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The influence of magnetic layer thickness on the interlayer coupling through a tunnel barrier is investigated
in Co/MgO/Co structures with perpendicular anisotropy. Despite the rather large MgO thickness, a clear
antiferromagnetic coupling is observed. It oscillates with increasing magnetic layer thickness, in agreement
with theories on indirect coupling through insulating spacers. Although the average interlayer coupling strength
decreases with increasing annealing temperature, constant period and amplitude of these oscillations are ob-
served for all annealing temperatures.
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The discoveries of antiferromagnetic �AF� exchange cou-
pling between Fe layers through a Cr spacer1 and of giant
magnetoresistance in magnetic multilayered structures2

opened the way to important technological developments in
the field of spintronics.3–5 These discoveries triggered nu-
merous experimental and theoretical investigations.6 In par-
ticular, the oscillatory character of exchange coupling as a
function of the spacer and ferromagnetic �FM� layer thick-
nesses in metallic sandwiched structures was observed.7–9

Recently, magnetic tunnel junctions �MTJs� with MgO as
an insulating spacer has become an object of a high interest
for the spintronics community due to prediction10,11 and
observation12,13 of extremely high tunnel magnetoresistance
�TMR� ratios. In addition, indirect AF coupling across an
insulator has been observed in fully epitaxial Fe/MgO/Fe
MTJs structures,14,15 as well as in Fe /MgO /�-Fe2O3
�Ref. 16� and Fe3O4 /MgO /Fe3O4 �Ref. 17� ones. This AF
coupling strongly increases in amplitude as the MgO thick-
ness is reduced down to a critical thickness below which
pinholes formation takes place, leading to direct ferromag-
netic coupling between magnetic electrodes. AF coupling
agrees with existing theories,18,19 and has been ascribed,
through ab initio calculations, to either oxygen vacancies in
the MgO barrier15 or oxidation of the magnetic electrodes.17

On another hand, there is a growing interest in magnetic
tunnel junctions with perpendicular to the FM/spacer inter-
face magnetized electrodes �p-MTJs� originating from per-
pendicular magnetic anisotropy �PMA�. These structures are
known for their larger thermal stability and greater efficiency
for spin transfer torque switching.20 However, there exist
very few basic studies on the indirect coupling in these struc-
tures. Using an insulating NiO spacer separating two �Co/Pt�
multilayers, Liu and Adenwalla21 observed an increasing in-
direct coupling as a function of measurement temperature, as
predicted by Bruno.19 At the same time, they observed, con-
trary to the above-mentioned theories, an oscillatory varia-
tion in the coupling with spacer thickness, which they tenta-
tively attributed to the antiferromagnetic nature of the
insulating NiO spacer.

In MgO-based magnetic tunnel junctions with perpen-
dicular magnetic anisotropy prepared by a sputtering tech-
nique, we recently evidenced the existence of AF coupling
between magnetic electrodes, and studied its variation with

barrier thickness, as well as with annealing �TA� and mea-
surement temperatures.22,23 AF coupling strength increases
with increasing measurement temperature, in agreement with
Bruno’s theory.19 It also appears to be strongly dependent on
the perpendicular magnetic anisotropy of the structures stud-
ied, being larger for smaller PMA values. It has been recently
predicted that roughness induced dipolar coupling �Néel
coupling24� in perpendicularly magnetized structures could
turn from ferromagnetic to antiferromagnetic when increas-
ing PMA.25 However, coupling strength should in this case
increase with decreasing measurement temperature or in-
creasing PMA �increasing TA�, contrary to our observations.

We present here a systematic study of AF coupling depen-
dence on the magnetic electrode thickness in MgO-based
p-MTJs. In the investigated samples, PMA is mainly of an
interfacial origin so that its amplitude per unit volume de-
creases monotonically with increasing magnetic layer thick-
ness. At the same time, AF coupling shows an oscillatory
behavior with a period of about 0.8 nm for FM layer thick-
nesses up to 3 nm. Moreover, these oscillations persist with
essentially the same amplitude and period for annealing tem-
peratures up to 350 °C while the average AF coupling en-
ergy tends to decrease with increasing TA.

Samples were prepared by dc sputtering onto thermally
oxidized �500 nm SiO2� Si �100� oriented substrates at am-
bient temperature, with typical deposition rates of about
0.05 nm/s. Multilayer structures consists of
Si /SiO2 �Ta3 /Pt20 /Co1.2 /MgO1.3 /Cot /Pt3 with indices repre-
senting thickness �in nanometer�. For the top Co electrode, t
varies from 1.0 to 3.2 nm. More than 20 different samples
were prepared in a random order over a 1 year interval. The
MgO barrier is obtained through two successive deposition/
oxidation steps of a metallic Mg layer 0.7 nm thick, oxida-
tion being carried out for 10 min under 900 mbar oxygen
pressure. The actual barrier thickness �1.3 nm� is estimated
to account for a 20% isotropic volume decrease in the atomic
cell upon oxidation. Samples were annealed in vacuum for
30 min from 250 up to 350 °C.

The choice of Co as FM electrodes and natural oxidation
of the Mg layers leads to an optimized perpendicular mag-
netic anisotropy23 and allows maximizing both FM layer
thickness and annealing temperature ranges in which both
electrodes are magnetized out of plane. The 1.2-nm-thick
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bottom Co layer grows on a 20-nm-thick Pt buffer. As a
consequence, its magnetization is always out of plane and its
anisotropy is larger than the one of the top Co layer for
all annealing temperatures and top Co thickness ranges
investigated.

On another hand, the lack of epitaxial relationship be-
tween pure Co layers �hexagonal �0001� or face-centered-
cubic �111� planes� and MgO barrier ��100� oriented rock-
salt structure� is not expected to lead to a high TMR
amplitude. Indeed, a TMR ratio of only 10% is measured on
Co1.2 /MgO /Co1.2 structures after annealing at 350 °C.

In order to probe the out-of-plane component Mz of the
magnetization, magnetic hysteresis loops were recorded on
unpatterned samples by extraordinary Hall effect at room
temperature in a classical Van der Pauw geometry. The mag-
netic field was applied perpendicular to the layer plane and
calibrated using a Hall sensor. Zero value of the magnetic
field was further checked by measuring the magnetoresistive
response of a 50-nm-thick Ni80Fe20 �Permalloy� film. The
sign and amplitude of the magnetic coupling between both
magnetic electrodes were determined from minor hysteresis
loops �with the magnetization of the softest top layer reversal
only�. All minor loops were recorded with the same fre-
quency �0.2 Hz� and field step �5 Oe�. Negative values of the
interlayer coupling field �energy� correspond to a preferred
antiparallel alignment of the magnetization directions on
both sides of the MgO barrier. Vibrating sample magnetom-
etry �VSM� and superconducting quantum interference de-
vice �SQUID� measurements were carried out to extract ab-
solute values of the magnetizations of both top and bottom
Co layers.

Figure 1 shows the Hall hysteresis loops of
Co1.2 /MgO1.3 /Cot �nanometer� structures after annealing at
320 °C. Both major and minor hysteresis loops are shown in
Fig. 1�a� for a top Co thickness of 1.2 nm. Coming from
negative saturation, the transition of both soft �at 260 Oe�
and hard �at 2400 Oe� layers are of equal amplitudes. This
implies equal Hall coefficients for Pt/Co/MgO and
MgO/Co/Pt stacks. In addition, the minor loop is shifted by
−60 Oe �see Fig. 1�c��, indicating preferred antiferromag-
netic coupling between magnetic electrodes. It must be noted
that in previous studies of fully epitaxial structures with in-
plane magnetizations,14–17 the coupling always turned to be
ferromagnetic for MgO thicknesses larger than 0.8–0.9 nm.
In our case, AF coupling, although small, is observed
through a much thicker 1.3 nm MgO layer.

Figures 1�b�–1�e� display minor hysteresis loops recorded
for increasing top Co thickness. One can clearly observe an
oscillation of the coupling field amplitude with increasing
top Co layer thickness while its sign remains negative what-
ever Co thickness, indicating preferred antiferromagnetic
coupling. The squareness of the minor loops �nucleation
field/saturation field ratio� progressively decreases with in-
creasing top Co thickness above 2.0 nm, as a consequence of
the decreasing perpendicular anisotropy.

A more quantitative insight is given in Fig. 2, which
shows the variation in the coupling field as a function of top
Co thickness for increasing TA. As a consequence of the
strong PMA increase with increasing TA,23 the critical top Co
thickness �transition from out-of-plane to in-plane configura-

tion� increases from 1.4 nm for TA=250 °C to more than 3.0
nm for TA=350 °C. Interlayer coupling is essentially antifer-
romagnetic for all ranges of top Co layer thickness and an-
nealing temperatures investigated. The most striking feature
is that coupling keeps oscillating as a function of the top
magnetic layer thickness up to at least 3 nm. Although the
average coupling field strength progressively decreases with
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FIG. 1. �Color online� Hall hysteresis loops for
Co1.2 /MgO1.3 /Cot structures after annealing at 320 °C. Magnetic
field is applied perpendicular to the sample plane. Curve �a� shows
both major and minor loops for t=1.2 nm. Curves �b�–�e� show
minor loops for increasing top Co thickness. The vertical bar mate-
rializes the field shift of the minor loop.

FIG. 2. �Color online� Variation in the indirect coupling field
with top Co thickness for different annealing temperatures. Uncer-
tainty on coupling field is taken equal to the field step �5 Oe� used
in Hall measurements for minor hysteresis loops and is only repre-
sented for TA=350 °C.
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increasing TA, period and amplitude of the oscillation are
mostly independent of annealing.

The coupling energy is determined from the coupling field
Hcpl using the relation,

J = Hcpl�MsTtMsBtB�/�MsTt + MsBtB� , �1�

where t and tB �1.2 nm� represent thicknesses of the top and
bottom magnetic electrodes, respectively, and MsT and MsB
are their saturation magnetizations.

Hall measurements cannot be used to extract absolute val-
ues of the magnetizations since Hall resistance depends on
both magnetization and Hall coefficient of the magnetic lay-
ers, the latter increasing substantially with annealing
treatments.26 In order to extract values of magnetizations of
both bottom and top electrodes, we carried out direct mag-
netic VSM and SQUID measurements. Our analysis relies
upon the hypothesis that low-temperature saturation magne-
tization, for Co electrodes thicker than 1.0 nm, equals that of
bulk cobalt, that is, 1430 emu /cm3. We first carried out low-
temperature SQUID measurements on a Co1.2 /MgO /Co1.2
structure and observe a 16% reduction in magnetization with
temperature increasing from 5 to 300 K. We thus deduce a
saturation magnetization for the 1.2-nm-thick magnetic elec-
trodes of 1200 emu /cm3 at room temperature and this value
is used to calibrate our VSM measurements. The correspond-
ing magnetization, determined from VSM measurements on
the whole series of samples after annealing at 350 °C, mul-
tiplied by the top magnetic thickness, is shown in Fig. 3�a� as
a function of the top Co layer thickness. The expected linear
variation with a slope of 1200 emu /cm3 and zero intercept
is superimposed to the data points. The good agreement with
experimental data �6% scatter� shows that saturation magne-
tization is independent of Co thickness between 1 and 3 nm.
The quite small scatter of MsT values, which mainly comes
from experimental resolution and accuracy in the determina-
tion of sample surface, implies a rather good stability of our
sputtering unit.

The same procedure is used for the bottom Co
electrode and the results �saturation magnetization

multiplied by 1.2 nm� are shown in Fig. 3�b�. They reason-
ably agree with the horizontal line corresponding to
1440�1200�1.2�10−7 emu /cm2. The larger scatter �20%�
observed in Fig. 3�b� compared with Fig. 3�a� is related to
both larger applied field and larger field interval required to
switch the magnetically harder bottom layer, making the de-
termination of its amplitude more difficult.

Based on these results, we will now assume that satura-
tion magnetization values obtained from Fig. 3
�1200 emu /cm3� can be used for all annealing temperatures
for the determination of coupling energies according to Eq.
�1�. Figure 4 gives the corresponding variation in coupling
energy as a function of top Co thickness. In order to make
easier the analysis of the coupling oscillations on the whole
range of annealing temperatures, all curves are superimposed
to oscillate around zero energy, the vertical energy offset
Jof fset�TA� �included as a fitting parameter to Eq. �2� shown
below� being given in the inset.

Figure 4 demonstrates that curves for different annealing
temperatures coincide, highlighting the constant oscillation
amplitude and period for all TA used. Jof fset�TA� progres-
sively decreases with increasing annealing temperature. Such
a decrease in coupling strength has been observed in all
MgO-based perpendicular junctions we studied up to now. It
could be due to a progressive deoxidation of the bottom
magnetic electrode with increasing annealing temperature.
This mechanism seems to be in agreement with ab initio
calculations,17 which relate deoxidation of the magnetic elec-
trodes to a decreasing AF coupling strength. This also con-
firms our previous experimental results concerning perpen-
dicular anisotropy in Pt /Co /AlOx trilayers26 in which the
increase in the anisotropy with annealing for long oxidation
times was also explained by a deoxidation of the magnetic
layer followed by the formation of magnetic metal-oxygen
bonds at the interface with the insulating barrier.

This oscillatory variation in coupling as a function of
magnetic layer thickness, predicted by theory,19 has been
confirmed only in the case of a metallic spacer with in-plane
magnetized electrodes.9 The rather large oscillation ampli-

FIG. 3. �Color online� Variations as a function of top Co thick-
ness, after annealing at 350 °C, of the magnetic moments of �a� top
and �b� bottom electrodes. The blue line has a slope of
1200 emu /cm3 and zero intercept, whereas the horizontal red line
corresponds to 1200�1.2�10−7 emu /cm2.

FIG. 4. �Color online� Variation in the coupling energy as a
function of top Co thickness, calculated from data of Figs. 2 and 3
according to Eq. �1�. Coupling energies, after allowing for a vertical
offset Jof fset�TA� given in the inset, are fitted to Eq. �2� �dotted black
line�.
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tude we observe here is certainly related to the presence of
the insulating MgO barrier. This effect has been recently evi-
denced in MgO-capped Fe/Cr/Fe structures.27

According to Bruno’s theory,19 the oscillatory variation in
the coupling as a function of magnetic layer thickness origi-
nates from Fabry-Perot-type interferences of the electron
Bloch wave multiple reflections in FM layers. We apply this
model to present studies and fit the corresponding J data to
the following expression valid in the approximation of large
layer thicknesses:

J = A/C2 sin�2�t/� + �� �2�

with C=1+ �kFt� / �kF
↓D�, and where A is a constant and t and

D �1.3 nm� represent the thickness of the top magnetic elec-
trode and barrier, respectively. � and � indicate the oscilla-
tion period and phase while kF

↓ =� /� is the Fermi wave vec-
tor of the spin-down electrons in the ferromagnetic layer and
kF the imaginary part of the Fermi wave vector in the insu-
lating spacer.

We should note here that despite the limitations of
Bruno’s model to the case of a transparent barrier, Eq. �2�
gives a reasonable agreement with experiment for both pe-
riod and damping of the oscillations �with �=0.85 nm,
�=0.6�, and kF=5 nm−1�. The maximum at about 1.7 nm is
clearly broader than the other ones, suggesting the possibility
of additional contributions with a different period.9 However,

the Co thickness range investigated in this study �which is
limited by perpendicular anisotropy properties� does not al-
low us to try fitting our experimental data to more than one
oscillation period.

The obtained kF value of 5 nm−1 represents intermediate
barrier quality between ideal epitaxial MgO and amorphous
Al2O3 cases. The oscillation period of 0.85 nm corresponds
to 4.2 monolayers �MLs� for �111� fcc and �0001� hcp Co or
4.9 ML for �001� fcc Co. However, this value for �001� fcc
Co is different from that reported so far �3.5 ML� for �001�
Co/Cu/Co structures.9 This suggests that Co structure in our
samples is closer to the case of �111� fcc crystal structure.
This period leads to a wave vector kF

↓ of about 4 nm−1 which
in this case should be the one for �111� fcc Co. Theoretical
studies on the exchange coupling behavior in p-MTJs are in
progress and will help to clarify this assumption.28

In conclusion, we have provided the evidence of AF in-
terlayer exchange coupling oscillations as a function of Co
layer thickness in MgO-based perpendicular MTJ structures
prepared by dc sputtering. The AF coupling energy oscilla-
tions as a function of magnetic layer thickness are in agree-
ment with theoretical predictions and compare well with
similar experimental observations in the case of metallic
spacers. Although average coupling strength progressively
decreases with increasing annealing temperature, amplitude
and period of the oscillations are found to be essentially in-
dependent of annealing temperature.
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