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Abstract

Ton implantation of epitaxial Fe/MgO/Fe magnetic tunnel junctions exhibiting
antiferromagnetic exchange coupling by spin polarized tunneling has been performed. X-ray
reflectivity and transmission electron microscopy experiments were performed to extensively
study the structural changes of the junctions. Electron holography and vibrating sample
magnetometry experiments show that the amplitude and the nature of the coupling are modified
by the irradiation. A gradual increase in the bilinear and the biquadratic coupling has been
measured when the ion dose increases. For large doses, the net coupling becomes
ferromagnetic. This corresponds to an intermixing of the MgO barrier with the adjacent

Fe layers which is demonstrated by x-ray reflectivity.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Antiferromagnetic (AF) coupling between two ferromagnetic
(F) layers separated by a thin insulating barrier has been
evidenced by Faure-Vincent et al [1] in Fe/MgO/Fe/MgO(001)
epitaxial magnetic tunnel junctions (MTJs). This coupling
was associated with the quantum tunneling of spin polarized
electrons.  The authors have demonstrated a transition
from AF to F coupling for a MgO spacer thicker than
I nm. This transition is due to the competition between
(1) interlayer exchange coupling (IEC) by tunneling which
favors anti-parallel (AP) alignment of both ferromagnetic
layers at very small MgO thicknesses, and (ii) roughness
induced magnetostatic orange-peel coupling favoring parallel
(P) alignment. The experimental evidence for AF coupling
supports the theoretical model proposed by Slonczewski [2]
of an interlayer exchange due to spin polarized quantum
tunneling of electrons between the two Fe layers. However,
the free electron like model of Slonczewski does not take
into account all the specific aspects of the spin polarized
tunneling in epitaxial systems, i.e. the equilibrium propagation

0953-8984/08/055219+10$30.00

of different symmetry states for each spin channel, in each
configuration of magnetizations [3]. Recently, similar results
on magnetic coupling by spin polarized tunneling have been
reported by Katayama et al [4]. In their systems, the sign
and the origin of the AF coupling has been correlated with
the oxygen vacancies in the MgO barriers. This interpretation
is in agreement with the resonant tunneling models recently
developed by Zhuravlev et al [5]. In these models, the
authors argue the existence of an additional resonant tunneling
mechanism in order to explain the sign of the coupling
observed in the Fe/MgO/Fe junctions. However, in our
epitaxial Fe/MgO/Fe systems we found no evidence of oxygen
vacancies in the MgO barriers. Nevertheless, even if one
neglects any impurity-associated level within the MgO barrier,
a resonant level naturally exists at the Fe/MgO interface.
Indeed, the interfacial minority resonance of Fe(001) provides
the resonant equilibrium tunneling mechanism, as shown in the
ab initio calculations of Wunnicke et al [6]. The equilibrium
tunnel transport in the AP configuration is dominated by the
propagation of the interfacial resonance (related to the surface
state of Fe(001)). We reproduced the scanning tunneling

© 2008 IOP Publishing Ltd  Printed in the UK
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microscopy (STM) experiments of Bischoff et al [7] for our
Fe(100) samples and clearly identified the Fe(001) surface
state. It has a d,, orbital character belonging to the A;
symmetry and is located in the minority spin channel [3].
Theoretical calculations [3] have shown that the interfacial
resonance of Fe is preserved at the Fe(100)/MgO interface.
Hence, we argue that the resonant propagation of the interfacial
resonance could be the main origin for the AF coupling
observed in our Fe/MgO/Fe junctions. Moreover, our STM
experiments show that the surface state of Fe is extremely
sensitive to the roughness. Therefore, one expects a strong
decrease of the IEC when the interfacial resonance is quenched
by the roughness [7]. The most critical parameters for the
coupling strength in a Fe/MgO/Fe system are then the MgO
barrier thickness (the coupling by tunneling is extremely
sensitive to the insulator thickness) and the quality of the top
and bottom Fe/MgO interfaces (interfacial roughness destroys
the interfacial resonance of Fe(001)). In our previous paper [1],
we investigated the variation of the coupling strength as a
function of the MgO thickness. After a rapid decay in the low
MgO thickness range (0.6-0.8 nm) the sign of the coupling
changes and becomes ferromagnetic. This corresponds to
the critical thickness beyond which the growth of the MgO
barrier on Fe(001) stops being pseudomorphic as proven by
reflection high energy electron diffraction (RHEED) intensity
oscillations [1]. Misfit dislocations then appear in the MgO
layer leading to a greater roughness of the top MgO/Fe
interface. This roughness induces orange-peel F coupling
which overcomes the AF one. As a result, a net F coupling
emerges for an MgO spacer above 0.8 nm thick.

In this paper we propose a different way to modulate the
IEC strength. For a fixed MgO barrier thickness we modify the
Fe/MgO interface roughness in order to study in more detail the
influence of the interfacial microstructure on the IEC. For that
purpose, we irradiated epitaxial Au/Pd/Fe/MgO/Fe/MgO(001)
MT]Js with N* ions at 150 keV. The ion irradiation simulations
indicate that most of the deposited energy is located at
the top Au/Pd, Pd/Fe and Fe/MgO interfaces. The most
interesting for tuning the IEC coupling nature and strength
is control of the quality of the Fe/MgO interface by
adjusting the irradiation dose. The modification of the MTJ
interfacial structure/morphology as a function of the irradiation
dose has been investigated by x-ray reflectivity (XRR) and
transmission electron microscopy (TEM), while their magnetic
behavior has been studied by vibrating sample magnetometry
(VSM) (macroscopic level) and electron holography (EH)
(microscopic level).

Within this paper, we demonstrate that the roughness
induced by the irradiation at the Fe/MgO interface destroys
the AF coupling. Two mechanisms may contribute to the
change of the coupling from AF to F. Bischoff er al [7] have
shown by scanning tunneling spectroscopy (STS) experiments
on Fe(001) surfaces that the roughness destroys the Fe(001)
interfacial resonance state (IRS). If we assume that the AF
coupling is strongly correlated to the resonant propagation
across the barrier of the Fe(001) IRS [6], one then expects
a decrease of the AF coupling strength when the roughness
increases. Moreover, if the sign of the AF coupling is

determined by a resonant tunneling mechanism [5], we then
anticipate a reversal of the coupling (from AF to F) when the
Fe(001) IRS is destroyed by the roughness. Moreover, for
large Fe/MgO roughness direct ferromagnetic coupling may
occur across the barrier. In our Fe/MgO/Fe system with an
extremely thin insulating spacer (three MgO atomic planes),
ferromagnetic bridges may locally appear across the MgO
spacer. The TEM analyses performed on irradiated samples
do not evidence clear metallic Fe ‘bridges’ (pinholes) within
the MgO barrier while x-ray reflectivity indicates an increase
of the barrier density with the dose. Then we assume that
the ferromagnetic bridges may be represented by local regions
with increased density of Fe atoms that have diffused within
the MgO. The holography analyses demonstrate that these
highly Fe doped regions in the MgO barrier provide a direct
ferromagnetic interaction. The density of these ferromagnetic
bridges increases with the irradiation dose and, for large doses,
the ferromagnetic coupling becomes dominant. However,
it remains difficult to experimentally uncorrelate the two
mechanisms which affect the coupling strength and sign, i.e. (i)
the quenching of the IRS by roughness and (ii) the occurrence
of ferromagnetic bridges. The STS experiments studying
the influence of roughness on the Fe surface state located in
the minority spin band are only performed on free Fe(001)
surfaces. Nevertheless, theoretical calculations [3] show that
this surface state is preserved in the Fe/MgO/Fe(001) system,
and becomes an interfacial resonant state (IRS). We then
assume that the roughness induced quenching measured by
STM can be correlated with the roughness induced quenching
of the IRS in a full Fe/MgO/Fe stack. =~ Moreover, the
holography experiments provide information about the sign of
the local coupling in a Fe/MgO/Fe tri-layer. This is correlated
with the data obtained from complementary structural studies
of the stacking (XRR and TEM). We then can extrapolate
and argue on the influence of roughness on the resonant
propagation of tunneling electrons in a Fe(001)/MgO/Fe
system and therefore on the coupling strength and sign.

2. Experiment

2.1. Epitaxial growth of the MTJs

The MTJs were grown in a molecular beam epitaxy system
on MgO(100) substrates, flashed at 600 °C before the growth
of the layers. A 10 nm thick MgO layer is deposited on
the substrate at 450°C to decrease the roughness and trap
the residual carbon impurities [8]. The base pressure in the
UHV chamber before the deposition was 4 x 10~!" mbar.
The Fe films were deposited from a Knudsen cell containing
bulk Fe heated to 1280°C. The bottom 30 nm thick Fe
electrode was deposited at room temperature then annealed
at 450°C for 25 min to achieve a high crystalline quality.
The 0.6 nm thick MgO insulating barrier is evaporated at
100°C on the Fe surface by means of an electron gun.
Within the thickness range of the samples investigated here,
the two-dimensional layer-by-layer growth was assisted by
RHEED intensity oscillations which enable an extremely
precise control of the barrier thickness (three atomic planes).
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On the MgO barrier, a second top 10 nm thick Fe electrode
was grown at 100 °C. Finally, a Pd (10 nm)/Au (7 nm) capping
bilayer has been deposited to prevent the ex sifu oxidation of
the top Fe layer. The growth of the different layers was in
situ controlled by RHEED. Additional details concerning the
epitaxial growth conditions of the samples have been reported
in [9] and references therein.

2.2. lon implantation

A Varian 200A2 ion implanter was used for NT irradiation.
The ion beam is normal to the sample surface with an
incident energy of 150 keV. Multilayers were irradiated at room
temperature in a dose range from 10" to 3 x 10'° ions cm 2.
The N ions were chosen because of their chemical neutrality.
A small ionic current, lower than 25 @A, was chosen to
protect samples from heating and annealing effects. Prior
to implantation, IPROS simulations, which are based on
Monte Carlo collisional ion stopping computations, were
performed [10]. They predict nearly light ion behavior for N*
at 150 keV, which induces very short-range displacements for
target atoms and nearly no implanted impurities in the layers
of interest (Au, Pd, Fe and MgO): the ions pass through the
multilayer and stop below in the MgO substrate.

2.3. X-ray reflectivity (XRR)

A Seifert 6-26 x-ray diffractometer fitted with a double
monochromator using Cu Ko radiation was used for x-
ray reflectivity measurements. The experimental reflectivity
profiles were simulated using two pieces of softwares: the
home made ‘Simurx’* and ‘SimuReflec’ [11] to measure the
mean thicknesses and densities of the different layers and the
interface roughness. Both simulation programs give similar
values of roughness and thickness with an error bar of about
£0.1 nm.

2.4. Transmission electron microscopy (TEM) studies

The cross-sectional specimens for TEM studies were cut
along (100) MgO planes, glued face to face then thinned
by mechanical grinding and ion-milling to the electron
transparency. The structures of the different layers and
interfaces were investigated by TEM both in conventional
and in high resolution mode (HRTEM) using a FEI-F20
microscope fitted with a spherical aberration (Cs) corrector
(CEOS) whose point resolution is 0.13 nm. We used
off-axis electron holography in the same microscope to
study the remanent magnetic state of the two Fe layers
at room temperature and locally study the IEC. Holograms
were digitally acquired with the conventional objective lens
switched off and using the first transfer lens of the Cs
corrector to reach a maximum magnification of 43 000x [12].
Electron holography allows recording of the amplitude and the
phase shift of a high energy electron wave that has passed
through a material [13]. The phase shift is sensitive to

4 The simulation software ‘Simurx’ can be freely downloaded. Requests must
be addressed to Dr P Baules. E-mail: baules@cemes.fr

electrostatic [14, 15] and magnetic [16, 17] fields in the sample,
and is given by the expression

¢(x>=cEfvo(x,z)dz—%//Bm,z)dxdz W

where x is a direction in the plane of the sample, z is the
incident electron beam direction, Cg is a constant that takes a
value of 7.26 x 10° rad V-! m~! at a microscope accelerating
voltage of 200 kV, Vj is the electrostatic potential and B
is the component of the magnetic induction (both inside the
sample and in the surrounding leakage fields) perpendicular
to both x and z. Reference holograms were systematically
acquired to remove distortions associated with the imaging and
recording systems. For the MTJs studied here, the electrostatic
contribution to the phase shift is associated solely with the
mean inner potential (MIP), V;, which depends on the local
composition and density of the sample [18]. The magnetic
contribution to the phase shift was obtained by recording
two holograms between which the MTJs were magnetized
parallel and then anti-parallel to their length. This is achieved
by tilting the sample by +45° about an axis parallel to the
stacking direction and switching the microscope objective lens
on fully to apply a large in-plane field of about 13 kOe to the
sample [19]. The objective lens was then switched off and
the sample tilted back to zero to record each hologram. This
procedure relies on the ability to saturate the magnetization
in the sample in exactly two opposite directions (i.e. along
the Fe layers) before decreasing the magnetic field back to
the remanent state. This is a good condition, since the
sample preparation of the MTJs for TEM experiments creates
important shape anisotropy along the Fe layers. According to
equation (1), half of the sum and half of the difference of the
phase images obtained with the sample magnetized in opposite
directions provide the electrostatic and magnetic contributions
to the phase, respectively. Contours formed from the magnetic
contribution to the phase provide an immediate visual picture
of the magnetic field in the sample. The spacing of these
contours is inversely proportional to the in-plane component of
the magnetic induction in the sample integrated in the incident
electron beam direction. Assuming a constant magnetization
within the layers of thickness ¢ in the direction of the beam,
the magnetic contribution to the phase is

e-t
PMag (X) = 7/B¢ (x) dx, @)
whereas the electrostatic contribution to the phase is

PElec (x) = CgV; - 1. )

Note that for material whose MIP (V;) is known ¢gje. gives
access to the measurement of the thickness (¢) of the TEM
sample.

2.5. Magnetic experiments

Magnetic measurements were performed at two complemen-
tary different scales. The characterization of magnetism at a
nanometric scale was done using the holography technique de-
scribed in detail in the section dedicated to TEM studies. The
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Figure 1. Simulation of the density changes in the
Au/Pd/Fe/MgO/Fe stacking as a function of the ion dose (10'3, 10'#,
and 10" jons cm™?).

samples were magnetically characterized macroscopically, by
VSM experiments, at room temperature. The VSM measure-
ments were performed on continuous film samples with an in-
plane applied magnetic field of +0.8 kOe.

3. Ion implantation modeling

The ballistic effect of the ion implantation is simulated using
IPROS which is a home made Monte Carlo ion implantation
and collision code [10]. This code allows modeling of the
complete stacking of different layers and calculating the effect
of the ion implantation on the mixing of these layers. The
calculations were done using the true layer stacking sequence
measured by TEM (see below). We calculated the profile of
the distribution of the recoil atoms of each type of species
present in the different layers after ion implantation. These
curves permit us to deduce the local composition of the
different layers as a function of the doses but without taking
into account the possible diffusion of the atoms due to the
temperature during the implantation process. The plots in
figure 1 show the different density profiles as a function
of depth for doses of 10'3, 10'* and 10" ionscm™2. For
higher doses the simulations with IPROS become less reliable
and a code such as TRIDYN should be used to take into
account the variation of the target stoichiometry with the
implantation [20, 21]. Nevertheless for moderate doses the
calculations performed using IPROS or SRIM are quite similar.
These simulations indicate that the implantation induces an
intermixing, especially in the top Fe layer and in the barrier.
The local concentration of Fe increases in the MgO layer
for a dose higher than 10'* ions cm™2. These calculations
also show that the Pd/Fe interface becomes more and more
diffuse and that the top Fe layer is contaminated by Pd
atoms.

k| T T T T T
13
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Simulation

0.1 4
0.01 4
1E-3 4

1E-4 4

Reflectivity
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0 (degree)

Figure 2. Experimental and simulated XRR spectra obtained on the
as-deposited MTJ.
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Figure 3. Changes in the densities of the Pd, top Fe and bottom Fe
layers as a function of the ion dose (the points on the left axis
represent the densities of the as-deposited layers).

4. Structural studies

4.1. X-ray reflectivity

X-ray reflectivity measurements were performed to study the
mean changes of the irradiated MTJs as a function of the
ion dose. An XRR spectrum obtained on the as-deposited
MTlJs is plotted in figure 2 together with its corresponding
fit. The simulation of such a spectrum allows the mean
microstructure of the stacking to be recovered. In order to
reduce the number of parameters needed for the simulation of
such a complex multilayer, the layers thickness is determined
by TEM analysis (see below) while the layer density and
interface roughness are the only parameters used to fit the
XRR spectra. Particular attention was paid to the density and
thickness changes of the Pd, top Fe, MgO and bottom Fe
layers and to the Fe/MgO and MgO/Fe interface roughness.
Figure 3 shows the changes in the density of the Pd and the
two Fe layers. In agreement with the IPROS simulations, it
is clear that the upper Fe layer and the Pd one become more
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Figure 4. Changes in the density and the thickness of the MgO
barrier as a function of the ion dose (the points on the left axis
represent the density and thickness of the as-deposited MgO barrier).

and more mixed with increasing ion dose, even for doses as
low as 10" ions cm™2. For doses higher than 10" jons cm >
the density of the top Fe layer has increased by 30% due to
the insertion of Pd (and probably Au) atoms; together the
thickness of the top magnetic layer increases from 6.2 nm (as-
deposited) to 11 nm (10'° jons cm’z). A Pd atom, with an
atomic radius of 0.137 nm, cannot stay in the interstitial voids
of the Fe-bcc lattice of radius 0.039 nm. Considering only
the substitution of Fe by Pd and assuming that the volume
of the Fe-bcc unit cell remains constant, we can approximate
the content of Pd in the top (Fe, Pd) layer responsible for the
increase of the top magnetic layer density. We measure an alloy
consisting of about 40% of Pd (this rough calculation does
not take into account obvious expansion of the Fe cell, which
would, however, give an ever higher Pd content). This content
is nevertheless important and should modify the magnetic
properties of the top electrode. The density of the bottom Fe
layer only slightly increases to a value 12% larger than what
would be expected for pure Fe and remains quite constant for
doses less than 10'° jons cm ™2 then rises at the highest dose of
3 x 10" ions cm 2. The content of Pd in the bottom Fe layer
can be approximated to 10%.

We reported in figure 4 the modifications of the density
and the mean thickness of the MgO barrier. An important
increase in the MgO density from 3.6 gecm™ up to
4.3 gcm™ (422%) is observed when increasing the dose to
10"3 ions cm’z, it then remains almost constant for higher
doses. In the meantime, the MgO thickness continuously
increases with dose up to 10'® jons cm™2 from 0.55 nm to
~0.7 nm. Assuming the substitution of only Fe ions for Mg
(the atomic radius of Fe atoms does not permit them to stay
in interstitial position in the MgO lattice) we calculate the
percentage of Fe that may be responsible of the MgO density
increase and we get 47% of Fe in substitution for Mg in the
barrier.

The changes in Fe/MgO/Fe interface roughness as a
function of the dose are displayed in figure 5. This indicates
a continuous increase of both Fe/MgO and MgO/Fe interface
roughness. In the MTJ irradiated at the highest dose

0.5 ———,
A+ MgO / top-Fe interface

044 —O— bottom-Fe / MgO interface i
E
£
i3
8
£ 0.3 I
2
<] WANE
2 S
g 0.2 R i
b= — 1 .
5 I
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1E13 1E14 1E15 1E16
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Figure 5. Changes in the MgO/top Fe and bottom Fe/MgO interface
roughness as a function of the ion dose (the points on the left axis
represent the interfaces roughness of the as-deposited sample).

(3 x 10'° ions cm™?), the top Fe/MgO roughness abruptly
increase to 0.4 nm while the barrier thickness drops to 0.45 nm
(figure 4). The accurate XRR simulation of such very
rough stacking in which the interface roughness becomes as
large as the thickness becomes very difficult. Therefore the
results obtained at such a high dose have to be analyzed
carefully. However, in agreement with IPROS simulations,
when increasing the dose, these XRR measurements indicate
a mixing of the top Fe layer with the Pd one with a Pd content
as high as 40%. Meanwhile the bottom Fe layer, whose density
slightly increases with the dose, is only weakly doped by
additional ions (Mg, Fe and/or Pd). At the same time, the
Fe/MgO and MgO/Fe interface roughness increases together
with the MgO layer density, indicating a doping by Fe (and
probably Pd) of the barrier up to 47%.

4.2. Transmission electron microscopy

Figure 6(a) shows a low magnification TEM bright-field image
of the as-deposited Au/Pd/Fe(7 nm)/MgO (0.6 nm)/Fe (21 nm)
I MgO(001) stacking and a HRTEM micrograph of the
Fe/MgO/Fe three-layer is reported in figure 6(b) (with a
zoom inset). As already observed in a similar sample [22],
the insulating barrier appears to be continuous over a long
distance, the epitaxial growth of the whole stacking is
confirmed with smooth Fe/MgO and MgO/Fe(001) interfaces.
As expected, the MgO barrier is about 0.6 nm thick,
corresponding to the stacking of three (002) atomic planes. The
quantitative measurement of the (002) interreticular distance
in the MgO barrier gives doo, = 0.225 nm (£0.005 nm)
which is slightly larger than the bulk value (0.21 nm). This
is in agreement with the expected value for the MgO structure
epitaxially strained on Fe(001).

Figures 7(a) and (b) display similar HRTEM micrographs
obtained for the MTJs irradiated at doses of 5 x 10'% ion cm >
and 3 x 10'° ions cm™2, respectively. In both HRTEM
micrographs, the Pd/Fe interface appears to be much more
blurred due to a mixing between both layers in agreement with
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Figure 6. (a) Low magnification TEM image of the as-deposited
Au/Pd/Fe/MgO/Fe/MgO(001) MTJ. (b) HREM images of the same
stacking. The inset shows a zoom of the Fe/MgO/Fe barrier.

XRR results and IPROS simulations. The MgO barrier is also
less perfect, though it remains almost continuous without any
evidence of pinholes. Quantitative measurement of the mean
MgO lattice parameter does not give evidence of a significant
change of the dy; interreticular distance compared to what was
measured in the as-deposited MTJ. Therefore, we do not expect
any relaxation of the strained MgO barrier induced by the ion
irradiation.

5. Magnetic measurements

5.1. Holography

Holography results obtained on the as-deposited sample are
reported in figures 8(a)-(e). Figure 8(a) is an electron
hologram obtained on the whole sample. Figure 8(b) shows the
same hologram zoomed in the region of interest. Figures 8(c)
and (d) are the phase images corresponding, respectively, to the
electrostatic and to the magnetic contributions to the phase shift
of the electron beam. They have been calculated after reversing
the magnetization as described in the experimental section (see
section 2.4). The phase shifts in the electrostatic contribution in
figure 8(c) correspond to thickness (¢) variations and change in
the nature of the layers (V;) (equation (3)). Assuming a mean

SSnm

Figure 7. HRTEM micrographs obtained on the MTJ irradiated at
doses of (a) 5 x 10" jon cm™2 and (b) 3 x 10'° jons cm™>.

inner potential of 17 V for Fe [15], we measure the sample
thickness along the beam direction as 30 nm at the center of the
image in the area where the top Fe layer stands and 37 nm at the
location of the bottom Fe layer. The contrast in the magnetic
phase image in figure 8(d) is changing from white to black
(red to green in the colored image) in areas where the two Fe
layers lie. Note that this intensity is vanishing toward the left
part of the phase image where the TEM sample is thinnest in
agreement with equation (2). The derivative of equation (2)
gives the measurement of the y component of the magnetic
induction, i.e. perpendicular to x and z (equation (4)):

h . dd)Mag ()C)

By (x) = P 4

“)

A quantitative measurement of the remanent magnetiza-
tion can then be obtained in the two Fe layers from equation (4)
using the thickness value deduced from the MIP phase shift
(equation (3)). The corresponding image is reported in fig-
ure 8(e). In this two opposite contrasts clearly show up on the
two Fe layers, indicating that the magnetization in the two Fe
layers is anti-parallel while no flux is measured out of these
layers. A profile of the magnetic induction along the x di-
rection has been extracted and plotted in figure 9. It clearly
shows an inversion in the sign of the magnetic induction in
the two Fe layers. This indicates an anti-parallel configuration
of the magnetization in the two Fe layers. The magnetization
goes to zero where the MgO barrier sets. The mean values for
the magnetic remanence in the top and bottom Fe layers were
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Figure 8. (a) Hologram obtained on the as-deposited MTJs. (b)
Zoom of the hologram in the region of interest. (c) Phase image of
the electrostatic contribution to the phase shift. (d) Phase image of
the magnetic contribution to the phase shift. (¢) y component of the
local magnetic induction (see text). The antiferromagnetic
configuration of the Fe layers separated by the MgO barrier is clearly
seen from the color representation (in the electronic version of the
journal).
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Figure 9. Profile of the magnetic induction across the MTJ
integrated along the y direction.

about —4 and 7 kOe, respectively. We assume that the sam-
ple prepared for the TEM studies consists of a magnetically
active layer whose remanent magnetization is the bulk one
(Mg = 21.6 kOe) surrounded by two amorphous non-magnetic
layers. Thus, we may calculate respectively the thicknesses of
the magnetic and non-magnetic layers crossed by the electron
beam. We found a ferromagnetic layer of 16 nm inserted be-
tween two non-magnetic layers of 10 nm.

Figure 10. Magnetic induction obtained on the MTJ irradiated at a
dose of 3 x 10'° jons cm™,
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Figure 11. Profile of the magnetic induction across the MTJ
irradiated at a dose of 3 x 10'® jons cm™2.

Similar holography experiments were performed on the
MTIJs irradiated at 5 x 10" and 3 x 10'® jons cm 2. We show
in figure 10 the image of the remanent magnetization obtained
by EH on the MT]J irradiated at the highest dose. In this image
the two Fe layers are no longer separated. From the colored
representation of figure 10 one can directly observe the parallel
magnetization configuration of the Fe layers separated by the
MgO thin barrier. This configuration depicts a ferromagnetic
coupling. The magnetic induction profile plotted along the
growth direction (x) in figure 11 reinforced the occurrence of
F coupling as both Fe magnetizations are of the same sign.

In the Fe/MgO/Fe samples irradiated at doses of 5 X
10" ions cm ™2 we evidenced areas where the Fe layers are AF
coupled and other parts of the sample where the configuration
of the magnetization is F. Unfortunately we did not succeed
experimentally in observing single regions where the IEC
switches from AF to F.

We summarize below the EH and structural (TEM and
XRR) results obtained on irradiated MT]Js:

e The interface roughness (XRR results) is increasing
monotonically with the dose.

e In the regime where the holography demonstrates F
coupling (dose > 5 x 10" ions cm~2), the HRTEM
experiments do not demonstrate the presence of pinholes
in the MgO barrier (Fe pillars across the MgO layer).

e For such doses, the reflectometry experiments indicate an
increase of the density of the barrier related to a large
amount of intermixed Fe in the MgO layer.
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Figure 12. Hysteresis loop of the as-deposited
Fe(30 nm)/MgO(0.6 nm)/Fe(10 nm) MTJ with a sketch of the six
magnetic configurations ([1]-[6]) of the two Fe layers.
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5.2. Vibrating sample magnetometry

Let us first consider the magnetic properties of the as-deposited
stack. A typical magnetization curve is presented in figure 12.
The field is applied along one of the easy axes of Fe which
presents a fourfold anisotropy. At the saturation (state [1]),
the Fe layers have their magnetization parallel to the applied
field. Reducing the field, the AF coupling tends to stabilize
the anti-parallel (AP) configuration. Therefore, during its
reversal (state [2]), the magnetization of the thinner layer flips
to 90° with respect to the field, being temporarily trapped
by the second easy-axis of Fe. In the state [3] the Fe
layers are stabilized in the AP configuration, with the net
magnetic moment aligned along the positive field. Reversing
the applied field in the opposite direction, the net moment
switches along the field direction (state [4]) stabilizing again
an AP configuration. Increasing the field further, the Fe layers
will saturate (state [6]), passing again through the intermediate
90° configuration (state [5]). The AP state of the magnetization
in the remanent state has been clearly confirmed by the
holography measurements, as shown in the previous section
(see figures 8(e) and 9).

The impact of the irradiation on the magnetic behavior
is illustrated in figure 13. A qualitative analysis points out
immediately the change in the shape of the magnetization loop
as the ion irradiation dose increases. For doses from 10'
to 10" jons cm™2, the six magnetic states (configurations)
measured in a non-irradiated sample remain. However, the
values of the saturation field (Hs), the plateau field (Hp) and
the 90° field window (A Hyo-) (states [2] and [5]) are strongly
influenced by the irradiation, as can be seen in figure 13. For
higher doses, above 5 x 10" jons cm™2, the AF coupling
in the magnetization loops disappears. The two Fe layers
reverse simultaneously at a coercive field of about 10 Oe. For
the highest doses, the VSM measurements therefore confirm
the parallel configuration of both Fe magnetizations in the
remanent state observed by holography. A more detailed
analysis of the impact of the ion dose on the magnetic
properties is discussed in the next section.
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Figure 13. Magnetization loops of the MTJs irradiated at different
doses.
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Figure 14. Evolution of the saturation field (Hs), the plateau field
(Hp) and the width of the field window for the 90° configuration
(A Hyg-) with the irradiation dose (the points on the left axis
represent the fields values of the as-deposited sample).

6. Discussion

When the irradiation dose increases from 103 up to
10'% jons cm™? the saturation field (Hs) shows a monotonic
increase from 270 to 900 Oe as reported in figure 14.
Simultaneously, the width of the 90° plateau (Hp), i.e. states
[2] and [5] in figure 12, increases from 35 to 500 Oe when the
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dose increases to 10'° ions cm ™2, then decreases. The increase
in the plateau field Hp can be explained by an enhancement of
the AF bilinear coupling strength J combined with a reduction
of the magnetic thickness of the top Fe layer. Following the
simple model of coupling by spin tunneling, described by
Slonczewski [2], an increase in J could be easily related to
a local decrease of the barrier thickness or to a reduction of
the wavevector within the barrier. The irradiation affects the
structure of the MgO insulator and therefore both events are
realistic. Moreover, the reduction of the thickness of the top
Fe layer may be explained from the intermixing of the Fe layer
with the Pd capping one. These changes are both induced by
the ion irradiation as demonstrated by the XRR measurements.
The decrease of Hp at doses higher than 10'5 ions cm™? is
directly related to the increase of the width of the field window
(A Hyg-) corresponding to the intermediate 90° state. It reflects
the stability of the 90° configuration (states [2] and [5]) with
respect to the 180° one (states [3] and [4]). Moreover, the
increase of Hg is correlated with the increase of A Hgge.

As discussed in the introduction, we associate the AF
coupling in our samples with the resonant propagation of the
interfacial minority spin resonance state of Fe(001) [8]. As
reported in [7], the increase in roughness quenches the IRS. We
can then extrapolate and argue that the ion irradiation induced
roughness of the Fe/MgO interfaces leads to the vanishing
of the AF coupling measured in our samples. XRR results
indicate that increasing the dose will enhance the interface
roughness and the density of the barrier. TEM analyses do
not show clear ferromagnetic Fe bridges, but even if the barrier
remains continuous a local F coupling is observed from EH
experiments. For intermediate doses (5 x 10%5 jons cm™2) EH
indicates the presence of both F and AF regions. We argue
that in the MTJs irradiated at doses up to 5 x 10" ions cm
the roughness effect is smaller so that the IEC is only locally
destroyed. This superimposition of the F and AF coupling
gives rise to a biquadratic coupling whose intensity therefore
increases with the irradiation dose. This increase of the
biquadratic coupling is reflected by the increase of A Hge
measured in the magnetization loops. It also determines the
augmentation of the saturation field Hs: the Zeeman energy
has to overcome the increase in the coupling energy.

The occurrence of local F coupling for the high ion dose
has been demonstrated by the EH measurements, as previously
discussed (figure 10). The XRR measurements show that the
larger the ion dose, the larger the Fe/MgO interfacial roughness
and the barrier density. This will lead to the final configuration
where we experimentally measure a net F coupling in samples
where the irradiation dose is higher than 5 x 10" ion cm?. In
these samples one can assume that the nature of the insulating
MgO barrier has been sufficiently modified by intermixing
with the two Fe layers to allow direct F coupling between the
top and bottom magnetic layers.

Let us now inspect the role of the irradiation on the
fourfold anisotropy of the Fe layers. XRR experiments
evidence an ion induced intermixing effect at the Pd/Fe
interface. This will obviously change the interfacial anisotropy
contribution which could affect the total anisotropy of the top
Fe layer. However, in the magnetization curves presented in

figures 12 and 13 one can notice that the ion dose does not
affect either the width of the hysteresis loop corresponding
to the magnetization reversal from the saturation to the 90°
state or the coercive field of the net moment switch in a
negative field. This suggests that the effect of irradiation on
the anisotropy can be neglected with respect to the effect on
the bilinear and biquadratic coupling.

7. Conclusion

In conclusion, both the macroscopic magnetometry (VSM)
and the nanoscopic holographic measurements demonstrate the
antiferromagnetic state of the Fe (30 nm)/MgO (0.6 nm)/Fe
(10 nm) in zero magnetic field. The amplitude and the type
of coupling can be affected by ion irradiation of samples.
In non-irradiated samples the coupling is antiferromagnetic
with a dominant bilinear term. A gradual increase of the
bilinear and biquadratic coupling has been measured when
the ion dose increases, with a significant increase of the
biquadratic term for larger doses. The biquadratic coupling is
explained here by the superposition between antiferromagnetic
and ferromagnetic contributions. Finally, for the larger doses
used in our experiments, the net coupling becomes purely
ferromagnetic, corresponding to a strong structural intermixing
of the MgO barrier with the adjacent Fe layers.

A complete description of the irradiation induced effects
on the interlayer exchange coupling by spin polarized
tunneling in a Fe/MgO/Fe MTJ remains difficult. The first
effect is related to the influence of roughness on the interfacial
resonant state of the Fe. This affects the amplitude and the sign
of the coupling. Following the resonant transport models [5],
the quenching of the resonant tunneling mechanism can induce
a change of sign (from AF to F) for the coupling mediated
by spin tunneling without any need for direct ferromagnetic
bridges across the barrier. On the other hand, from the pure
tunneling model of Slonczewski [2], a sign reversal of the
IEC coupling may be related to the relative amplitude of the
wavevector within the barrier and spin dependent wavevector
in the ferromagnetic electrodes. Any modification of the
barrier properties (i.e. the effect of irradiation) affects the
attenuation vector and therefore the amplitude and even the
sign of the IEC. The third roughness induced irradiation effect
is the direct ferromagnetic coupling across local ferromagnetic
bridges created only for large ion doses when we can assume
that the insulating barrier is locally ‘destroyed’. We mention
this last point here, because even if no clear evidence of
metallic Fe bridges (i.e. pinholes in the MgO barrier) has
been found in our samples one can still wonder about the F
coupling mechanism across the ‘bridges’, mostly constituted
by MgO intermixed with Fe atoms. Transport measurements
on irradiated MTJs should bring additional information on that
point. The last complication arises from the complex transport
mechanisms in single crystal Fe/MgO/Fe stacks which should
lead to a theoretical background for the IEC coupling beyond
the free electron simple models. From a theoretical point of
view, this last aspect is still not yet accomplished.
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