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Polarized neutron reflectometry has been combined with vector magnetization measurements to analyze the
reversal process of antiferromagnetically coupled Fe layers through an insulating MgO spacer. We show that
the use of a simple micromagnetic model applied in a field range where the reversal process is reversible
allows us to determine separately the magnetic characteristics of the layers such as the anisotropy, bilinear, and
biquadratic coupling constants. Using this analysis technique, we can prove that in a Fe�001�/MgO/Fe trilayer
with thicknesses 35 nm/0.6 nm/6 nm, the 90° configuration of the Fe layers occurring during the reversal
mechanism is only related to the fourfold Fe anisotropy present in both layers without any biquadratic
coupling.

DOI: 10.1103/PhysRevB.78.134429 PACS number�s�: 75.70.�i, 75.25.�z, 75.50.Bb, 75.60.�d

I. INTRODUCTION

Since the discovery of magnetic coupling between thin
layers through a metallic spacer in the Fe/Cr system,1,2 many
studies have been devoted to magnetic coupling in nano-
structures. Among the different types of coupling �dipolar or
Ruderman-Kittel-Kasuya-Yoshida �RKKY� interaction�, the
coupling mediated by a tunneling mechanism through an in-
sulating layer3,4 is the most recent and still puzzling. Because
of the very low thickness of the insulating layer �three or
four monolayers�, the superposition of a quantum tunneling
effect with a biquadratic coupling induced by roughness or
pinholes cannot be easily ruled out. The difficulty of a clear
analysis arises also from the specific magnetic properties of
thin magnetic layers �anisotropy and magnetization� which
may differ from the bulk ones. Moreover, using only a mi-
cromagnetic analysis of coupled thin layers with magnetom-
etry data, the magnetic parameters and the coupling terms are
always mixed together, which makes it virtually impossible
to determine unambiguously the individual parameters such
as anisotropy and coupling terms. However, we show here
that by combining polarized neutron reflectometry �PNR�
and vector magnetization results, all the energy terms �aniso-
tropy and coupling� can be independently determined.

The epitaxial MgO�001�/Fe/MgO/Fe system is found to
exhibit an antiferromagnetic coupling for MgO thicknesses

between 0.5 and 1 nm.3,5 Moreover, the hysteresis loop mea-
sured with an applied field along the easy axis �EA� presents
a step in a field range between the saturated and the antifer-
romagnetic states, where the magnetization of the Fe layers
forms a right angle.6,7 The field range of this state can be
tuned by structural modifications induced by light ion
irradiation.6 However, the question remains open about the
clear origin of this 90° configuration: is it due to a biqua-
dratic coupling or to the fourfold magnetocrystalline aniso-
tropy? In order to answer this question, we focus in the
present paper on the micromagnetic behavior of the layers
without any assumption concerning the origin of the ex-
change coupling between the two Fe layers.8 The magnetiza-
tion process of a coupled trilayer has been investigated by
PNR and vibrating sample magnetometry �VSM� with vector
magnetization measurements.

PNR is known to be a powerful tool in investigating the
magnetic configuration of coupled multilayers. It has been
used to study the oscillatory exchange coupling in Fe/Cr,9

Co/Cu,10 or Fe/Nb11 and the spin-flop transition in Fe/Cr
multilayers.12 PNR can easily prove the antiferromagnetic
alignment of magnetic layers separated by nonmagnetic lay-
ers because the antiferromagnetic alignment gives rise to an
extra peak in the neutron reflectivity curve. Even more com-
plicated structures such as a noncollinear 50° coupling13 or
helical magnetic structures14 can be determined by PNR.
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In the PNR experiments presented here we determined the
structural parameters from PNR measurements performed
with a field applied along the easy axis in the saturated state.
These parameters were then used to simulate the intensities
measured with an applied field along the hard axis where the
magnetic configuration is not obvious. For an applied field
larger than 250 Oe, the reflected intensities can be simulated
within the assumption of single domain layers. The neutron
experiment then provides the field range where the reversal
occurs with coherent rotation and the angles �1 and �2 of the
resulting moment of the two layers with respect to the ap-
plied field. On the other hand, the vector magnetization mea-
surement provides the components Mx and My that are par-
allel and perpendicular to the field. In case of a coherent
rotation of the layers, these components are the sum of the
projections of the total moment of each layer and can be
easily expressed as a function of �1 and �2. The analytical
solution of these equations provides two sets of ��1, �2� val-
ues. Thanks to PNR results, the right ��1, �2� solution can be
easily chosen. The PNR experiment allows one then to take
full advantage of the vector magnetization measurements,
which supply the ��1, �2� angles in the complete field range
where the rotation is coherent.

Moreover, we assume that the total-energy functional of
the bilayer can be written in the frame of an analytical
Stoner-Wolfarth-type model. The ��1, �2� solution corre-
sponds then to an equilibrium state which must minimize the
total energy. From this condition, the characteristics of the
layers such as the fourfold and uniaxial anisotropy constants
are determined. The thin layer, deposited on the MgO barrier,
is found to obey the same fourfold anisotropy as the thick
one, which is close to the bulk iron value. Moreover, this
analysis allows one to evaluate the bilinear and the biqua-
dratic couplings independently from the anisotropy terms.
Hence, we succeeded in demonstrating that in the investi-
gated sample, the biquadratic coupling is negligible and that
the origin of the 90° configuration is only related to the four-
fold anisotropy of Fe.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

The MgO�100�/Fe 35 nm/MgO 0.6 nm/Fe 6 nm/V 70 nm
stack has been grown by molecular beam epitaxy. The
MgO�001� substrate has been annealed at 500 °C for 15
min. The first Fe layer has been deposited at room tempera-
ture using a Knudsen cell at 0.7 nm/min with a chamber
pressure of 1�10−9 Torr. After deposition, this layer has
been annealed at 450 °C for 15 min to smooth its surface up
to an atomically flat level. The MgO insulating barrier has
been grown using an electron gun after cooling the substrate
at 90 °C. Its thickness has been measured with a quartz os-
cillating sensor after previous calibration using reflection
high-energy electron-diffraction �RHEED� intensity.15 On
top of the MgO, a second Fe layer is deposited at 90 °C.
Finally a V cap layer is evaporated by an electron gun. The
exact Fe and V thicknesses are measured by PNR. The mor-
phology of the MgO layer has been investigated with similar
samples by high-resolution transmission electron

microscopy.6,15 The insulating layer appears to be continuous
over at least 0.3 �m with smooth interfaces. Moreover, no
misfit dislocations within the MgO have been observed for
MgO thicknesses lower or equal to 0.8 nm. The MgO layer is
strained by the Fe structure with an interplane distance
slightly larger than the bulk value.6

Magnetization measurements with vector analysis have
been performed with a commercial vibrating sample magne-
tometer �LakeShore�. PNR experiments with polarization
analysis have been performed on the V6 reflectometer at the
Hahn Meitner Institut in Berlin16 and on the ADAM �Ad-
vanced Diffractometer for the Analysis of Materials� reflec-
tometer at the Institute Laue Langevin in Grenoble.17 All
experiments presented in this paper have been performed at
room temperature on the same sample with a 20�20 mm2

surface area for the neutron measurements. For the VSM
�performed afterward�, it has been reduced to its central part
with a 10�10 mm2 area.

III. RESULTS

A. Magnetization measurements

The magnetization loops, measured along both �100� and
�010� easy axes, in the sample plane are presented in Fig. 1.
The main loop plotted for the �100� direction shows a three-
step reversal process characteristic of an antiferromagneti-
cally coupled system: two steps located around �300 Oe
corresponding to the reversal of the thin layer from the par-
allel to the antiparallel configuration and a step near zero
field attributed to the reversal of the net moment of the an-
tiferromagnetically coupled bilayer.6 The inset �a� focuses on
this last reversal step for the field applied along the �100� and
�010� in-plane directions. The slight difference observed for
the two axes indicates the existence of a uniaxial anisotropy
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FIG. 1. Normalized magnetization loop measured along the Fe
�100� EA1 at room temperature after correction from the diamag-
netic contribution of the substrate �solid squares�. The inset �a� fo-
cuses on the reversal of the antiparallel stack at low fields for both
�100� and �010� in-plane easy axes: EA1 �solid squares� and EA2
�open squares�. The inset �b� focuses on the reversal of the thin
layer for the same directions.
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superposed to the fourfold one. This feature has already been
reported with similar samples and discussed in a previous
work.7 We recall that the deposition geometry is isotropic as
the substrate is rotated during growth. This inequivalency of
the biaxial crystalline anisotropy has also been observed in
Fe/MgO�001� grown by sputtering at normal incidence18 and
has been attributed to surface texture of the MgO substrate.
In the following, the easiest axis will be denoted as EA1. The
inset �b� focuses on the reversal of the thin layer along the
�100� and �010� in-plane directions. No difference is seen for
this layer between both easy directions suggesting that only
the thick layer is subjected to the uniaxial anisotropy. This
inset clearly shows that the reversal of the thin layer occurs
in two steps with a net plateau corresponding to a 90° con-
figuration of the layers.

Figure 2�a� presents the field dependence of the normal-
ized Mx �parallel to the field� and My �perpendicular to the
field� components measured with an applied field along the
hard �110� axis. For more clarity, only the part of the loop
with decreasing field has been plotted. The Mx component

has been corrected from the diamagnetic contribution of the
substrate. No correction has been made for the My compo-
nent. EA1 has been rotated counterclockwise from the ap-
plied field by �= +45°. The positive value of My with de-
creasing field after saturation agrees with an expected
rotation of the magnetization toward the EA1 as sketched in
Fig. 3. We note that My has an asymmetrical shape which
evidences an irreversibility that does not appear in the lon-
gitudinal Mx component.

Assuming a coherent rotation, the angles of the Fe layer
magnetizations ��1 and �2� with respect to the applied field
�Fig. 3� can be deduced from the solution of the following
equations:

�Mx = M1 cos �1 + M2 cos �2

My = M1 sin �1 + M2 sin �2
� �1�

as detailed in the Appendix. Two sets of solutions indeed
fulfill Eq. �1� when the system is solvable. The choice be-
tween both solutions is obvious as only one set of solutions
provides opposite sign for �1 and �2, which is in agreement
with PNR measurements presented below. The results are
presented in Fig. 2�b� where �1 corresponds to the thick layer
and �2 corresponds to the thin one.

To compare the reversal process between H�0 and H
	0, �1+180° and �2−180° have been plotted as a function
of −H in Fig. 4 in addition to �1 and �2 as a function of H.
These plots allow checking the reversibility of magnetization
reversal of the layers. The �1 and �1+180° values corre-
sponding to the thick layer are perfectly superimposed with
decreasing field until H�400 Oe, whereas no hysteresis is
observed for the thin layer until H�500 Oe. This result
shows that the magnetization reversal appears to be revers-
ible in the thick layer in a larger field window than in the thin
one.

B. Polarized neutron reflectivity

Polarized neutron reflectivity with polarization analysis is
a suitable technique complementary to macroscopic vectorial
magnetometry as it provides a selective depth analysis of the
longitudinal and transverse components.19 The non-spin-flip
reflectivities R++ and R−−, where the neutrons keep their spin
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FIG. 2. �a� Hard axis magnetization measurements performed
with the VSM. The normalized in-plane magnetizations parallel to
the field direction �Mx� and perpendicular to it �My� are plotted as a
function of the decreasing field. The Mx component has been cor-
rected from the diamagnetic contribution of the substrate. No cor-
rection has been done for the My component. �b� Solid and dotted
lines are �1 and �2 values deduced from the Mx and My components
as described in text. The full and open squares show the value
estimated from PNR experiments.
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FIG. 3. Sketch of the directions of the magnetic moments M� 1

and M� 2 of the Fe layers with respect to the applied field H� and
magnetocrystalline axis EA1 and EA2.
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state, are a function of the magnetic components parallel to
the applied field, whereas the spin-flip reflectivities R−+ and
R+− depend on the transverse magnetic component. More
detailed information on the theoretical description of PNR
and fitting algorithms can be found elsewhere.20–22

Figure 5 presents the non-spin-flip reflectivities measured
with a field applied along EA1 for the saturated and antifer-
romagnetic states, with a field intensity of 900 and 90 G,
respectively. In both cases, no spin-flip intensity is detected
after polarization efficiency corrections and background sub-
traction, which is in agreement with perfect collinear align-
ment of the magnetizations of the layers with respect to the
applied field. The structural parameters used for the simu-
lated intensities �PNRSIM software� are reported in Table I.23

The bulk parameters were used for V and MgO. The same Fe
density, close to the bulk one, has been used for both layers.
To get a satisfying agreement between simulation and experi-
ment, an additional unknown vanadium oxide VOx layer has
to be introduced; its scattering length density has been tuned
to get the best fit.

Figure 6 presents the non-spin-flip and spin-flip reflectivi-
ties measured with an applied field along the hard axis with
�= +45°. When the field is decreased from saturation, a de-
crease in the gap between R++ and R−− and a global increase

in R+− are observed. Both features are a signature of a de-
crease in the longitudinal component and an increase in the
transverse one. The simulated intensities �solid line� have
been calculated with structural parameters adjusted with easy
axis measurements; only the angles �1 and �2 have been
tuned to get the best fit. These values obtained for four field
intensities above 250 Oe have been reported in Fig. 2. A
good agreement is found with the results deduced from VSM
vector analysis. Therefore, the PNR measurements validate
the analysis of magnetization measurements in terms of co-
herent rotation of the moment of the layers giving precise
information about the sign of the magnetization angles. The
spectra measured for a lower field �240 Oe� cannot be simu-
lated in the assumption of coherent rotation. A formation of
domains in the reversal process has then to be taken into
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TABLE I. Simulation parameters of the PNR spectra. For the vanadium oxide compound, as the chemical
formula is unknown, only the scattering length density has been reported.

Density
�g /cm3�

Nuclear scattering length density
�nm−2�

Thickness
�nm�

Roughness
�nm�

Magnetization
�T�

VOx 4�10−8 3 0.6

V 6.11 −0.276�10−8 67 0.6

Fe 7.6 7.7�10−8 5.8 0.6 2.1

MgO 3.58 5.97�10−8 0.6 0.2

Fe 7.6 7.7�10−8 34.5 0.2 2.1

MgO substrate 3.58 5.97�10−8 0.5
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account. In the low-field range, the magnetic state is gov-
erned by the anisotropy and coupling energy, whereas the
Zeeman energy has a stronger contribution in the high-field
range. Moreover, fluctuations of the MgO thickness can pro-
duce a lateral variation of the coupling which favors the for-
mation of domains. A change of domain structure with ap-
plied field has been observed in antiferromagnetically
coupled layers using off-specular neutron reflectometry.24 We
note that for H= +290 Oe, PNR shows that the reversal is
still coherent, although some irreversibility between H�0
and H	0 appears in the magnetization measurements.

IV. DISCUSSION

In a reversible and coherent reversal process, the mag-
netic configuration of the layers must minimize the areal
energy density

E = MsH�t1 cos �1 + t2 cos �2� +
K

4
�t1 sin2 2��1 − ��

+ t2 sin2 2��2 − ��� + k1t1 sin2��1 − �� − J cos��1 − �2�

− Jb cos2��1 − �2� , �2�

where Ms is the saturation magnetization of Fe layers with
thicknesses t1 and t2, J and Jb are the bilinear and biquadratic
coupling constants, respectively, K is the cubic anisotropy
constant which is assumed to be equal for both layers, � is
the angle of the EA1 axis with respect to the applied field �as

sketched in Fig. 3�, and k1 is the uniaxial anisotropy constant
present in the thick layer.25

The minimization as a function of �i :
�E
��i

=0 provides two
equations,

MSHt1 sin �1 +
Kt1

2
sin 4��1 − �� + k1t1 sin 2��1 − ��

+ J sin��1 − �2� + Jb sin 2��1 − �2� = 0, �3�

MSHt2 sin �2 +
Kt2

2
sin 4��2 − �� − J sin��1 − �2�

− Jb sin 2��1 − �2� = 0. �4�

The sum of these equations provides an expression with only
the anisotropy constants K and k1 which can be written as

MSH�t1 sin �1 + t2 sin �2�
t1 sin 2��1 − ��

= − K� t1 sin 4��1 − �� + t2 sin 4��2 − ��
2t1 sin 2��1 − �� 	 − k1.

Figure 7 presents the quantity
MSH�t1 sin �1+t2 sin �2�

t1 sin 2��1−�� as a function

of
t1 sin 4��1−��+t2 sin 4��2−��

2t1 sin 2��1−�� where Ms is the magnetization of
bulk iron �in agreement with Table I� and the thicknesses t1
and t2 are given by the PNR results �Table I�. The field H and
angles �i are given by VSM results with �=45° in the re-
versible range of the loop with H�0 and H	0 as defined in
Fig. 4. In Fig. 7, both field ranges are superimposed. The
linear fit gives a fourfold anisotropy constant K
= �4.8�0.2��105 erg /cm3 close to the bulk value �4.8
�105 erg /cm3� and an uniaxial anisotropy constant k1
= �0.15�0.1��105 erg /cm3. The error bar attributed to the
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anisotropy constants is due to the difficulty of adjusting the
�=45° angle. The magnetic properties of Fe films deposited
on MgO are known to be thickness dependent: a decrease in
the crystalline anisotropy with decreasing thickness L has
been indeed observed.26–29 It has been attributed to a 1 /L
contribution arising from surface anisotropy due to strains
induced by the mismatch between film and substrate.28,29 The
recovering of the bulk properties for a 35-nm-thick film
agrees with a previous study where the 1 /L term is found to
be smaller for films prepared at 470 K than at room tempera-
ture. In the same manner, in our case, the annealing at
450 °C can reduce the distance from the film surface where
relaxation occurs.29

Equation �4� can be written as

MSHt2 sin �2

sin��1 − �2�
= − K� t2 sin 4��2 − ��

2 sin��1 − �2� 	 + J + 2Jb cos��1 − �2� .

�5�

The plot of the quantity
MSHt2 sin �2

sin��1−�2� as a function of
t2 sin 4��2−��
2 sin��1−�2�

presented in Fig. 8 exhibits a linear variation. As a matter of
fact, the term with the biquadratic coupling has no weight in
Eq. �5�. The fit provides K= �4.6�0.2��105 erg /cm3 and
J=−0.35 erg /cm2 �−0.35 mJ /m2�. The K value agrees with
the preceding result and confirms the assumption made in
Eq. �1�. This is quite unusual for such a thin Fe layer �5 nm�
deposited on MgO where a smaller anisotropy constant is
expected as discussed above. We recall that in a previous
study, the thickness-dependent term of the Fe magnetic an-
isotropy has been directly related to the mismatch between
Fe�100� and substrate: the ratio of this term between Fe/MgO
and Fe/Ag is close to the ratio of the lattice mismatches.29 In
our case, high-resolution transmission electronic microscopy
has shown that the MgO 0.6-nm-thick layer is totally
strained by the bottom Fe�001� layer without any defect.6 As
a consequence, as no strain is applied to the top Fe layer, it is
then reasonable to recover the bulk Fe properties.

The bilinear coupling constant is much larger than that
reported by another group5 but the growth conditions of the

sample are clearly different as no annealing of the MgO has
been performed in the present study.

Equation �4� can also be written as

2
MSHt2 sin �2

sin 2��1 − �2�
+ K

t2 sin 4��2 − ��
sin 2��1 − �2�

= J
1

cos��1 − �2�
+ 2Jb.

The linear fit of 2
MSHt2 sin �2

sin 2��1−�2� +K
t2 sin 4��2−��
sin 2��1−�2� with

K=4.8�105 erg /cm3 as a function of 1
cos��1−�2� is plotted

in Fig. 9. It confirms the negligible weight of the
biquadratic term 2Jb=0.016 erg /cm2 and provides a slope
J=−0.35 erg /cm2.

All the terms of Eq. �2� are then determined. The satura-
tion field measured along the hard axis HS

h can be calculated
from Eqs. �3� and �4� with Jb=0 and k1
0 in the limit �1
and �2�0.

HS
d= 2K

Ms
− J

Ms
� 1

t1
+ 1

t2
�=1000 Oe �with K=4.8�105 erg /

cm3 and J=−0.35 erg /cm2� is in agreement with the magne-
tization loop plotted in Fig. 2 and with the field dependence
of the angles plotted in Fig. 4.

V. CONCLUSION

Polarized neutron reflectivity experiments performed in
the hard axis direction allow one to define a field range of the
loop where the rotation of the magnetic layers is coherent.
The analysis of the vectorial magnetization provides the ro-
tations �1 and �2 of the layer moments with respect to the
applied field. Assuming that it corresponds to an equilibrium
state obtained by minimization of the total energy, one can
get the anisotropy and coupling constants from the analysis
of �1 and �2 field dependence. We show that both layers
follow the fourfold Fe anisotropy with a strong bilinear cou-
pling value of −0.35�0.02 erg /cm2 and zero biquadratic
coupling. Moreover, polarized neutron reflectivity confirms
the antiparallel configuration of two epitaxial Fe�001� layers
separated by an insulating MgO occurring when the mag-
netic field is applied along an easy axis.

Beyond the particular results obtained for the Fe/MgO/Fe
system, we presented here a useful technique combining po-
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larized neutron reflectometry, magnetometry with vector op-
tion measurements, and an analytical model. This technique
can be used to extract independently the specific magnetic
parameters of any other complex coupled bilayer such as the
anisotropies and the different orders of coupling.

APPENDIX

Assuming a coherent rotation of two magnetic moments

M� 1 and M� 2, the vector magnetization measurement allows
one to derive an analytical expression of the angle �1 and �2

of M� 1 and M� 2 with respect to the field,

�Mx = M1 cos �1 + M2 cos �2

My = M1 sin �1 + M2 sin �2
� . �A1�

From these equations, one can deduce

M� = Mx + iMy = M1ei�1 + M2ei�2, �A2�

M� � = Mx − iMy = M1e−i�1 + M2e−i�2, �A3�

where i2=−1.
Using Eq. �A2�, ei�2 can be expressed as a function of M�

and ei�1, and can be replaced in Eq. �A3�. A second-order
equation as a function of ei�1 can then be written as

M� �M1e2i�1 + �M2
2 − M1

2 − �M�2�ei�1 + M� M1 = 0, �A4�

where �M�2=MM�.
This equation has compound number solutions with

modulus equal to unity only when its discriminant 
 is nega-
tive.

Two couples of solution of Eq. �A1� are then possible,

�cos �1 =
MxA + My


− 


B

sin �1 =
− Mx


− 
 + MyA

B
�

or

�cos �1 =
MxA − My


− 


B

sin �1 =
Mx


− 
 + MyA

B
�

with A=M2+M1
2−M2

2 and B=2M1M2.
cos �2 and sin �2 can then be readily obtained from Eq.

�A1�. Both set of solutions ��1 ,�2� provide the same Zeeman
energy for the whole moment �proportional to Mx� and bilin-
ear or biquadratic coupling energy; only the anisotropy term
is different.
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