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We investigate the interlayer exchange coupling in Co/Fe/MgO/Fe�001� via molecular-beam epitaxy syn-
thesis and magneto-optic Kerr effect measurements across wedged samples. By independently varying the
oxygen contents of the MgO film and the Fe/MgO interface, the biquadratic coupling is found to be correlated
with the interfacial oxidation. Furthermore, the temperature dependence indicates that the biquadratic coupling
originates from indirect exchange interactions with magnetic impurities in the MgO spacer.
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I. INTRODUCTION

The high values of room-temperature tunneling magne-
toresistance �TMR� in Fe/MgO/Fe�001� and related MgO-
based magnetic tunnel junctions ��400%� have attracted
considerable interest from both the scientific and technologi-
cal communities.1–4 The theoretical prediction of TMR val-
ues exceeding several thousand percent in ideal structures
provides motivation to further improve the synthesis and
characterization of MgO-based heterostructures.1,5 A central
issue is the role of nonidealities such as interface oxidation,
magnetic impurities, and oxygen vacancies in determining
the magnetic and magnetotransport properties.6–13 The inter-
layer exchange coupling �IEC� across MgO spacers is a fas-
cinating phenomenon �both bilinear and biquadratic� and
provides a means of investigating the relationship between
the spin-dependent properties and the nonideal aspects of the
system.9,14–21

In this paper, we show that the biquadratic coupling in
Co/Fe/MgO/Fe�001� is correlated with the interfacial oxida-
tion and originates from indirect exchange interactions with
magnetic impurities in the MgO spacer �i.e., the loose spin
model18�. Using molecular-beam epitaxy �MBE� synthesis
and magneto-optic Kerr effect �MOKE� measurements
across wedged samples, we systematically investigate the
role of interfacial oxidation on the IEC across MgO. First,
we find that the biquadratic coupling strength increases with
the oxygen pressure during MgO growth. To isolate the in-
terface vs bulk effect, we systematically vary the oxidation
of the lower Fe/MgO interface while maintaining the oxygen
content of the MgO film. In this manner, the biquadratic
coupling is found to be correlated with the interfacial oxida-
tion. Furthermore, the temperature dependence of the biqua-
dratic coupling exhibits a strong increase at low temperatures
and the loose spin model is able to quantitatively account for
this behavior.

II. EXPERIMENTAL PROCEDURES

Samples consisting of Ag�10 nm�/Co�50 nm�/Fe�5 nm�/
MgO�wedge�/Fe�15 nm�/MgO�001� are grown on double-
side-polished MgO�001� substrates. Following a 30 min an-
neal of the MgO substrate at 600 °C, the bottom Fe layer
�“free layer”� is grown at room temperature and subsequently
annealed at 450 °C to generate an atomically flat surface.

The reflection high energy electron-diffraction �RHEED�
pattern of the Fe film �Fig. 1�a�� has a weak 2�2 reconstruc-
tion which indicates the presence of carbon. In comparing
samples with and without a MgO buffer layer to suppress
carbon contamination, we find that there is no noticeable
difference in the IEC, consistent with other studies.22 Unless
otherwise noted, the MgO layer is initiated by a 1 monolayer
�ML� Mg template to reduce the oxidation of the bottom Fe
interface.23 Then oxygen gas �chamber pressure 2�10−8–5
�10−7 torr� is introduced into the ultrahigh vacuum cham-
ber and elemental Mg is deposited at room temperature at a
rate of �0.06 nm /min to form MgO. The MgO growth rate
is determined by measuring the deposition rate of elemental
Mg by a quartz deposition monitor and multiplying by 0.80
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FIG. 1. �Color online� ��a�–�c�� RHEED patterns of the bottom
Fe layer after annealing, MgO barrier layer grown at 2�10−8 torr,
and MgO barrier layer grown at 2�10−7 torr, respectively. �d�
Black curves are representative major hysteresis loops and red �dark
gray� curves are corresponding minor hysteresis loops for sample A
at various tMgO. �e� Representative major �black� and minor �red or
dark gray� hysteresis loops for sample B at various tMgO.
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to account for the higher density of Mg in MgO. This rate
has been compared against RHEED oscillations on a calibra-
tion sample, and the rates agree to within 10%. Figures 1�b�
and 1�c� show RHEED patterns for the MgO layers grown at
chamber pressures of 2�10−8 and 2�10−7 torr, respec-
tively. Auger-electron spectroscopy on these films exhibits
O/Mg peak ratios of 4.1 and 5.5, respectively. The RHEED
patterns indicate that the MgO lattice is capable of maintain-
ing flat single-crystalline structure while incorporating differ-
ent amounts oxygen deficiency. Finally, the Co/Fe bilayer
�“hard layer”� is deposited at room temperature and the en-
tire structure is capped by Ag.

The effect of oxygen content on the IEC is investigated by
comparing two wedged samples to MgO layers grown at
different chamber pressures: 2�10−8 torr �sample A, “low
O2”� and 5�10−7 torr �sample B, “high O2”�. The IEC is
expressed as E=−J1 cos��F−�H�+J2 cos2��F−�H�, where E
is the energy per unit area, J1 is the bilinear coupling coef-
ficient, J2 is the biquadratic coupling coefficient, and �F ��H�
is the in-plane angle of the free �hard� layer magnetization.
The magnetizations are in plane due to magnetic shape an-
isotropy. The values of J1 and J2 are obtained as a function of
MgO thickness �tMgO� by measuring hysteresis loops via lon-
gitudinal MOKE with magnetic field �H� along the �100�
in-plane direction of Fe. Figures 1�d� and 1�e� show repre-
sentative hysteresis loops for samples A and B at various
tMgO. For both samples, at large tMgO the loops exhibit abrupt
jumps at �30 and �250 Oe, which correspond to the inde-
pendent magnetization reversals of the free layer �bottom Fe�
and hard layer �Co/Fe bilayer�, respectively. The much
higher coercivity of the hard layer enables the determination
of both J1 and J2 �within the macrospin approximation24� by
measuring minor hysteresis loops �red or dark gray curves�
in which the hard layer is not switched. The minor loops start
at negative saturation so that the hard layer is always ori-
ented along the negative direction ��H=180°�, and the energy
per unit area of the free layer is therefore given by

E��F,H� = − �HMFtF − J1�cos �F + J2 cos2 �F

+ KFtF cos2��F�sin2��F� , �1�

where MF is the magnetization, tF is the thickness, and KF is
the cubic anisotropy of the free layer. The anisotropy, KF, is
determined by measuring the saturation field of a 15 nm
Fe/MgO�001� sample with the field applied along the in-
plane hard axis of the Fe �i.e., the �110� axis�. At room tem-
perature, KF is 5.0�105 erg /cm3 and increases to 6.9
�105 erg /cm3 at 5 K. Figure 2�a� illustrates the shifting
�H1� and splitting �2H2� of the minor loop for sample B at
tMgO=0.45 nm. The shifting and splitting of the minor loop
yield values for J1 and J2 based on the energy minimization
of Eq. �1�. Through a change of variables to h=H−H1, with
H1�J1 /MFtF, the energy reduces to

E��F,h� = − hMFtF cos��F� + J2 cos2��F�

+ KFtF cos2��F�sin2��F� , �2�

which implies that J1 shifts the minor loop to be centered at
H=H1. In Fig. 2�a�, the negative value of H1 indicates anti-
ferromagnetic �AF� coupling �J1�0�.

For biquadratic coupling �J2�0�, the minor loop splits
due to 90° magnetization switchings of the free layer that
occur when the global energy minimum changes from a satu-
rated state ��F=0° or 180°� to an intermediate state ��F
�90°� or vice versa. For positive h, one local minimum is at
positive saturation: Esat=−hMFtF+J2. Another local mini-
mum is for the intermediate state near 90°, where we define
a small angle � by �F=90° +� to yield Eint=hMFtF�+J2�2

+KFtF�2+O��3�. The condition for ����1 is equivalent to
J2�KFtF. Keeping up to second order in �, the value of Eint
is minimized by setting dEint /d�=0 and the corresponding
energy is given by Eint�−�hMFtF�2 /4�J2+KFtF�. The
switching field H2 is defined as the value of h where the
global energy minimum switches between Esat and Eint.
Thus, H2 is given by Esat=Eint or −H2MFtF+J2�
−�H2MFtF�2 /4�J2+KFtF�. Solving for H2 yields

H2 � 2�J2 + KFtF − 	KFtF�J2 + KFtF��/MFtF. �3�

A similar expression for H2 is obtained for the case of nega-
tive h, except that there is an overall negative sign. There-
fore, the total splitting of the minor loop is given by 2H2.
Solving for J2 yields the useful expression
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FIG. 2. �Color online� �a� Illustration of the shifting �H1� and
splitting �2H2� of a minor hysteresis loop. The pictured loop is from
sample B at tMgO=0.45 nm. �b� J2 as a function of H2 comparing
Eq. �4� to numerical minimization of Eq. �2� and with J2

�H2MFtF. We assume MF=1714 emu /cm3 for Fe. �c� Biquadratic
coupling coefficient J2 as a function of tMgO for sample B. Inset:
Bilinear coupling coefficient J1 as a function of tMgO for samples A
and B.
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J2 �
1

2
�− KFtF + H2MFtF + 	KFtF�KFtF + 2H2MFtF�� .

�4�

In the limit of J2≪KFtF, this reduces to the simple relation
J2�H2MFtF. This simple relation can also be obtained by
following the procedure above, but setting �=0. Figure 2�b�
compares the linear relation J2�H2MFtF �dashed line� and
Eq. �4� �solid line� with the exact solution �crosses� obtained
by numerical minimization of Eq. �2�. We find that Eq. �4� is
very accurate, while the linear relation is valid for lower
values of H2 �for H2�100 Oe, the error is less than 10%�.
The improved accuracy of Eq. �4� compared to the simple
relation J2�H2MFtF is because the former keeps terms of up
order �2 in the calculation while the latter assumes �=0.

Apart from the biquadratic coupling, we verify that the
split loop does not originate from in-plane uniaxial magnetic
anisotropy by measuring minor loops with the sample rotated
in plane by 90° and minor loops with equivalent splittings
are observed; a uniaxial anisotropy would exhibit split loops
only along one of these axes.25 Another possible explanation
of the split loop is the stabilization of the 90° alignment by a
combination of four-fold anisotropy and AF coupling,26

which occurs in models that go beyond the macrospin
approximation.27,28 Subsequent data will show that this effect
does not contribute significantly to our results.

III. RESULTS AND DISCUSSION

Looking at the representative minor loop for sample A at
tMgO=1.20 nm �Fig. 1�d��, a square minor loop centered at
the origin indicates the absence of J1 and J2 �below measure-
ment sensitivity of �0.005 erg /cm2�. With decreasing tMgO,
the minor loop shifts toward the negative field direction
which corresponds to an increasing AF coupling strength.
Interestingly, the minor loop does not split into two subloops
at any tMgO so that biquadratic coupling is not observed in
this sample. At tMgO=0.47 nm, the AF coupling is so strong
that the hard layer no longer remains at �H=180° during the
minor loop sweep so that Eq. �1� is no longer valid and J1
and J2 are not easily determined. Turning to sample B �Fig.
1�e��, at tMgO=1.22 nm a square minor loop centered at the
origin indicates the absence of interlayer coupling within the
measurement sensitivity. At tMgO=0.57 nm, the minor loop
is centered on a negative field direction which indicates AF
coupling. At tMgO=0.50 nm, the minor loop begins to split
which indicates the presence of biquadratic coupling �J2
�0�, and at 0.45 nm the magnitudes of J1 and J2 have in-
creased further.

The detailed dependence of J1 and J2 on tMgO is obtained
by scanning the MOKE measurement along the MgO wedge
�Fig. 2�c��. On sample A, biquadratic coupling is not ob-
served for any tMgO. On sample B �open squares�, the biqua-
dratic coupling has a value of 0.24 erg /cm2 at 0.45 nm,
decreases monotonically with increasing tMgO, and becomes
undetectable beyond tMgO�0.6 nm. The presence of J2 in
sample B and the absence of J2 in sample A imply that the
oxygen content is an important factor for generating the bi-
quadratic coupling. In terms of J1, both samples exhibit AF

coupling whose strength decays with increasing tMgO �inset
of Fig. 2�c�� and sample B experiences a crossover to weak
ferromagnetic coupling at tMgO=0.60 nm. This behavior is
consistent with previous experimental and theoretical
studies.9,14,15 The stronger AF coupling in sample A may
either be due to having more oxygen vacancies �cf. impurity
state model9� or a decrease in the barrier height �cf. spin-
dependent tunneling model14,16,17�, but further studies are
needed to determine the physical origin of J1.

To gain insight into the origin of the biquadratic coupling,
we systematically vary the bottom Fe/MgO interface to sepa-
rate the interface vs bulk effect with regards to the role of
oxygen content. In a first approach, we grow a sample that
combines a higher level of Fe/MgO interface oxidation with
low oxygen content for the MgO film �sample C, “pre-
oxidation”�. This is accomplished by exposing the sample to
2�10−6 torr oxygen pressure for �2 min after the 1 ML
Mg template is deposited. Then the oxygen pressure is re-
duced to 2�10−8 torr and the Mg is deposited to form an
MgO film with oxygen content similar to sample A. Figures
3�a� and 3�b� show representative minor loops from samples
A and C, respectively, for various tMgO. While the minor
loops from sample A do not exhibit any splittings, the minor
loops from sample C show noticeable splittings at corre-
sponding thicknesses. Although the split loops are not per-
fectly symmetric, they clearly indicate biquadratic coupling.
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FIG. 3. �a� Minor hysteresis loops from sample A at various
tMgO. �b� Minor hysteresis loops from sample C at corresponding
tMgO. �c� A comparison of bilinear coupling for samples A and C as
a function of tMgO.
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This provides strong evidence that the biquadratic coupling
is correlated with interfacial oxidation �which is present to
some degree in all Fe/MgO interfaces6�. In comparing the
bilinear coupling in samples A and C �Fig. 2�c��, the values
of J1 are very similar for the two samples. These data argue
against pinholes as the origin of J2 �Ref. 14� because pin-
holes should promote ferromagnetic coupling in J1, but the
enhancement of J2 in sample C is not accompanied by a shift
in J1 toward ferromagnetic coupling. Data also argue against
the major contribution to the split loops originating from
four-fold anisotropy+AF coupling because the increase in
the splitting of the loops should be accompanied by an in-
crease in the AF coupling,27,28 but this is not observed.

To investigate the origin of the biquadratic coupling, we
measure the temperature dependence of IEC on a MgO step-
wedge sample with the MgO grown at 4�10−7 torr �sample
D�. Figure 4 shows the temperature dependences of J1 and J2
for tMgO=0.46, 0.58, 0.69, and 0.81 nm. J2 is calculated from
Eq. �4� with KF values measured as a function of tempera-
ture. J2 increases dramatically at low temperatures, while J1
shifts toward ferromagnetic coupling. This behavior �includ-
ing a sign change in J1 for tMgO=0.58 nm� is not explained
by existing models of the bilinear coupling,9,16,17 so further
study is necessary. We note that this behavior is also present
on samples where the MgO layer is grown by e-beam depo-
sition and samples employing a MgO buffer layer to sup-
press carbon contamination. This behavior argues against
any major contribution from the four-fold anisotropy+AF
effect because the splitting of the loops increases while the
AF coupling decreases, which is opposite of the predicted
behavior for this mechanism.27,28 In addition, substantial

splitting is observed at low temperatures even in the absence
of AF coupling. Therefore, it is clear that the observed
changes in the splitting are due to the biquadratic coupling.
The strong temperature dependence of J2 is consistent with
biquadratic coupling mediated by magnetic impurities in the
spacer �loose spin model�.18 Because J2 is correlated with
interfacial oxidation, we first perform the fitting for interfa-
cial loose spins �c=2, U1�U2�, where c is the fractional
concentration of loose spins and U1 and U2 are the exchange
couplings between a loose spin and the ferromagnetic
layers.18 The solid lines in Fig. 4 are the best fits with values
of �U1� /kB=27.4, 16.5, 10.9, and 6.34 K and �U2� /kB=299.3,
155.1, 117.6, and 83.8 for tMgO=0.46, 0.58, 0.69, and 0.81
nm, respectively. In another approach, if the loose spins are
uniformly distributed throughout the spacer, then one as-
sumes that U1=U2 and c is treated as a fitting parameter.18

The dashed curves are the best fit with values of �U1� /kB
= �U2� /kB=344.8, 166.2, 125.1, and 89.8 K and c=0.025,
0.03, 0.023, and 0.016 for tMgO=0.46, 0.58, 0.69, and 0.81
nm, respectively. Both fitting approaches are able to account
for the strong temperature dependence, but neither approach
is clearly better. Data exhibit hints of plateaus at the lowest
temperatures, which is a characteristic of interfacial loose
spins and the first approach produces somewhat better fits for
tMgO=0.58 and 0.69 nm. On the other hand, the second ap-
proach has a better fit for tMgO=0.46 nm. A possible scenario
is that the magnetic impurities segregate away from the in-
terface during MgO growth. Most importantly, regardless of
the exact spatial distribution of the loose spins, this model is
able to quantitatively account for the strong temperature de-
pendence of J2. On the other hand, other possible sources of
biquadratic coupling such as the interfacial step mechanism19

and the magnetic-dipole mechanism29 cannot explain the
temperature dependence even qualitatively. Thus, the experi-
mental evidence strongly supports the loose spin mechanism
as the origin of the biquadratic coupling across MgO.

In summary, by varying the oxygen pressure during the
MgO growth and using minor hysteresis loop analysis, we
demonstrate that the IEC depends on the oxygen content
within the Co/Fe/MgO/Fe system. Samples with MgO grown
at low oxygen pressure exhibit only bilinear coupling, while
samples with MgO grown at high oxygen pressure exhibit
both bilinear and biquadratic coupling. Further investigation
reveals that the presence of biquadratic coupling is due to the
oxidation of the lower MgO/Fe interface. Finally, the strong
temperature dependence of the biquadratic coupling and
quantitative analysis of the data provides strong evidence for
the loose spin mechanism as the source of the biquadratic
coupling.
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