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Tetragonal distortion in Fe; _,Co, alloy films grown epitaxially on Rh(001) substrates results in a strong
perpendicular magnetic anisotropy. Since the perpendicular magnetic anisotropy varies with the Fe,_,Co,
film composition, one can grow multilayer structures with ferromagnetic films sequentially showing either
an in-plane (e.g., Fe) or out-of-plane (e.g., Fe, 5Co, 5) easy-magnetization axis. The Rh spacers mediate an
interlayer coupling which couples the magnetizations either ferromagnetically or antiferromagnetically,
depending on the spacer thickness. When the anisotropy energy is compatible to the coupling, it produces
nonorthogonal magnetization configurations which vary under a small change of the external magnetic

field.
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A magnetic field that changes the magnetic configura-
tion in ferromagnetic multilayers may be simply detected
by measuring the change in the resistance of the multilayer.
However, in order to detect weak fields, the energy differ-
ence between different magnetization directions should be
small. This kind of behavior is of great interest for tech-
nological applications like magnetic field sensors (e.g.,
[1]). Such a change of the configuration with a small
magnetic field requires a weak interaction between the
ferromagnetic (FM) layers, which is usually achieved by
increasing the thickness of the nonferromagnetic spacer or
by precisely tuning the spacer thickness to a node in the
oscillatory exchange coupling [2,3].

Another concept refers to the competition between mag-
netic anisotropy and indirect exchange coupling resulting
in a nonorthogonal magnetization when one of the FM
layers shows in-plane anisotropy whereas the second one
prefers to be magnetized out of plane [4]. The concept was
examined by photoemission electron microscopy experi-
ment on the Co/Cu/Ni/Cu(001) system [5], with no clear
evidence of the magnetization configuration from the hys-
teresis loops [6]. Some attempt was also made for FeAu
L1, multilayers of alternate out-of-plane and in-plane
anisotropy showing how the current changes with the
thickness of the Au spacer [7]. Perpendicularly magnetized
FM films in such systems are limited to Ni and to techno-
logically complicated ordered L1, phases of Fe and Co
with noble metals like FeAu and FePt [8].

In this Letter, we report on a fully epitaxial
(Rh/Fe,_,Co,), exchange-coupled system which is grown
at room temperature (RT) and utilizes strong perpendicular
magnetic anisotropy (PMA) of Fe-Co alloy films. The
multilayer is distorted due to its pseudomorphic growth
on the Rh(001) substrate. The Fe;_,Co, layers are sepa-
rated by Rh nonmagnetic spacers which support the dis-
tortion. The (Rh/Fe; _,Co,), on Rh(001) system shows a
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distortion of ¢/a = 1.24, which is near to the value of 1.22
for which a maximum uniaxial magnetic anisotropy energy
was theoretically predicted [9]. It has been shown experi-
mentally that the PMA around the x = 0.5 composition is
sufficiently strong to outbalance the shape anisotropy and
result in the perpendicular easy-magnetization axis of
Fe,_,Co,/Rh(001) films [10]. Since the PMA originates
from the tetragonal distortion, the easy-magnetization axis
can be kept perpendicular unless the structure is relaxed,
i.e., even up to 20 ML (where ML stands for monolayers)
of Feys5Cogs [10]. Moreover, the magnetic moments
around the x = 0.5 composition are of the order of
2.1y, which results in a 50% larger saturation magneti-
zation than that of the FePt and FeAu compounds used for
perpendicular recording [11].

The magnetic anisotropy in Fe;_,Co, layers can be
continuously varied by changing the alloy composition,
x, and thus one can grow (Rh/Fe,_,Co,)y multilayer
structures of alternating in-plane and out-of-plane anisot-
ropy. In case there is no interlayer exchange coupling,
every other magnetic layer (Fe;_,Co,, 0.4 < x < 0.6) can
have an easy-magnetization axis perpendicular to the mul-
tilayer plane, and the intermediate Fe or Co (i.e., for x = 0
and x = 1, respectively) layers can be magnetized in plane
[10]. The Rh/Fe,_,Co, sequence, as well as the corre-
sponding magnetic configuration, can be repeated many
times. The Rh spacers are expected to mediate an exchange
coupling, which can orient the magnetizations either par-
allel or antiparallel, depending on the spacer thickness
[2,12]. A competition between the interlayer coupling
(which can be tuned by the Rh-spacer thickness) with in-
plane anisotropy in the first and out-of-plane anisotropy in
the second of the coupled films (which can be tuned by the
film composition) offers a unique possibility to result in a
nonorthogonal magnetization configuration. Moreover, we
will show that even a small change to the magnetic field
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FIG. 1 (color). Schematic diagrams of the

Fe( 5Coy 5/Rh-wedge(0-10 ML)/Fe;_Co,/Rh(001)  samples
showing: (a) out-of-plane (for x = 0.5) and (b) alternating out-
of-plane and in-plane (for x = 0) magnetic anisotropy.

can lead to a remarkable change of the magnetic configu-
ration.

The (Rh/Fe;_,Co,), multilayers were grown on
Rh(001) at RT by molecular beam epitaxy in a multi-
chamber ultrahigh vacuum system with less than 2 X
107 mbar during deposition. The Fe,sCo s films were
grown using two effusion cells as described previously
[13]. Magnetic properties were probed by utilizing the
in situ magneto-optical Kerr effect (MOKE), for 1.85 eV
photon energy of s-polarized light, both in polar and
longitudinal geometry (incidence angle of 69° and 21° to
the sample normal, respectively) at RT and the external
magnetic field up to 0.7 T. A 0.5-mm-size laser beam
allows us to follow the continuous changes in the magnetic
properties along the Rh wedge.

In order to gain some insight into the coupling between
two perpendicularly magnetized layers across a Rh spacer,
we have grown a bilayer sample of Fe, sCog 5 films (each
one 5 ML thick) separated with a Rh wedge [Fig. 1(a)]. The
polar Kerr ellipticity loops were measured at RT by mov-
ing the sample towards the thicker Rh wedge. Within the
available magnetic field, simple rectangular loops of small
coercivity and a varying saturation signal or no loops were
measured. Since the thickness of both Fe( 5Cog 5 layers is
the same, their magnetizations are expected to be very
similar. This is why no minor Kerr hysteresis loop from
the AFM-coupled bilayer can be detected and why there is
no contribution to the overall Kerr signal. Since the Kerr
signal from the sample is integrated over the area of the
laser beam size, both FM- and AFM-coupled regions of the
sample are probed. The transition from the AFM- to the
FM-coupled regions is not sharp and extends over a Rh
thickness of 1-2 ML due to the roughness. The decreasing
(or increasing) Kerr signal is a result of the decreasing (or
increasing) contribution from the FM-coupled bilayer to
the probed sample area. This is equivalent to the increasing
(or decreasing) contribution from the AFM-coupled bi-
layer and finally must be interpreted as an oscillatory
interlayer coupling (oscillating from AFM to FM coupling
depending on the spacer thickness). As is seen from Fig. 2,
a first maximum of the AFM coupling corresponds to the
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FIG. 2 (color). Polar Kerr ellipticity signal in remanence mea-
sured at RT for the Fey5Coys/Rh-wedge(0-10 ML)/
Fe(,5Cog5/Rh(001) sample with increasing Rh thickness. Since
the thickness of both Fe(sCo s layers is almost the same, the
signal from the AFM-coupled regions of the sample does not
contribute to the measured Kerr signal.

Rh thickness of about 4 = 1 ML, whereas the Rh thickness
of 7 ML relates to the FM coupling. The coupling changes
within a distance of about 3 ML, which agrees with the
distance of 2.7 ML observed for in-plane magnetized Co
films separated by Rh [14].

In order to prove experimentally that nonorthogonal
magnetization configurations can exist due to a competi-
tion between the anisotropy and the exchange coupling en-
ergies, a Rh/Fe(5Coys/Rh-wedge/Fe/Rh(001) structure
was grown [Fig. 1(b)]. The Fe layer is 8 ML thick and
shows an in-plane easy-magnetization axis when grown as
a single layer on Rh(001). This thickness of the Fe layer
was chosen to be sure that the film is ferromagnetic with a
well-defined magnetic anisotropy at RT [T, of Fe films on
Rh(001) decreases strongly with decreasing film thick-
ness]. Growing the Fe film thicker could result in a struc-
tural relaxation and difficulties with growing the Rh layer
epitaxially. The Fe layer was saturated in plane after
growth and a single domain state has been achieved. The
Fe(5Coq 5 film is 6 ML thick and shows a perpendicular
easy-magnetization axis when grown as a single layer on
Rh(001). The Rh-spacer thickness varies from O to 10 ML
within the distance of the sample width, i.e., 5 mm. This
means that within the laser spot diameter (0.5 mm), the Rh-
spacer thickness changes on average by 1 ML. The corre-
sponding polar and longitudinal Kerr ellipticity loops are
shown in Figs. 3-5. It can be immediately seen that the
interlayer coupling plays an important role in determining
the final magnetization configuration (which differs from
the 90° configuration expected in the absence of interlayer
coupling).

At the Rh thickness of 2-5 ML corresponding to AFM
coupling.—The AFM interlayer coupling takes magnetiza-
tions from the easy-magnetization axes and tries to orient
them antiparallel (keeping both the in-plane and perpen-
dicular components of magnetization in antiparallel orien-
tation). For strong AFM coupling at zero perpendicular
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FIG. 3 (color). Polar minor Kerr ellipticity loop measured for
Rh/Fe 5Coq5/Rh/Fe/Rh(001) sample. The thickness of the Rh
spacer is 2 ML and relates to the AFM coupling. The Fe layer is
8 ML thick, showing an in-plane easy-magnetization axis when
grown on Rh(001) as a single film. The Fey5Co 5 film is 6 ML
thick, showing a perpendicular easy-magnetization axis when
grown on Rh(001). The arrows indicate the magnetization of the
Feq5Co 5 layer (red) and of the Fe layer (blue), respectively.

field, both Fe and Fe(sCog s film magnetizations are ori-
ented antiparallel and thus only a small contribution to the
polar Kerr signal in remanence exists (Fig. 3). With an in-
creasing (positive) perpendicular field, the magnetization
of the top Fe( 5Co 5 layer rotates towards the film normal
following the field direction and its easy-magnetization
axis (Fig. 3). When the field approaches a certain value,
the magnetization of the bottom Fe film switches to a more
or less antiparallel orientation with the top Fe, 5Coy 5 layer
in order to keep the AFM coupling, which is energetically
more favorable. The polar field of this transition is of the
order of 140 mT. Consequently, above this switching field,
the polar component of the Fe, sCo, 5 magnetization (posi-
tive) cancels the polar component of the Fe magnetization
(negative), the net polar signal decreases to approximately
zero, and a reversedlike loop is measured (Fig. 3). Such
magnetization switching would not be observed, e.g., for
a thicker Fe film, since the total magnetic energy bal-
ance could favor a different magnetization configuration in
that case.

At the transition from AFM to FM coupling.—In polar
geometry the loops show two components: reversed and
“normal.” This is because the loops (shown in Figs. 3 and
4) are integrated over the area probed by the laser beam.
Within this area (the laser spot diameter is 0.5 mm) the
thickness of the Rh spacer can vary, resulting in an inter-
layer coupling varying from AFM to FM (or to no coupling
when tuned to the node in the oscillatory coupling). The
reversed loop corresponds to the Fey;Coy s and Fe films
being AFM coupled (as discussed above). The normal
small coercivity loop corresponds to the FM or to no
coupling between the Fej 5Cog 5 and Fe films.

The loops experience significant changes when the in-
terlayer coupling changes from AFM to FM, i.e., with
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FIG. 4 (color). Polar Kerr ellipticity loops measured for the
Rh/Fe( sCoy 5/Rh-wedge/Fe/Rh(001) sample. The thickness of
the Rh spacer increases up to 10 ML. The Fe layer is 8 ML thick,
whereas the Fe( sCo 5 film is 6 ML thick. The loops evolve with
increasing Rh thickness due to increasing contribution from the
FM coupled bilayer and then from the uncoupled top FejsCoq s
layer to the total Kerr signal.

increasing thickness of the Rh spacer (see Fig. 4). The
reversedlike component to the overall polar Kerr signal
disappears above a Rh-spacer thickness of 4 ML. The
“normal” polar component at this Rh-spacer thickness is
smaller than expected for the perpendicularly magnetized
top Fe( 5Coq 5 layer. This shows explicitly that the magne-
tization of the top layer is not perpendicular but tilted to the
sample plane due to the interlayer FM coupling (unfortu-
nately, a quantitative analysis is difficult from the MOKE
experiment). Since it is not possible to orient both magnet-
izations parallel, the FM coupling is recognized to be
weaker than the AFM coupling at the thinner Rh-spacer
layer. However, the coupling is sufficiently strong to keep
the magnetic configuration almost unchanged in the polar
magnetic field increasing up to 300 mT (Fig. 4).

At Rh thickness of 6-8 ML corresponding to FM cou-
pling and above 9 ML at which there is no coupling.—
Above an Rh thickness of 4-5 ML, the magnetization
configuration is determined by the FM coupling. This leads
to an increase of the polar signal. With a further increase of
the Rh thickness (above 7 ML), the FM-coupling de-
creases, which again results in an increase of the polar sig-
nal (the corresponding polar Kerr ellipticity loops are
shown in Fig. 4). At the Rh thickness of 9 ML, the polar
signal reaches its maximum, which is equivalent to the sig-
nal from the FejsCo 5 film of exactly the same thickness
when grown on Rh(001) as a single ferromagnetic layer.
This corresponds to the case where the magnetizations of
the Fe and Fe(;Co, 5 films are not coupled and each of
them is oriented along its own easy-magnetization axis.

In longitudinal geometry, the signal measured at low
fields for a Rh-spacer thickness corresponding to FM cou-
pling is large: the corresponding ellipticity is of the order
of magnitude expected for the polar, but not for the longi-
tudinal, Kerr effects (Fig. 5). This is because the switching
of the Fe layer is associated with the switching of the tilted
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FIG. 5 (color). Longitudinal Kerr ellipticity loops measured
for the Rh/Fes5Co,s/Rh-wedge/Fe/Rh(001) sample. The
thickness of the Rh spacer increases up to 10 ML. Switching
the magnetization of the Fe,5Co, s/Rh/Fe bilayer in longitudi-
nal geometry is associated with switching of the polar compo-
nent, which contributes more and thus dominates the overall
Kerr signal. For uncoupled FeysCo,s/Rh/Fe bilayer, the in-
plane applied magnetic field does not switch the perpendicular
magnetization of the top Fe,5Co 5 layer.

magnetization of the Fe,;Co 5 layer, i.e., also of its polar
component. Actually, polar MOKE is detected here, which
contributes strongly to the Kerr signal measured in longi-
tudinal geometry. Another confirmation that the measured
signal corresponds to the polar Kerr effect comes from the
decreasing signal with increasing magnetic field. Since the
field is applied in the sample plane, it forces the magneti-
zation to follow the field direction. This reduces the polar
component which in turn reduces the total signal detected
in the longitudinal geometry.

The polar contribution to the MOKE signal measured in
longitudinal geometry decreases when the thickness of the
Rh spacer exceeds 7 ML. This is due to a smaller contri-
bution from the FM-coupled part of the sample to the
overall MOKE signal with the laser spot moving towards
the thicker Rh-spacer layer, i.e., to the uncoupled part of
the sample. When the Rh thickness corresponds to the
uncoupled Fe,sCogs5/Rh/Fe bilayer, there is no reason
to switch the perpendicular magnetization of the top
Fe( 5Co, 5 layer by applying the in-plane magnetic field.
When the magnetization of the Fe,5Cogs film is finally
oriented perpendicular to the film, only the longitudinal
signal from the bottom Fe layer is measured (Fig. 5).

The interpretation remains in agreement with the inter-
pretation of Fig. 2 which shows the polar Kerr ellip-
ticity signal in remanence for the Fey5Coqs/
Rh-wedge(0-10 ML)/Fe, 5Coy5/Rh(001) sample mea-
sured at RT. The only difference is that the magnetizations
of both Fe(, 5Coy 5 layers are always collinear and the signal
from the AFM-coupled regions of the Fey5Coqs/
Rh-wedge(0-10 ML)/Fe, sCoy5/Rh(001) sample does
not contribute to the measured Kerr signal.

In conclusion, since the anisotropy of Fe,_,Co, alloy
films of fixed composition depends only on distortion, it

can remain when the in-plane lattice constant is kept con-
stant. This is why the perpendicular easy-magnetization
axis is easily achieved in (Rh/Fe;_,Co,),/Rh(001) multi-
layers. Moreover, since the anisotropy for fixed tetragonal
distortion depends only on the film composition, a multi-
layer with alternating magnetization from in plane (e.g.,
for x = 0, i.e., Fe) to out of plane (e.g., for x = 0.5, i.e., for
Fe(sCo(5) can be grown. However, the Rh-spacer layer
introduces an interlayer coupling that is sufficiently strong
to force magnetizations of the Fe and Fe, sCog 5 layers to
be oriented parallel or antiparallel, depending on whether
the coupling is FM or AFM, respectively. Combined with
magnetic anisotropy, this competition results in a non-
orthogonal magnetization configuration varying with the
varying Rh-spacer thickness. The nonorthogonal configu-
rations are clearly reflected in the shape of the hysteresis
loops measured in both polar and longitudinal geometries.
It is shown that even a tiny difference in system energy,
caused, e.g., by a small magnetic field, results in a remark-
able change of the magnetic configuration. A more detailed
picture could result from a depth resolved experiment like
coherent nuclear resonant scattering of synchrotron radia-
tion which is currently under preparation.
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