Co on top of 30 ML Ni on
Cu~001!.4 Epitaxial Ni films on Cu~001! show a spin reori-
entation transition from an easy axis parallel to the film pla
at film thicknesses below'8 –10 ML to an easy axis per
pendicular to the film plane at thicknesses between'8 ML
and 56–75 ML.17–25 The perpendicular magnetization is a
tributed to a magnetoelastic contribution to the MAE caus
by substrate-induced strain in the epitaxial Ni film.20–28 The
MAE of Co/Cu~001!, on the other hand, favors an in-plan
easy axis.29–32Although the gross magnetization direction
in the plane of the film in 3 ML Co/30 ML Ni/Cu~001!, it
was possible by using XMCD to prove that the Ni film st
maintains its perpendicular MAE.4 The stronger in-plane an
isotropy contribution of the~thinner! Co film, however, re-
directs the magnetization direction of the entire film to t
in-plane direction.

From this competition of Ni perpendicular MAE, Co in
3824 ©2000 The American Physical Society
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plane MAE, and~in-plane! magnetostatic energy, it follow
that spin reorientation transitions in Co/Ni/Cu~001! can be
expected to take place at proper combinations of Ni and
film thicknesses for which these energy contributions can
out.33 The total MAE of the Co/Ni stack may be designed
give a desired value by tuning the Co and Ni film thic
nesses. The spin reorientation transitions in Co/Ni dou
layers are thus ‘‘enforced’’ in the sense that the eleme
anisotropies of the single constituents do not change t
sign between out-of-plane and in-plane magnetization of
entire bilayer. Therefore both the Ni and Co films experien
transitions from their respective hard axis to the easy axi
magnetization at the spin reorientation transition and v
versa. The element-resolved MAEs probed by XMC
should consequently exhibit a distinct change in orbital m
ment at the spin reorientation transition.

The rapidly decreasing size of technologically employ
magnetic structures fuels the development of techniq
which allow the imaging of magnetic domains on a subm
crometer scale. Photoelectron emission microscopy~PEEM!
combined with resonant excitation by circularly polariz
light is one that has already proved its feasibility for t
study of magnetic microstructures and multilayers.34,35 The
lateral intensity distribution of emitted low-energy seconda
electrons is magnified by electron lenses. Magnetic cont
is achieved by the XMCD effect: Circularly polarized radi
tion tuned to elemental absorption edges leads to dichro
in absorption and, hence, to a different secondary elec
intensity for domains having different magnetization comp
nents along the direction of incoming light. Magnetic d
mains can then be distinguished in the images by differ
grayscales corresponding to the secondary electron inten

The consequent improvement is to take advantage of
full spectroscopic information inherent to XMCD witho
giving up the spatial resolution of PEEM. This implies sca
ning the photon energy and recording microscopic image
the secondary electron intensity for both photon helicities
each energy step, not only at the absorption maximum. Lo
XMCD spectra at any position can be analyzed from suc
set of images. Instead of the qualitative information co
tained in images of magnetic domains obtained at one fi
photon energy, full quantitative information can be extrac
from XMCD analysis of such a spectral series of images w
the same spatial resolution. With the availability of power
third-generation synchrotron light sources, the acquisition
such spectral series of absorption images became feasib
a reasonable time. The advantages of both methods, nam
the element-selective quantitative information on electro
and magnetic properties by means of XMCD, and the late
resolution of PEEM, are combined in this way for perform
ing microspectroscopy.

In this contribution we present an XMCD-PEEM m
crospectroscopic study of the spin reorientation transition
epitaxial Co/Ni/Cu~001! films. Both Co and Ni layers were
prepared as crossed wedges with slopes rotated by 90°
respect to each other. In these samples the spin reorient
transition can be observed as a line separating the region
in-plane and perpendicular magnetization, determined by
cancellation of Co and Ni MAE and shape anisotropy ene
as a function of both layer thicknesses. XMCD spectra at
Ni L2,3 edge were recorded for pixels corresponding
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3703370 nm2 on the sample surface. Sum-rule analysis
these local XMCD spectra is used to present microsco
images of the effective Ni spin magnetic moment in the
cinity of the spin reorientation transition. Analysis with re
spect to the orbital moment reveals that a distinct jump of
Ni orbital magnetic moment occurs right at the spin reorie
tation transition, in accordance with an intrinsic Ni elemen
MAE favoring out-of-plane magnetization irrespective of t
magnetization direction of the whole Co/Ni stack.

II. EXPERIMENT

The measurements were performed at the twin helical
dulator beamline for soft x-ray spectroscopy BL25SU
SPring-8 in Japan. Circularly polarized light emitted in t
first harmonic from one of the two undulators is monoch
matized by a varied spacing plane grating monochromato36

After having set the two undulators to opposite helicity, h
licity reversal was realized by closing one undulator a
fully opening the other, which took about 10 min. The d
gree of circular polarization is expected to be between 9
and 99%. The light was incident to the sample under a gr
ing angle of 30° from the surface, with an azimuthal angle
23° to the@110# axis of the Cu substrate. The entrance a
exit slits of the monochromator were set to 290mm for the
measurements presented here, which was enough to illu
nate a sufficiently large area on the sample. Since the l
spot on the sample is an image of the exit slit, the exit
setting is not critical, and does not influence the photon fl
density or thelocal photon energy resolution. The local en
ergy resolution is estimated to be better than 150 meV,
that the spectra can be regarded as representing mainly
intrinsic line shape of the NiL2,3 absorption. The energy
dispersion resulting from having an image of the exit slit
the sample surface was found to be only about 20 meV o
the vertical dimension of the images taken here~74 mm). All
images were normalized to the electron current measure
the last optical element, a gold-coated refocusing mirror.

The experiments were performed at room temperature
an ultrahigh-vacuum chamber~base pressure 131028 Pa in
the sample preparation chamber and 231028 Pa in the
PEEM chamber! equipped with standard facilities for samp
preparation and surface characterization. The surface of
Cu~001! single-crystal substrate was prepared and chec
by Ar ion bombardment, annealing, Auger electron spectr
copy, and low-energy electron diffraction. Nickel and cob
films were evaporated at room temperature by electron b
bardment from high-purity rods. Deposition rates were
ML/min for Ni and 0.7 ML/min for Co, while the overall
pressure in the chamber did not exceed 231028 Pa. The
evaporation rates were calibrated before preparation of
wedges for continuous films evaporated under identical c
ditions by means of the oscillations in the medium-ene
electron diffraction intensity recorded during the growt
The accuracy of the film thicknesses cited here is estima
as 10%. The wedge-shaped films were prepared by posit
ing apertures of 230.5 mm2 in front of the sample, with a
distance to the sample surface of 1.5 mm in the case o
and 1.1 mm in the case of Co. During deposition the sam
and mask assembly was slowly (0.1°/s for Ni, and 0.2°/s
Co! rocked by 66° about the long axis of the apertur
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which was set at a 90° different sample azimuth for Ni a
Co deposition. The total evaporation time corresponded to
ML for Ni and 4 ML for Co. This results in four
3203220 mm2 (Ni3Co) regions of crossed wedges wi
slopes of 46 and 18 ML/mm for Ni and Co, respectively.

The setup of the photoemission microscope~Focus IS-
PEEM! is identical to that described in previou
publications.35 In short, it consists of a three-lens electr
static straight optical axis microscope with an integ
sample stage and a variable-contrast aperture. The extr
voltage was set to 10.0 kV and the aperture to 70mm for the
measurements presented here, which resulted in a resol
of about 0.5mm. The projection lens voltages were adjust
to give a field of view of'95 mm. The magnified image is
intensified by a two-stage microchannel plate, and conve
into visible light by means of a scintillator crystal. The ima
is then computer recorded with 12-bit resolution by a Pelt
cooled camera~PCO SensiCam!. A 434 binning of camera
pixels was used for the images presented here. One p
then corresponded to 0.3730.37 mm2 of the sample surface
To reduce the amount of data, the region of interest w
limited to a rectangle of 1923200 pixel, or 71374 mm2. In
this area, Ni and Co thicknesses varied in the ranges 10.7
ML and 1.33–2.67 ML, respectively.

Exposure times of 30 s per image were used for the
ergy scans. A total of 105 images for each helicity we
recorded as a function of photon energy. The width of
energy steps in the scans was set to 0.65 eV before thL3
edge and in between theL3 andL2 peaks, 0.26 eV near th
L3 peak, 0.34 eV near theL2 peak, and 1.4 eV in the post-L2
region. The helicity was reversed only once after complet
of a full energy scan. The total time for acquisition of ov
83106 data points took about 2 h and 20 min, which in-
cluded the moving time of the monochromator for wav
length scanning and the time needed to reverse the heli
The scans were started 9 h after preparation of the films
Although a considerable contamination by residual gas
be expected at the Co surface after that time, we believe
the influence of gas adsorption on the magnetic and e
tronic properties of the Ni film capped by the Co layer is
minor importance. Possible impacts on the MAE of t
Co/Ni double layer will be discussed in Sec. V.

III. DATA ANALYSIS

Sum-rule analysis of the 76 800 absorption spectra ha
be automated. The procedure for that is described as follo
After subtraction of the camera offset, the data were norm
ized to the mirror current. This gives a normalization to t
overall photon flux of the entire light spot. It turned out th
an additional correction was necessary to account for dif
ences between theintegral and thelocal photon flux, caused
by the angular distribution of the intensity in the undula
radiation, which is also energy dependent. This is differ
for the two helicities, since the source is located at differ
positions for the upstream and downstream undulator.
the measurements presented here the ratio of local to inte
photon flux of the downstream undulator, which was se
deliver light of positive helicity~photon spin in light propa-
gation direction!, was found to be higher by about 18% tha
that of the upstream undulator. In addition, the differen
d
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between the two undulators depended on the photon en
and the position within the light spot on the sample surfa
A correction linear in energy was found to be sufficient
account for that.

This energy-dependent correction factor was determi
from fitting a straight line to the ratio of two absorptio
spectra for opposite helicity while excluding from the fit th
peak regions in which the dichroism occurs. This was do
separately for all pixels in the image. The correction w
found to vary smoothly over the image area. It was betwe
16% and 18% on the low-energy end of the spectra
between 16% and 21% at the high-energy end. The spe
were then normalized to unity edge jump by adjusting
intensity of the spectra to zero in the pre-edge region an
one in the post-edge region. Saturation effects arising fr
the finite penetration depth of the x rays at the Ni absorpt
maxima37–40are estimated to have only a minor influence
less than 2% for the spin moments and,4% for the orbital
moments at the angle of light incidence and film thickne
used here.40

To simplify the automated processing of the spectra
complete sum-rule analysis, which was done as outlined
Ref. 14 or 41, was performed beforehand on the avera
spectra of 320 pixels, taken from a large domain in the low
half of the image. In particular, a background consisting
two step functions with relative statistical heights of 2/3 a
1/3 at the positions of theL3 and L2 absorption maxima,
respectively, was subtracted from the spectra in order to
tain the white line intensity. The width of these step fun
tions was chosen as 0.5 eV. We assumed the resulting
gral of the helicity-averaged absorption spectra to corresp
to 1.4 Ni 3d holes, rather than determining the number
holes from comparison to a sample with known moment
suggested in Ref. 41. This number enters linearly in b
results for the spin and orbital magnetic moments, and t
cancels if we use their ratio. It was chosen to be the sam
in Ref. 4; measurements of Srivastavaet al. of the white line
absorption intensity of Ni/Cu~001! as a function of Ni thick-
ness also suggest a number close to 1.4 for Ni thickne
above 10 ML.42 The difference between the absorption spe
tra for opposite light helicities was corrected for the deg
of polarization, which was taken as 97%. Evaluating the s
and orbital magnetic moments by applying the sum rules10,11

to the proper integral of the difference spectrum and norm
izing it to the white line intensity gives for Ni an effectiv
spin magnetic momentmS,e f f5(0.3260.015)mB and an or-
bital magnetic momentmL5(0.04560.01)mB . The effective
spin magnetic moment is the quantity that is obtained fr
application of the spin sum rule.11 It includes the spin mag-
netic momentmS , plus a contribution from the magneti
dipole term 7

2 Tz . The latter is zero in the bulk of cubic
crystals, but can be of the same magnitude as the orb
moment in ultrathin films.2 If we identify these spectra a
belonging to a perpendicularly magnetized domain, the
fective spin moment of the film, corrected for the angle b
tween magnetization direction and light incidence directio
would be 0.32mB /cos 60°5(0.6460.03)mB . This value is
already slightly higher than the bulk value of the Ni ma
netic moment (0.62mB).43 The errors quoted here represe
the statistical significance of the data. An additional syste
atic error, possibly up to 20%, may be present according
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the details of background subtraction, the contribution of
magnetic dipole term,2,7,11,12,44the number of 3d holes, satu-
ration effects, the degree of circular polarization, or the ov
lap between 2p3/2 and 2p1/2 final states.45 Since the variation
of the Ni thickness in the present case is relatively small,
can safely assume that all of the above-mentioned source
uncertainty in the determination of absolute numbers by
sum rules are virtually constant throughout the range of p
sented data. They thus do not affect the comparison of
ments within the same sample, but have to be kept in m
when discussing the absolute values of the magnetic
ments or comparing to literature values.

The XMCD spectra analyzed in this way served as a te
plate for the automated analysis of the single-pixel spec
The difference curve of the template XMCD spectra was
into two parts mainly associated with the 2p3/2 and 2p1/2
cores, respectively, at 866 eV photon energy. The norm
ized difference spectra of each pixel were then fitted by t
template curve, using only two scaling factors as parame
to fit the two parts. This method was checked to fit the sp
tra reasonably well over the whole imaged area. Thereby
assumed that the shape or energetic position of the differe
curves is constant. By using only two fit parameters c
nected to the dichroism intensity at theL3 andL2 edges, the
fit procedure is very stable, which is a prerequisite for o
taining meaningful information from noisy or scattere
single-pixel data. An example is shown in Fig. 1. It shows
the top panel ~a! typical absorption spectra of
0.3730.37 mm2 area of the sample for positive and neg
tive helicity (s1 ands2 , respectively!. The corresponding
dichroism is shown in the bottom panel~b! as the difference
between these two curves~solid symbols!. The line in Fig.
1~b! is the template difference spectrum, scaled at theL3
edge by a factor of20.92 and at theL2 edge by a factor of

FIG. 1. ~a! Ni L2,3 absorption spectra of 3703370 nm2 pixel
~128,136!. Spectra for positive~negative! helicity are reproduced by
dotted~solid! lines. ~b! Solid symbols: difference between the tw
curves of panel~a!. Line: template difference spectrum obtaine
from averaging 320 pixels, shown here with different scaling at
L3 and theL2 edge to fit the single-pixel data of pixel~128,136!.
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21.60 to fit the single-pixel difference data.
Knowing the area under theL3 andL2 peaks of the tem-

plate difference curve, the respective integrals of the sing
pixel curve can be obtained by multiplication with the two
parameters. It is assumed that the white line intensity of
spectra does not change within the images, being the sam
in the template spectra. Some confidence into that assu
tion is established from checking the height at theL3 maxi-
mum of all of the normalized single-pixel spectra. It varie
by less than 5% over the entire image except for its up
edge, where deviations of up to 10% were found. The t
degrees of freedom of the fit to the template curve are t
easily converted into the component of spin and orbital m
ments along the light incidence direction for each pixel
the image.

IV. RESULTS

Figure 2 shows the result for the Ni effective spin mome
mS,e f f . The component ofmS,e f f along the direction of the
incident light ~from bottom to top! is represented in a gray
scale, as defined in the legend at the bottom of the ima
The Ni and Co thicknesses of the crossed double wedge
given at the top and right axes, respectively. Two disti

e

FIG. 2. Result of the pixel-by-pixel sum-rule analysis for the
effective spin momentmS,e f f . Different geometrical projections
onto the direction of the incident light~from bottom to top, 30°
above image plane! are represented by different grayscales, as
fined in the legend. Ni and Co thicknesses are given at the top
right axes, respectively. The dotted white line highlights the s
reorientation line which separates regions with out-of-plane mag
tization ~bottom, two different grayscales! and in-plane magnetiza
tion ~top, four different grayscales!.
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regions with different domain structures are distinguished
Fig. 2, separated by a line that goes from approximately
ML Co thickness on the left hand side to about 2.2 ML
the right hand side~white dotted line in Fig. 2!. Below that
line only domains with two different shades of gray, lig
and dark gray, are found. The average values here
60.32mB . As mentioned before, this is attributed to perpe
dicularly magnetized domains, belonging to an absol
value of the spin moment of twice that number, 0.64mB . In
the top part of the image, domains with four different gra
scales are present. They are seen in Fig. 2 as black,
gray, bright gray, and white domains. The corresponding v
ues of the effective spin moment are60.52mB for the black
and white and60.22mB for the dark and bright gray do
mains. This can be attributed to an in-plane magnetiza
along four equivalent easy axes along the four^110& direc-
tions. To be able to distinguish all four in-plane magnetiz
tion directions, the crystal had been deliberately moun
with an oblique azimuthal incidence angle of'23° with
respect to the@110# direction. The projections of the6@110#
directions onto the incoming light are thu

6 cos 30° cos 23°'60.80; those of the 6@11̄0# are
6 cos 30° cos 67°'60.34. The image displays thus perpe
dicularly magnetized domains below the dotted line and
mains that are magnetized along easy in-plane^110& direc-
tions on top of that line. ThemS,e f f values of the geometrica
projections of the different in-plane and perpendicular d
mains correspond all to an absolute value of the effec
spin moment of Ni of'0.65mB . This is slightly higher than
the Ni bulk moment of 0.62mB . As mentioned in Sec. III,
however, systematic errors of the order of 20% may be
volved in the determination of absolute numbers by sum-r
analysis.

The two regions are separated by a stripe of about 4mm
width, in which the spin reorientation takes place. Its po
tion depends both on the Ni and Co thickness. A spin re
entation from perpendicular to in-plane configuration tak
place for decreasing Ni thicknessdNi or increasing Co thick-
nessdCo . The position of the line of the spin reorientatio
transition can be approximated bydCo50.116dNi10.62 ML
(dCo ,dNi in ML !. The apparent average moment in th
stripe is close to zero. Approaching the spin reorientat
transition from the perpendicularly magnetized area in
bottom, the average domain size seems to be decrea
Though it is hard to tell from the present image, the inter
of the spin reorientation transition region probably cons
of small unresolved domains.

Figure 3 shows, analogously to Fig. 2, the Ni orbital m
ment of the double wedge. The same domain pattern is
ognized although the noise in that image is much high
especially at the top, where the Ni signal is attenuated b
thicker Co overlayer than at the bottom. The reason for
higher noise in the image of the orbital moment distributi
is that the absolute values of the integrals of theL3 andL2
dichroism are subtracted in the orbital moment sum-r
analysis, in contrast to the analysis of the spin mome
where they are summed. The worse statistics of the sm
signal and noisier dichroism of theL2 edge compared to th
L3 edge has thus a much stronger influence on the stati
n
.9
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of the orbital moment, where it is close to canceling with t
L3 dichroism.

The interesting quantity for the interpretation of the o
bital moment, independent of the magnetization direction
the ratio of the orbital to spin moment,mL /mS,e f f . Further-
more, assumptions made in the sum-rule analysis concer
the number ofd holes, degree of circular polarization, an
the determination of the white line intensity do not influen
that ratio. However, it is clear from Fig. 3 that the statisti
of the present single-pixel data do not allow the pixelw
interpretation in terms of orbital moments. To improve t
statistical error inmL /mS,e f f , the information from severa
pixels has therefore to be averaged. Since we are intere
in the behavior of the orbital moment across the spin re
entation transition, averaging of pixels with a common d
tance from the dotted line has been employed. The resu
shown in Fig. 4. Here the orbital to spin moment ra
mL /mS,e f f is plotted as a function of the distance from th
spin reorientation line. The left hand side of Fig. 4 corr
sponds to the in-plane region of the image, the right ha
side to the out-of-plane region. In the center~at the spin
reorientation transition! several data points are outside th
plot area of Fig. 4 because of division by zero. Each d
point contains information of 192 pixels along a line paral
to the spin reorientation transition.mL /mS,e f f is obtained
from the slope of a straight line fit through the origin to
plot of mL vs mS,e f f of these 192 pixels. This way the relativ
weight of pixels with moments’ projections close to zero
automatically reduced.

Although there is considerable scatter, the orbital mom

FIG. 3. As Fig. 2, but for the Ni orbital momentmL . Different
geometrical projections onto the direction of the incident lig
~from bottom to top, 30° above image plane! are represented by
different grayscales, as defined in the legend.
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in the out-of-plane region is seen to be distinctly higher th
in the in-plane region by more than 0.02mS,e f f . The thick
horizontal solid lines in Fig. 4 mark the averagemL /mS,e f f
values of the data points that are within the extent of t
line. On the in-plane side the average is 0.05360.005 and on
the out-of-plane side 0.08060.005. In addition, from a look
at the data of Fig. 4 one might infer a decreasing trend in
magnitude of the orbital to spin moment ratio towards
spin reorientation transition from both sides. Although t
former finding—the sudden change in the orbital momen
the spin reorientation—can be clearly stated, the latte
close to the statistical error. Similar averaging line scans p
allel to the spin reorientation line for both perpendicular a
in-plane magnetization did not show any such system
trend. We thus conclude that the orbital moment is appro
mately constant on both sides of the spin reorientation,
shows distinctly different values for in-plane and out-o
plane magnetization.

V. DISCUSSION

From the position of the spin reorientation line in th
two-dimensionaldNi , dCo space of Fig. 2, several statemen
about the contributing anisotropy energy terms can be m
The energy difference of in-plane magnetization minus o
of-plane magnetization may be written as

E~dNi ,dCo!5KNi~dNi!1KCo~dCo!

2
1

2
m0~MNi

2 dNi1MCo
2 dCo!, ~1!

whereKNi ,KCo denote the differences in the MAE betwee
the in-plane and out-of-plane magnetization for the Ni a
Co layer, respectively, withm054p31027 V s A21m21

and MNi ,MCo saturation magnetizations per unit volum
The last two terms describe the magnetostatic demagnet
energy.E(dNi ,dCo)50 at the spin reorientation. It is obvi
ous from the tilt of the reorientation line~dotted line in Fig.
2! that KNi(dNi) increases with increasingdNi and that
KCo(dCo) decreases with increasingdCo . A linear behavior
is often assumed to simplify the thickness dependence
KNi ,KCo :

FIG. 4. Orbital to spin moment ratiomL /mS,e f f as a function of
the distance from the spin reorientation line. Each data point is
average of 192 pixels along a line parallel to the spin reorienta
transition in Fig. 2. Solid lines mark the averagemL /mS,e f f ratio in
the in-plane region~left hand side! and in the out-of-plane region
~right hand side!.
n

t

e
e
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KNi~dNi!5KNi
b dNi1KNi

s ,

KCo~dCo!5KCo
b dCo1KCo

s . ~2!

In order to follow the usual interpretation ofKb and Ks as
bulk and interface anisotropies, for each film the contrib
tions from both interfaces have to be summed, and the c
mon interface between Ni and Co has to be equally divid
onto KNi

s and KCo
s . Although the Co thicknesses in th

present case are clearly too low for a separation into bulk
surface terms, we use the linear approximation of Eq.~2! for
the sake of~limited! comparison with published literatur
values.

As mentioned in Sec. IV, the conditionE(dNi ,dCo)50 is
approximately fulfilled for dCo5adNi1d0, where a
50.11560.015 andd05(0.6260.18) ML. Inserting that
into Eq. ~1!, both of the coefficients for the thickness
dependent and the thickness-independent parts ofE have to
be zero. From the thickness-dependent coefficients, a r
tionship betweenKNi

b andKCo
b is established:

2
KNi

b 2 1
2 m0MNi

2

KCo
b 2 1

2 m0MCo
2

5a. ~3!

Using bulk moments43 and atomic volumes for epitaxia
Co/Cu~001! ~Ref. 46! and Ni/Cu~001! ~Refs. 47 and 48!
films, one gets 1

2 m0MCo
2 587.0 meV/atom and 1

2 m0MNi
2

511.6 meV/atom. Putting these values into Eq.~3!, one ob-
tains the resultKCo

b 5(190625) meV2(8.661.1)KNi
b . This

links the thickness-dependent part of the Ni MAE to t
thickness-dependent part of the Co MAE in order to rep
duce the experimentally observed slope of the reorienta
line.

It has been discussed in the literature that the perpend
lar anisotropy of Ni films on Cu~001! arises from a
thickness-dependent magnetoelastic contribution to
MAE,20,21,23–25,27,28i.e., KNi

b .0. The MAEs of both pure Ni
and Co films on Cu~001! have been measured already pre
ously by conventional techniques. Values ofKNi

b 5
124 meV/atom,21 130 meV/atom,20 134 meV/atom,23

and138 meV/atom~Ref. 26! are reported in the literature
obtained from ferromagnetic resonance measurements20,21,23

and magnetic Kerr effect measurements.26 The correspond-
ing values forKCo

b using Eq.~3! are then calculated to lie
between'220 and 2140 meV/atom. This agrees wel
with values found in literature, which range from
216 meV/atom~Ref. 29! over277 meV/atom~Ref. 31! to
2320 meV/atom.30 The slopea of the transition line in Fig.
2 is thus explained by the ratio of Co and Ni effectiv
anisotropies@Eq. ~3!#.

The extrapolated intersectiond0 of the spin reorientation
line with thedNi50 line is somewhat more difficult to dis
cuss, not only because the error related tod0 is much bigger
than the error ina, but also because the separation into bu
and interface properties for Co is problematic at very lo
thicknesses, where the Co films may not even be comple
closed. From the thickness-independent coefficients of
~1! follows

n
n
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KNi
s 1KCo

s 5S 1

2
m0MCo

2 2KCo
b Dd0 . ~4!

This allows one to estimate the thickness-independent pa
the MAE, KNi

s 1KCo
s , to be between 150 and

1150 meV/(surface atom). Negative interface anisotrop
have been reported in the literature for the Ni-Cu interfa
@2163 meV/(surface atom),26 265 meV/(surface atom),18

or 283 meV/(surface atom)~Ref. 19!# and the vacuum-Co
interface@2420 meV/(surface atom)~Ref. 29!#. Under the
assumption that the vacuum-Co and Ni-Cu interface con
butions in Co/Ni/Cu~001! are the same as the abov
mentioned literature values of Co/Cu~001! and
Cu/Ni/Cu~001!, respectively, the MAE connected to th
Co-Ni interface has to be relatively high and positive.
previously published value is194 meV/(surface atom).30 If
we assume the above-mentioned literature values to be
evant in our film, the Co-Ni interface contribution wou
have to be of the order of1500 meV/~surface atom! to lead
to a positive value ofKNi

s 1KCo
s .

It is known from scanning tunneling microscopy th
room-temperature-grown Ni/Cu~001! films become increas
ingly rough with thickness.49 However, only a small effect o
roughness on the Ni-vacuum interface anisotropy has b
found.50 We have to recall at that point that the measu
ments were made more than 9 h after the preparation of th
Co/Ni layer. Contamination by residual gas adsorption
most likely to influence the vacuum-Co interface. Surfa
contamination can be expected to drastically decrease
absolute value of the vacuum-Co interface contribution
the MAE, and could also lowerMCo to some extent for the
Co film thicknesses imaged here. Both terms energetic
favor the out-of-plane magnetization. We have indeed
served in Co/Ni crossed wedges that the spin reorienta
line moved towards higher Co thicknesses as a function
time; i.e.,E(dNi ,dCo) is becoming more positive with time
namely, with increasing contamination. This could also
count for a discrepancy between the present data and tho
Ref. 18. There, 2 ML Co has been found to be sufficient
pull the magnetization of an underlying Ni film into the film
plane in the complete thickness range between 0 and 18
whereas out-of-plane magnetization is observed in our d
between'13 and 14 ML Ni and 2 ML Co~cf. Fig. 2!.

Taking the large scatter in published anisotropy valu
and the relatively large error into account in the determi
tion of d0, it is wise to draw only qualitative conclusion
about the surface and interface contributions to the t
MAE from the present data. Altogether, the positive value
the sum of the thickness-independent terms (KNi

s 1KCo
s ) is

probably the result of a large positive Co-Ni interface co
tribution. It overcompensates the negative contribution fr
the Ni-Cu interface and the possibly remaining small ne
tive anisotropy from the Co surface. The ratio between
thickness-dependent MAEs of Ni and Co is in good agr
ment with values for other epitaxial Co and Ni ultrathin fil
systems on Cu~001! from the literature.

Besides the above statements about the magnetic an
ropy energies, quantitative PEEM-XMCD microspectro
copy at the NiL2,3 edge allows one to extract position
dependent element-resolved magnetic informat
concerning spin and orbital moments. The absolute valu
of
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the Ni effective spin moment is found to be about const
over the whole image, with roughly the value of the Ni bu
moment. This is in agreement with Ref. 51, where a Ni s
moment of 0.6mB in the center layers of Ni/Cu~001! was
calculated, while an enhanced moment of 0.73mB was pre-
dicted for the surface layer. A strongly reduced moment,
found in Cu/Ni/Cu/Si~001! (0.1mB at 30 Å Ni film
thickness!,52 can be excluded. This could be an effect relat
to the different substrate. Previous XMCD measurements
28 ML Ni/Cu~001!, by contrast, yielded even a spin mome
as large as 1.2mB .38

The behavior of the ratio of orbital to spin moment acro
the spin reorientation transition~Fig. 4! is most interesting. It
is very likely connected to the Ni magnetocrystalline anis
ropy KNi , which according to the above discussion is po
tive over the whole range of the image. That means that
the Ni layer the easy axis of magnetization is out of plane
the upper part of the image the magnetization direction
consequently along hard in-plane directions with respec
the Ni MAE, in the lower part along easy out-of-plane dire
tions. The latter seems to be connected to a distinctly hig
orbital to spin moment ratio. This confirms the connection
orbital moment anisotropy and magnetocrystalline anis
ropy. According to Bruno1 there should be a proportionalit
between the orbital moment differenceDmL for out-of-plane
and in-plane magnetization and the MAE:

KNi52
j

4

G

H

DmL

mB
. ~5!

j is the spin-orbit coupling parameter, which for Ni is abo
50 ~Ref. 47! to 100 meV~Ref. 53!, andG andH are density-
of-states integrals.1 G/H51 only if the exchange splitting is
larger than the bandwidth. For transition metals, a rough
timate forG/H is 0.2 or smaller,2 leading to a proportionality
factor between DmL and the MAE of about
22.5–5 meV/mB . It was pointed out later by van der Laa
that Eq. ~5! is only approximately true for the case of
completely filled majority spin band.8 For Ni, though, this
can be assumed to be the case. In Ref. 4 a much hi
proportionality factor of'217 meV/mB was calculated for
Ni. Another calculation of Hjortstamet al.yielded a factor of
'218 or '226 meV/mB , depending on whether the or
bital polarization correction is included or not.27 According
to the value we use, the difference between our measu
orbital moments for out-of-plane and in-plane magn
ization DmL5(mL,' /mS,e f f2mL,i /mS,e f f)mS,e f f5(0.080
20.053)30.65mB5(0.01860.004)mB corresponds to an
MAE of either '60 meV/atom ~for 23 meV/mB) or
'300 meV/atom~for 217 meV/mB).

For the interpretation of our data we have assumed h
that the influence of changes in the magnetic dipole termTz
on the effective spin momentmS,e f f5mS2 7

2 Tz is small. In
fact it has been observed that the magnetic dipole term7

2 Tz is
of the same magnitude as the orbital moment,2 so that the
observed changes inmL /mS,e f f ~cf. Fig. 4! can be considered
as mainly representing the changes inmL . For 3d metals
like Ni it is furthermore expected that MAE contribution
related toTz are much weaker than contributions due to t
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orbital moment.8 Experimentally we did not observe a sig
nificant difference inmS,e f f between in-plane and out-of
plane magnetization.

The value of 60meV/atom for the MAE agrees in mag
nitude with the above-discussed thickness-dependent lit
ture MAE values for Ni/Cu~001! films.20,21,23,26 Here 300
meV/atom, though, would be a factor of 5 too high. In com
paring to anisotropy energies, however, one has to kee
mind that the orbital moments measured by XMCD repres
a depth-weighted average over the probing depth of the
ondary electrons~about 25 Å for Ni!.40 The highly positive
contribution to the MAE of the Co-Ni interface could lead
a higher orbital moment anisotropy in the top Ni layers w
respect to lower layers and, consequently, to a higher v
of DmL . In 13 ML Ni, the exponential attenuation of th
secondary electron signal leads to a contribution
1.45/13 from the topmost atomic layer and to a contribut
of 0.65/13 from the bottommost layer. Thus, for example
1200 meV/surface atom Co-Ni interface anisotropy co
fined to the top layer and a 30-meV/atom-volume MAE dis-
tributed evenly over the film would be observed as
meV/atom. Moreover, the depth distribution of magnetic a
isotropy, which is phenomenologically described by a line
dependence on thickness, is not known.

In an XMCD study of 3 ML Co/33 ML Ni/Cu~001!, Dürr
et al. found an even higher orbital moment anisotropy
Ni.4 Their value, measured in a transverse geometry, co
sponds to an orbital moment difference of (0.0
60.014)mB .7 Calculations of Hjortstamet al., by contrast,
gave orbital moment differences of 0.006mB or 0.004mB for
calculations with and without an orbital polarization corre
tion, respectively,27 taking a tetragonal distortion ofc/a
50.94. Their absolute value for the angle-averaged orb
moment (mL

'12mL
i )/3 at that distortion without orbital po

larization is 0.047mB , which is quite close to our experimen
tal value (0.081230.053)30.65mB/350.04mB . Including
orbital polarization they arrive at 0.064mB .27

All in all, a low proportionality constantKNi /DmL of
about24 meV/mB is required for an agreement of our e
perimental data with the expected Ni MAE. It is clear th
the uncertainties in this constant do at present not allow c
clusions on the exact size of the MAE from XMCD measu
ments. Ultimate quantitative insight into the relation betwe
magnetocrystalline anisotropy and orbital moment anis
ropy will depend on further detailed theoretical studie
However, the measured anisotropy of the orbital momen
qualitatively well accounted for by the behavior of the ma
netic anisotropy.

As the last point to discuss, the domain configurat
close to the spin reorientation transition is left. The ba
features seen in Fig. 2, i.e., a decreasing domain size on
perpendicular side of the reorientation and a distinct strip
which no clear in-plane or out-of-plane magnetization is v
ible, resemble those of spin reorientations imaged
Co/Au~111! wedges.54,55 ~Note that in our study the spin re
orientation happens as a function of two independent par
eters, the Ni and Co film thicknesses in the crossed dou
wedge, in contrast to these earlier reports.! Films exhibiting a
perpendicular anisotropy can lower the magnetostatic en
by the formation of alternatingly up and down magnetiz
domains.56 Analytic calculations for the averag
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domain size in such systems revealed a dependence o
film thickness and, more prominently, on the domain w
energy.57,58 As the latter is reduced by the reduction of th
effective anisotropy energyE(dNi ,dCo) upon approaching
the spin reorientation transition, smaller domains become
ergetically more favorable. This explains well the expe
mentally observed decrease of domain size as approac
the spin reorientation transition.54,59 In our study on
Co/Ni/Cu~001! we also see this striking dependence of d
main size of the perpendicularly magnetized domains on
distance from the spin reorientation line~lower part of Fig.
2!. Alternatingly up and down magnetized stripe domai
oriented perpendicularly to this line, are formed. Closer
the spin reorientation transition they split into smaller strip
thus reducing the average domain width. We interpret t
behavior in accordance with the above-mentioned studies
the balance of magnetostatic energy reduction by stripe
main formation and the cost of domain wall energy nec
sary to create these domains.

VI. SUMMARY

We have used the combination of XMCD and PEEM in
study of the thickness-dependent spin reorientation transi
in ultrathin epitaxial Co/Ni/Cu~001! films. This full-image
microspectroscopic technique allows one to obtain quan
tive magnetic information with microscopic spatial resol
tion at any position of an image. Looking at the spin reo
entation transition in crossed double wedges of Co and
results in images where the transition from in plane to ou
plane magnetization direction can be followed in tw
dimensional thickness space. The easy axis of magnetiza
switches from in plane at lower Ni thicknesses or higher
thicknesses to out of plane at higher Ni thicknesses or lo
Co thicknesses. The condition for zero MAE difference b
tween in-plane and out-of-plane magnetization can be
proximated by a linear dependence on both thicknes
From this we deduce the relative size of the Co and
thickness-dependent~‘‘bulk’’ ! MAE and the double-layer
thickness-independent~‘‘surface’’! MAE. Both are in good
agreement with values found in literature.

Pixel-by-pixel sum-rule analysis of the images results
images displaying the Ni spin and orbital magnetic momen
projected onto the propagation direction of the illuminating
rays. The Ni effective spin moment is constant with an a
solute value of'0.65mB . The orbital moment is distinctly
higher for out-of-plane magnetization than for in-plane ma
netization. We interpret this difference as reflecting the
MAE, which leads to an anisotropy in the orbital mome
with respect to the magnetization direction. The Ni MA
favors perpendicular magnetization for all thicknesses,
that in-plane and out-of-plane magnetization directions of
Co/Ni bilayer represent hard and easy axes for the Ni lay
respectively.

The formation of perpendicularly magnetized doma
with decreasing size upon approaching the spin reorienta
transition can be explained by magnetostatic stray field
ergy minimization for decreasing domain wall energ
XMCD-PEEM microspectroscopic studies with improve
lateral resolution will have the potential to investigate ma
netic moments in very small domains and even in dom
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walls. Such experiments will help us to elucidate the deta
mechanism of the spin reorientation transition in t
Co/Ni/Cu~001! system and deliver valuable experimental
formation in the field of micromagnetics.

Note added in proof.Recently, an article by F. Wilhelm
et al.was published@Phys. Rev. B61, 8647~2000!# in which
the proportionality constant of our Eq.~5!, KNi/DmL, was
experimentally determined for Ni in Ni/Pt multilayers as 2
meV/mB. This value fully supports our discussion.
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6J. Stöhr and H. König, Phys. Rev. Lett.75, 3748~1995!.
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