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Magnetization reversal properties of Fe/NiO/Fe(001) trilayers
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We have investigated the magnetic properties of epitaxially grown Fe/NiO/Fe(001) trilayers for different
thickness combinations of the NiO spacer and of the Fe overlayer. The magneto optical Kerr effect has been
exploited to study the in-plane magnetization reversal processes in the iron layers. Further information has
been obtained by means of spin polarized inverse photoemission spectroscopy. We show the existence of a
critical value 7, of the NiO thickness 7,p\ for the magnetic coupling between the Fe layers at zero applied field:
for 1o <f. the magnetization directions align perpendicularly, while the alignment is collinear for thicker
spacers. A phenomenological model has been developed to reproduce the reversal properties of the trilayer and
determine the dependence of the coupling energy between the Fe ferromagnetic layers as a function of their
relative orientation. We find that the observed behavior cannot be reproduced by a Slonczewski’s coupling
term, but rather it is obtained when a biquadratic term is employed.
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I. INTRODUCTION

The coupling between ferromagnetic (FM) layers sepa-
rated by a nonferromagnetic spacer has recently attracted a
great deal of attention. The challenge to find an exhaustive
model describing the magnetic coupling mechanism is still
open. Furthermore, the unique properties of such systems are
also appealing in view of the possible applications to, e.g.,
magnetic sensors and magnetic recording devices.!

The case of trilayers where two FM films are separated by
a thin insulating antiferromagnetic (AFM) spacer can be of
great interest, because the indirect interaction due to conduc-
tion electrons is ruled out, and one would expect a large
contribution coming from direct nearest-neighbor exchange
across the spacer and the interfaces. Moreover, the phenom-
enology of FM/AFM interfaces can potentially include the
well-known exchange bias effect. A satisfactory agreement
between theory and experimental results on such FM/
AFM/FM trilayers is, at present, not yet achieved. In particu-
lar, both collinear®* and perpendicular’~ alignment between
the magnetization directions in the FM layers at zero applied
field have been reported in the literature. In some cases, sys-
tems where NiO is chosen as an AFM spacer show a 90°
relative orientation.®® Several theoretical and phenomeno-
logical models have been developed in order to explain and
simulate the noncollinear alignment between the magnetiza-
tion directions of the two FM layers.!%!2 It is now clear that,
when the spacer is antiferromagnetic, the exchange coupling
with the FM layers at the interfaces and the spin structure of
the spacer play a very important role.

A further incentive for the analysis of the Fe/NiO/Fe
trilayers is given by the fact that different magnetic behav-
iors have been reported for the Fe/NiO bilayer'® and the
reverse NiO/Fe case.!* This situation could be explained on
the basis of different growing processes as well as different
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chemical reactions at the interfaces,!’ as it was also under-
lined in analogous systems.>

Here we report on measurements of the magnetic proper-
ties of Fe/NiO/Fe(001) trilayers, epitaxially grown on
MgO(001) substrates. The interlayer coupling between
Fe/NiO/Fe trilayers has been systematically investigated by
spin polarized inverse photoemission spectroscopy (SPIPE),
performed in situ on freshly prepared samples. The coupling
has been studied as a function of both the NiO spacer and the
Fe overlayer thickness, fopy and ?,,,, respectively. On the
basis of the phase diagram obtained by SPIPE, we prepared a
subset of samples with different #,p\ values characterizing
distinct qualitative magnetic behaviors of the trilayer, and we
investigated their magnetization reversal processes exploit-
ing the magneto optical Kerr effect (MOKE).

MOKE and SPIPE results suggest that 90° domains nucle-
ate and are energetically favorite for trilayers with f py
lower than a critical value 7., while collinear coupling has
been observed for the cases with a thicker spacer. A phenom-
enological model based on a biquadratic coupling term'® has
been used to interpret the observed loops. The model and the
consequent results will be discussed in detail and compared
to the experimental data.

II. SAMPLE PREPARATION

Fe(001)/NiO(001)/Fe(001) samples were prepared in an
ultrahigh vacuum chamber (5X 107! Torr base pressure),
starting from a thick (>3000 A) iron film, grown by molecu-
lar beam epitaxy (MBE) on a MgO(001) single crystal sub-
strate, 1 cm? wide. As reported elsewhere,'© annealing such a
film up to about 900 K produces high quality bulklike
samples with a sharp (1X 1) low energy electron diffrac-
tion pattern and no contamination detectable with surface
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FIG. 1. Sketch of prepared samples. The dimensions and posi-
tions of the layers are not representative of the real setup.

analysis techniques. The sample was then exposed to oxy-
gen, in order to obtain the very stable and well-characterized
Fe(001)-p(1X1)O surface.!” This precaution lowers the
possibility of uncontrolled oxidation of the substrate surface
due to the high exposure to O, needed to prepare the spacer
films, as described below, and thus assures a good
reproducibility of the growth conditions of NiO. The
Fe(001)-p(1 X 1)O surface also shows enhanced spin depen-
dent effects.!”” This film has been remanently magnetized
along the [100] Fe in-plane easy axis before growing the
NiO layer.

The NiO thin film was grown by evaporating metal Ni by
means of electron bombardment, at a rate of about 2 A per
minute, in an oxygen partial pressure p02=7.5 X 1077 Torr.
Samples were prepared with the spacer thickness varying
between 4 and 100 A. The good quality of the NiO films has
been confirmed by x-ray photoemission spectroscopy (XPS)
and inverse photoemission spectroscopy.'® Within the sensi-
tivity of these two techniques, no defect states in the gap
have been detected, fixing the upper limit of the density of
defects in the NiO films to a few percent.

Thin Fe overlayers with thickness ranging from 14 A to
140 A were grown on top of NiO by MBE. The unequal
coercive fields of the two Fe layers, as expected on the basis
of their quite different thicknesses, allows one to easily sepa-
rate their contributions in the hysteresis loops. The thick-
nesses of the iron layers and of the nickel oxide spacer are
such that the former are ferromagnetic while the latter is
antiferromagnetic at room temperature.

Finally, for ex situ MOKE measurements, samples were
capped with about 20 A of Au in order to prevent oxidation.
SPIPE spectra were instead collected in sifu on noncapped
samples.

For MOKE analysis, conveniently shaped mechanical
masks were used to prepare samples where, besides the de-
scribed trilayer, even the intermediate structures were
present. Measurements could then be performed on the
trilayers and also on Fe/NiO/MgO and NiO/Fe/MgO bilay-
ers, on the same sample. This possibility has shown to be
useful to precisely define the values for some of the param-
eters involved in the numerical simulations. It is worth not-
ing that NiO grows on MgO(001) and on Fe/MgO(001) with
a similar crystal structure, due to the low lattice
mismatches.'®!” An outline of the prepared samples is re-
ported in Fig. 1.

The thickness of the various layers was calibrated during
each sample preparation step by means of a quartz microbal-
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ance, while the stoichiometry of the sample was correspond-
ingly monitored with XPS. The angle between the sample
surface normal and the direction of the molecular beam was
25° for all depositions.

II1. MOKE
A. Experiments

MOKE vector magnetometry has been performed to ob-
tain hysteresis loops of the samples and thus characterize
their magnetic behavior.?? Due to the large penetration depth
of the photons compared to the low thickness of the Fe over-
layer and NiO spacer, the magnetization reversal behavior of
both FM layers is probed. In order to get a detectable signal
from the upper iron layer, only samples with a thick enough
overlayer have been used. Namely, an overlayer thickness of
70 A has been chosen for each of the samples prepared for
MOKE, and only the NiO thickness has been varied. The
measurements have been performed at room temperature, ap-
plying an external magnetic field H along one of the in-plane
easy axes of the iron overlayer. Both the longitudinal and
transverse hysteresis loops have been collected giving infor-
mation, respectively, on the in-plane parallel and perpendicu-
lar components of the layers’ magnetizations with respect to
the applied field H. No out-of-plane component of the mag-
netization vector has ever been observed.

B. Results and discussion

In analyzing the results of the MOKE measurements and
the numerical simulations, each of the following structures
will be considered: the NiO/Fe bilayer, the Fe/NiO bilayer,
and the Fe/NiO/Fe trilayer. Hereafter we will employ a ref-
erence system with the x, y, and z axes parallel to the [100],
[010], and [001] Fe crystal directions, respectively, with
[001] being the normal to the layers. The x and y axes de-
fined in this way also coincide with the Fe in-plane easy
magnetization directions.

Starting with the NiO/Fe bilayer, no effect that could be
ascribed to interface exchange bias has been detected on the
Fe substrate after room temperature NiO deposition. Neither
horizontal shift of the hysteresis loops, nor significant varia-
tions of the coercive field were observed. When H is applied
along an easy axis, the hysteresis loops (not shown) present
sharp transitions and a square shape, with a small coercive
field of about 5 Oe. The iron anisotropy is in-plane with a
fourfold symmetry around the sample normal. No significant
change in the magnetization reversal behavior of the sub-
strate seems to be induced by the NiO overlayer. This is not
surprising due to the large thickness of the Fe substrate and
to the very small thickness and low magnetocrystalline an-
isotropy of the NiO layer.?! An exchange bias can be in-
duced, in principle, by field cooling the sample across its
Néel temperature. However, such a thermal treatment is not
possible in this case because of a thermally driven substitu-
tion reaction occurring at the NiO/Fe interface.'®

Coming next to the Fe/NiO bilayer, the longitudinal loop
obtained with H||x (measuring M) is characterized by sharp
transitions and a coercivity of about 15 Oe [Fig. 2(a)], while
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FIG. 2. Experimental hysteresis loops for the overlayer in the
Fe(70 A)/NiO(14 A) bilayer. Loops have been normalized to unity.
The field is applied first along the x axis (upper panel) and then
orthogonally to it, along the y axis (lower panel).

for Hl||y a two-step longitudinal loop (measuring the M,
component) appears [Fig. 2(b)]. This behavior has been in-
terpreted as due to a small uniaxial anisotropy in the thin
layer,”? with its easy axis parallel to x, superimposed to the
cubic intrinsic anisotropy. The uniaxial anisotropy makes the
two cubic axes no longer equivalent and stabilizes the inter-
mediate metastable state where, if the applied H is perpen-
dicular to the uniaxial easy axis, the spins are directed per-
pendicularly to their saturation directions. The M,
measurement acquired with H|y, also plotted in Fig. 2(b),
confirms this interpretation, showing a transverse component
of the magnetization vector at correspondence with the cen-
tral plateau in the longitudinal loop. No significant M, com-
ponent for HJx has ever been observed. We attribute the
uniaxial anisotropy to the oblique incidence of the beam dur-
ing NiO deposition: this can generate a uniaxial strain, which
influences the magnetic properties of the system via the large
NiO magnetostriction.>?? The different heights of the two
plateaux observed in the transverse loop of Fig. 2(b) can be
explained by assuming the presence of both +90° and —90°
domains in the Fe overlayer resulting in a total M, signal
reduced with respect to the saturation value. The height of
the plateau in each branch, hence the partition between +90°
domains, is random, i.e., is not reproduced in successive hys-
teresis loops.

As anticipated above, a simple phenomenological model
based on coherent rotation of the magnetic moments has
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been developed in order to simulate the FM magnetization
reversal of our system and get a better insight in the physics
involved.

The related numerical simulations are based on energy
minimization, taking into account the intrinsic energy terms
for the FM layers, their interaction energy with the applied
field and, for the trilayers, the phenomenological terms de-
scribing the Fe-Fe coupling across the AFM spacer (see be-
low). The hypothesis underlying the simulation is that, once
a domain has been nucleated, a very small increase in the
applied field H will suffice to make it propagate freely, so
that the sample can always be considered to be in a single-
domain state. Actually, as noted above, the different heights
of the M, plateaux in Fig. 2(b) indicate that the real over-
layer can indeed be in a multidomain state. However, the
sharpness of the observed transitions in the experimental
hysteresis loops indicates that domain walls do rapidly span
large portions of the overlayer before being pinned by
defects.?> By applying the single-domain model described
above we deliberately chose to neglect domain wall pinning
after nucleation. This pinning does not influence the over-
layer anisotropy and coercivity, and it just affects the maxi-
mum M, value that can be observed in the transverse hyster-
esis loops.

For the Fe/NiO bilayer, only the energy of the Fe over-
layer is considered, without any coupling term. Both a cubic
magnetocrystalline anisotropy and a small uniaxial term su-
perimposed to it are considered for the Fe overlayer. In order
to simulate the overlayer hysteresis, energy barriers for
nucleation of both 180° and 90° states were included. The
values for all the energy barriers are directly taken from the
observed experimental loops. We stress that they just affect
the nucleation field (giving hysteretic behavior), while the
transitions between different alignments are determined by
the values of the anisotropy energies and, for the trilayer, by
the coupling terms. The simulation procedure was therefore
the following: first, anhysteretic loops have been calculated
by finding the global minimum for the energy at different
values of the external applied field, without any energy bar-
rier. A fitting procedure has then been performed in order to
find the best values for the free parameters in the model.
Finally, energy barriers have been chosen so as to reproduce
the hysteresis of the observed loops.

The total energy per unit surface is the following:

Eover == HMStover COS(H_ ¢l)

1 . .
+ ZK4t0ver 51n2(2¢1) + K2tover 51n2(¢]),

where H is the applied field, M the saturation magnetization
(taken to be 1742 emu/cm?, as in bulk Fe), 6 is the angle
between H and the easy x axis, ¢, is the angle between the
Fe overlayer magnetization and the x axis. Results for these
simulations are shown in Fig. 3. Referring to the simulated
longitudinal loop with H||y (measuring M) in Fig. 3(b), the
cubic anisotropy value K, directly influences the slope at the
origin, while the uniaxial anisotropy term K, mainly affects
the magnitude of the transition fields between different
orientations. A good agreement between the numerical simu-
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FIG. 3. Simulated hysteresis loops for the overlayer in the
Fe(70 A)/NiO(14 A) bilayer. Loops have been normalized to unity.

lations of the overlayer magnetic behavior and the experi-
mental data for the Fe/NiO system is obtained with a
uniaxial energy constant K,=2.94 X 10* erg/cm® and a value
K,=2.44X10° erg/cm? for the cubic anisotropy constant. A
sensitivity analysis has been carried out applying different
values of K, and K, around the best fit, giving an overall
uncertainty for these two parameters of about +5% and +1%,
respectively.

Let us now discuss the case of the Fe/NiO/Fe trilayers.
As outlined by SPIPE results (see below), two distinct Fe-Fe
coupling behaviors are observed at correspondence with dif-
ferent interlayer thicknesses, with a critical thickness ¢, of
about 40 A for the transition between the two regimes. Fig-
ure 4 reports the experimental hysteresis loops obtained for
H|x on the Fe(70 A)/NiO(14 A)/Fe(3000 A) trilayer, i.e.,
for 15y <t.. Both the longitudinal (M,) and transverse (M)
loops are shown. In the upper panel of Fig. 4, the inner (low
H values) narrow loop, with a coercivity of about 5 Oe, can
be attributed to the Fe substrate, while the outer (high H
values) loop, with a saturation field of about 230 Oe, comes
from the contribution of the thin Fe overlayer. The latter, at
low applied fields, has its magnetization oriented perpen-
dicularly to the magnetization of the substrate layer, as con-
firmed by the transverse hysteresis loop [M, in Fig. 4(b)],
which shows a transverse component of the in-plane magne-
tization vector at correspondence with the intermediate pla-
teaux of the longitudinal loop. The saturation field for the
overlayer is larger in the Fe/NiO/Fe trilayer than in the
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FIG. 4. Experimental longitudinal [panel (a)] and transverse
[panel (b)] hysteresis loops for the Fe(70 A)/NiO(14 A)/
Fe(3000 A) trilayer (H| x). Loops have been normalized to unity.

Fe/NiO bilayer, as a consequence of exchange coupling be-
tween the two FM layers across the AFM spacer, as already
reported in the literature.’

Different samples, with the same nominal combinations
of topv and 7., as above, showed different saturation fields,
ranging between 130 and 230 Oe. Furthermore, an increase
of about 50% in the saturation field was measured on the
same samples about three months after the first measure-
ments, revealing an aging effect despite the Au capping
layer. The samples had been stored in a low vacuum (a few
mbar) container. However, no differences are observed in the
shape of the hysteresis loops, thus excluding any significant
change in the physics of the system.

A remarkable feature observed in the transverse loop, as
reported in Fig. 4(b), is that the overlayer magnetization M
reverses when the substrate magnetization changes sign.
When the externally applied magnetic field H has reached
the coercive value, the spins of the Fe atoms in the substrate
rotate to align in the direction of the field. In doing so, they
seem to exert a drag on the spins of the overlayer, which
rotate accordingly conserving the 90° coupling.

This behavior shows analogies with the results of previ-
ously unreported experiments that we performed on NiO/Fe
bilayers using room temperature x-ray magnetic linear di-
chroism (XMLD) at the Ni L, edge. The data were collected
at the beam line BACH at the ELETTRA synchrotron radia-
tion facility in Trieste, Italy.>* NiO thin films on Fe(001)
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develop an in-plane uniaxial anisotropy axis whose direction
can be determined in a straightforward manner from the
analysis of the XMLD spectra.'* These have been obtained
as the difference between the absorption spectra measured
with the x-ray electric field either parallel or perpendicular to
the Fe magnetization M. We have then compared the men-
tioned XLMD signals before and after M had been rotated
from the [100] to the [010] direction. Within the experimen-
tal errors we have seen that the XLMD signals are the same.
We can therefore conclude that the magnetic anisotropy axis
in the NiO epilayer rotates together with the Fe substrate
magnetization, with no evidence of AFM domain pinning,
most probably as a consequence of interface exchange cou-
pling. In a similar way, we explain the rapid transition of M,
from positive to negative values in the transverse loop by
assuming that the Fe epilayer magnetization direction is de-
termined by the coupling to the NiO anisotropy axis, which
rotates by 180° during the reversal of the substrate magneti-
zation.

From Fig. 4(b) one may notice that the inversion of the
overlayer magnetization M at the substrate coercive field is
incomplete. M, reverses sign but settles on a smaller abso-
lute value than before inversion. It appears that the overlayer
breaks into several domains coupled at £90° to the substrate,
probably as a consequence of the sudden incoherent revers-
ing of the substrate magnetization at +5 Oe. This situation
remains stable until the magnitude of the externally applied
magnetic field approaches the saturation value, where a peak
in the transverse loop of Fig. 4(b) indicates that M, rapidly
reapproaches the value observed before the inversion of the
substrate.

Similarly to the Fe/NiO bilayer, the value of K, can
be determined from the slope of the overlayer M, loop at
H=0. We find, by means of a fitting procedure, a value very
close to the one used in that case. As for K,, we find that the
uniaxial energy term found in the Fe/NiO bilayer disappears
almost totally in the Fe/NiO/Fe trilayers, where it is at least
a factor of 10 lower, and the loops measured for H|y (not
shown) and H||x are practically identical.

A simple explanation for the reduction of the uniaxial
anisotropy in the trilayer could be that NiO grows differently
on MgO and on Fe, therefore inducing a sizable K, value in
one case, but not in the other. As a matter of fact, the lattice
mismatch is negative (=0.9 %) for NiO/MgO(001) and posi-
tive (+2.8%) for NiO/Fe(001).

In the simulation, the coupling between the two FM layers
is described by a bilinear term, favoring collinear alignment,
and a biquadratic term, which favors perpendicular
alignment.!® The total energy per unit surface for the
Fe/NiO/Fe trilayer is expressed as follows:

1
Etri == HMStsub COS(Q— ¢2) + ZK4tsub Sin2(2¢2)

1 .
- HMS[over 005(0_ ¢l) + ZK4t0ver51n2(2¢l)

+C, cos(¢p) — ) + C, C052(¢1 - ),

where f,, is the Fe substrate thickness and ¢, is the angle
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FIG. 5. Simulated  hysteresis loops for  the
Fe(70 A)/NiO(14 A)/Fe(3000 A) trilayer (HJ|x). Loops have been
normalized to unity.

between the magnetization direction and the x axis in the Fe
substrate. The coupling coefficients C; and C, are free pa-
rameters and are fitted to the experimental data. The fitting
procedure is the same as before. Note the absence of the
uniaxial energy term for the overlayer.

Because of the large thickness of the substrate, its mag-
netization direction ¢, is just determined by its magneto-
crystal anisotropy and by the interaction with the external
magnetic field, while the coupling terms and, hence, the ¢,
value have a negligible influence. On the contrary, the cou-
pling plays a fundamental role in defining the reversal prop-
erties of the overlayer magnetization.

Numerical simulations for these results are shown in
Fig. 5. The best fit is obtained with C,=1.86
X 107! erg/cm?, with an uncertainty of about *3%. The
maximum value of the bilinear coefficient C; compatible
with the experimental loops is about 5X 1072 erg/cm?,
which is nearly three times smaller than C,. Again, the dif-
ference in the height of the plateaux in the experimental and
simulated transverse loops [Figs. 4(b) and 5(b), respectively]
is due to the fact that our model does not account for the
possibility that the Fe overlayer could be in a multidomain
state.

In the following, we thoroughly discuss the expression
that we have chosen for the coupling terms. First of all, the
bilinear term either favors a parallel or antiparallel coupling
between the FM layers, depending on the sign of C,. The
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insulating character of NiO allows us to exclude any contri-
bution to the bilinear term due to the Rudderman-Kittel-
Kasuya-Yosida (RKKY) interaction. Also, for the NiO thick-
ness range that we have investigated, we do not expect that
bilinear coupling related to tunneling phenomena can be of
great importance. We attribute the bilinear term to the dipolar
coupling between the FM layers, which favors an antiparallel
alignment. Our simulations suggest that the bilinear term is
small, as it can be expected for a dipolar interaction, with
respect to the biquadratic one, which, on the other hand,
reflects the interplay between the exchange coupling at the
interfaces and across the NiO spacer.

Slonczewski'! proposed that the perpendicular coupling
through an AFM spacer should be described in the frame of
the so-called proximity magnetism model by a coupling term
of the form A;(¢;— ¢,)*+A,(¢h;— ¢p,—m)%. The main differ-
ence between this phenomenological description and one as-
suming a biquadratic term is the behavior at high applied
fields, as the magnetization reaches the saturation value only
asymptotically for the Slonczewski term. We tried to use this
term in the energy expressions, but, at variance with Ref. §,
we could not reproduce our experimental data, which show a
saturation magnetization for finite values of the applied field.

The angular dependence of the coupling term is particu-
larly important since it depends directly on the qualitative
behavior of the magnetic moments across the AFM-FM in-
terfaces. Slonczewski’s proximity model has been developed
for an uncompensated interface and requires strong
AFM-FM coupling, as compared to the domain wall energy
density.!! The NiO(001) interface plane is, however, com-
pensated. Nevertheless, Slonczewski’s model provides a
good description of the results reported in Ref. 8 about
Fe;0,/NiO/Fe;0,(001) since the Fe;04(001) plane has a
magnetic lattice parameter that is almost exactly twice (mis-
match 0.5%) that of NiO and thus interacts only with one of
the two uncompensated sublattices of the NiO(001) interface
plane. Despite that Fe;0, is also formed at the interface ob-
tained by depositing NiO on Fe(001),' a different oxide,
namely FeO, is expected to form when Fe is deposited on
NiO(001) to complete the trilayer.'> The AFM-FM coupling
in the Fe/NiO/Fe trilayer can thus be expected to be much
lower than in Fe;04/NiO/Fe;0,4, at least at one interface.
This provides one reason why a Slonczewski’s coupling term
is not appropriate to describe our system.

Slonczewski’s proximity model has recently been ex-
tended to the case where the interfacial coupling and AFM
domain wall energy densities are comparable.!? In the “ex-
tended” proximity model the FM-FM coupling energy can be
approximated,'? to lowest order, by a combination of a bi-
quadratic contribution, proportional to cos*(¢;—¢,), and a
term proportional to sin*[2(¢;—¢,)].>> In our experimental
hysteresis loops the Fe substrate magnetization is always par-
allel to an easy axis, therefore the sin’[2(¢, —¢,)] contribu-
tion is de facto equivalent to an extra cubic anisotropy term
of the Fe overlayer. In our simulations we do not make any
distinction and use only one free parameter, namely K, in-
dicating the weight of a term proportional to sin*(2¢,).

The angular dependence of the coupling energy explains
the different predictions of the extended proximity model
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FIG. 6. Experimental longitudinal hysteresis loop for the
Fe(70 A)/NiO(100 A)/Fe(3000 A) trilayer (H|x). Loops have
been normalized to unity.

concerning the asymptotical behavior of the trilayer. In fact,
the trilayer energy obtained when a Slonczewski’s term is
used only has a mimimum for (¢, —¢,)=90°. On the other
hand, using the coupling term predicted by the extended
proximity model, we obtain a total trilayer energy which has
minima also at (¢, —¢,)=0 or (¢d,—¢p,)=180°, once the
magnetocrystal anisotropy of the Fe overlayer is accounted
for. The existence of additional minima for (¢;—¢,)=0 or
(¢—,)=180° stems from the fact that, for a weak
AFM-FM coupling, the AFM spins can rearrange by unwind-
ing the twisted AFM magnetic structure predicted by the
proximity model,'' confining the frustration at one of the
AFM-FM interfaces.'? The presence of a biquadratic term in
the expression of the coupling energy is explained by the
inequivalence between £90° and 0° energy minima, which is
a result of the different arrangement of the AFM local mo-
ments in different coupling configurations.'?

It is interesting to note that the weight of the component
proportional to sin’[2(¢,—¢,)] is expected to be very small
when the AFM thickness is below t,,'? in agreement with the
observation that the K, value determined from the slope of
the MOKE loop is about the same both in the Fe/NiO bi-
layer and in the Fe/NiO/Fe trilayer.

Finally, let us consider spacer thicknesses greater than ¢..
The M, hysteresis loop for the Fe(70 A)/NiO(100 A)/
Fe(3000 A) trilayer is shown in Fig. 6. It can be interpreted
as the superposition of two square loops, the narrowest com-
ing from the Fe substrate and the largest (coercivity of about
100 Oe) coming from the Fe overlayer contribution. For this
trilayer no significant transverse component of the magneti-
zation vector has been detected. Thus, no M ¥ loop is shown
in the figures. The plateaux in the loop correspond then to a
region where the magnetization vectors of the two layers are
antiparallel, as they switch at different coercive fields, before
becoming again parallel at higher values of the applied field.

We find that an increase in spacer thickness decreases the
C, value, which is responsible for the perpendicular align-
ment of the magnetic layers: we can indeed fit our experi-
mental data with C,=0. The simulated loop for this trilayer
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is shown in Fig. 7. Again, no uniaxial term is necessary. It
must be emphasized that, for trilayers with 7,p\ > 1., there is
a large uncertainty in the value of the fitting parameters. This
is due to the fact that the bilinear coupling, the sin’[2(¢,
—¢,)] coupling term, and the domain nucleation energy bar-
riers have similar effects on the simulated hysteresis loops.
In particular, increasing the values of any of these parameters
results in increasing the coercive field of the overlayer. How-
ever, there is a limitation to the maximum value that can be
attributed to C;. In fact, at high C; values, the simulation
predicts an antiparallel magnetic coupling between the FM
layers at remanence, contrary to experimental evidence. It is
remarkable that the C; value cannot be significantly higher
than the maximum value that we have obtained for trilayers
with fypy<t.. A very good fit of the coercive field can be
obtained with C;=0 and by an appropriate choice of the
nucleation energy barriers and of the sin’[2(¢,— ¢,)] term.
As a final remark, we note that a decrease in the biquadratic
coupling term accompanying a transition to collinear FM
coupling is predicted by the extended proximity model pre-
sented in Ref. 12. The collinear coupling is, on the other
hand, stabilized by the sin’[2(¢, — ¢,)] term, which increases
with the AFM spacer thickness.

IV. SPIN POLARIZED INVERSE PHOTOEMISSION

A. Experiments

As stated above, measurements exploiting spin-polarized
electrons have also been performed on the samples as a pre-
liminary study to build up a phase diagram describing the
interlayer coupling behavior as a function of the NiO spacer
and Fe overlayer thickness. The electron source is a GaAs
photocathode, excited with circularly polarized light in order
to get a spin polarized electron beam. Further details about
the experimental setup have been reported elsewhere.?>7 All
measurements are taken with the samples magnetized at re-
manence, to avoid any interaction of the impinging electrons
with the applied magnetic field. The low energy of the elec-
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jority spin and open symbols to minority spin signals. All spectra
are rescaled to 100 % electron beam polarization.

tron beam, between 5 and 20 eV, guarantees the low penetra-
tion depth of the probing electrons and thus the surface sen-
sitivity of the measurements, giving information about the
magnetic properties of the iron overlayer, with no contribu-
tions from the underlying layers.

All SPIPE spectra are taken after having applied a 1400
Oe external magnetic field along the easy axis previously
labeled as x axis. The magnitude of this field is greater than
the saturation fields of both Fe substrate and overlayer, as
confirmed by MOKE loops. In particular, due to the geom-
etry of the experimental apparatus, the remanent magnetiza-
tion of the overlayer can be detected along the same x axis.

B. Results and discussion

SPIPE allows one to obtain information on the magnetic
properties of the trilayers analyzing the spin polarization de-
pendence of the empty bands of the Fe overlayer. We have
grown and investigated trilayers with many combinations of
tapm and f..... Typical SPIPE spectra for two trilayers are
reported in Fig. 8, together with reference spectra from the
substrate. Two features, labeled B, and B,, are visible above
Ep; they correspond to allowed transitions towards majority
and minority final states, respectively.!”?$2° The energy
separation of the two peaks is correlated with the exchange
splitting of bulk bands. It has indeed been observed in bulk
Fe that such a splitting vanishes as the sample temperature
approaches the Curie temperature, with the two peaks col-
lapsing to a single band state.?” Similar findings have been
observed also on ultrathin Fe films.?” The splitting is thus a
signature of the presence of a FM order in the sample. In all
the trilayers investigated such energy separation between the
B, and B, peaks is unchanged: this indicates that the iron
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overlayer has, in any case, the same ferromagnetic properties
as bulk Fe.

If one looks at the spin polarization dependence, however,
dramatic changes can be seen as the NiO thickness increases.
At small thicknesses (lower panel of Fig. 8), the spectra are
completely unpolarized, while at larger thicknesses (central
panel of Fig. 8) B, and B, appear in different spin channels.
Note, as stated above, that we are sensitive only to the in-
plane net magnetization along the x axis. Thus, if the sample
is ferromagnetic but its net magnetization is directed perpen-
dicularly with respect to that direction, no spin polarization
effect will be observed in the inverse photoemission spectra.

When the net magnetization of the Fe overlayer is collin-
ear with that of the Fe substrate, which is always parallel to
the x axis, a strong polarization effect occurs. We refer to
samples exhibiting such a behavior as “collinear-coupling”
trilayers. When no polarization effect occurs, instead, we
have zero remanent magnetization in the direction of the ap-
plied field which, on the basis of the MOKE results, we
attribute to a perpendicular alignment of the overlayer rem-
anent magnetization with respect to the Fe substrate. In this
case we refer to “90°-coupling” trilayers.

Our results on several samples are summarized in Fig. 9,
where triangles and full circles make reference to collinear-
coupling and 90°-coupling trilayers, respectively. It is seen
that all the samples with a 7,py lower than about 40 A are
90°-coupling trilayers in the sense illustrated above, while
those with 75y larger than that value are collinear-coupling
trilayers. An analysis of the error bars shown in Fig. 9 gives
an uncertainty of approximately =8 A on the assessment of
the 7. value.

PHYSICAL REVIEW B 72, 174402 (2005)

The value 7,~40 A may be related to previous findings
for similar systems. In the case of epitaxially grown
Fe;0,/NiO/Fe;0, trilayers,® a 7. of approximately 50 A has
been observed for the switching between perpendicular and
parallel magnetic coupling, in close analogy with our result.
In the extended proximity model, based on a coherent rota-
tion of the spins in the FM and AFM layers,'? an attempt to
correlate the magnitude of the critical thickness for the tran-
sition between orthogonal and collinear coupling at zero ap-
plied field and the width of domain walls (8y) in the AFM
spacer has been made, finding that the two quantities are of
the same order of magnitude. The value of Jy in bulk NiO
single crystals has recently been measured and reported to
vary between 134 and 184 nm.*° If, following this interpre-
tation, we compare these results to the 7. value that we found
it is clear that our experimental value is considerably smaller.
Such a mismatch is not surprising since coherent rotation
models do not take into account the occurrence of defects
either in the AFM volume, such as vacancies and
dislocations,?! or at the AFM-FM interface, such as interface
roughness. Such defects are expected to reduce the coupling
energy between the FM layers, with the result that ¢z, might
be reduced considerably with respect to the &y, value in the
bulk AFM material. For instance, ¢, cannot be expected to be
larger than the characteristic distance between atomic steps
at the AFM-FM interfaces.>> Note that such interface and
volume defects can have drastic effects at concentrations that
are far below?? the detection limit of photoemission and in-
verse photoemission techniques.

V. CONCLUSIONS

In summary, we have investigated the magnetization re-
versal processes of Fe/NiO/Fe(001) trilayers by means of
SPIPE and MOKE measurements, obtaining evidence of two
different behaviors, with a critical thickness of the NiO layer
of about 40 A for the transition between the two regimes.
Below this value the relative alignment between the magne-
tization of the iron layers at zero applied field is perpendicu-
lar, while above this value it switches to collinear. This oc-
currence can be related to the active role of the
antiferromagnetic spacer whose spin structure mediates the
exchange coupling between the ferromagnetic layers. Simu-
lations based on a biquadratic coupling term agree very well
with the observed hysteresis loop, giving a confirmation of
the proximity model extended to the low AFM-FM interface
coupling case. We find that the biquadratic coupling disap-
pears for #ppy=>40 A.
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