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Exchange bias of the interface spin system at the
Fe/MgO interface
Y. Fan1†, K. J. Smith1, G. Lüpke1*, A. T. Hanbicki2, R. Goswami2, C. H. Li2, H. B. Zhao3 and B. T. Jonker2*


The ferromagnet/oxide interface is key to developing emerging multiferroic and spintronic technologies with new
functionality. Here we probe the Fe/MgO interface magnetization, and identify a new exchange bias phenomenon
manifested only in the interface spin system, and not in the bulk. The interface magnetization exhibits a pronounced
exchange bias, and the hysteresis loop is shifted entirely to one side of the zero field axis. However, the bulk
magnetization does not, in marked contrast to typical systems where exchange bias is manifested in the net
magnetization. This reveals the existence of an antiferromagnetic exchange pinning layer at the interface, identified here
as FeO patches that exist even for a nominally ‘clean’ interface. These results demonstrate that atomic moments at the
interface are non-collinear with the bulk magnetization, and therefore may affect the net anisotropy or serve as spin
scattering sites. We control the exchange bias magnitude by varying the interface oxygen concentration and Fe–O bonding.


T
he characteristics of the ferromagnet/oxide interface deter-
mine multiferroic, electronic, transport and magnetic proper-
ties, providing new functionality and leading to a wide range


of emerging device technologies1–6. Magnetic tunnel junctions
(MTJs) incorporating such interfaces are critical elements in
magnetic memory and disk drives, and show promise for
much broader application in reprogrammable architectures7–11.
The ever-increasing demand for non-volatile memory, ‘instant-on’
electronics and reprogrammable logic coupled with low power con-
sumption has led to the rapid development of such junctions7,8.


MTJs typically incorporate MgO as an insulating layer between
two Fe or Fe-based contacts (Fig. 1a)9,10, and discrete exchange
bias layers (for example, IrMn, FeMn, not shown) are used to pin
the magnetization of one of these Fe layers in a given direction to
control the magnetic field response. Fe/MgO/Fe-based MTJs are
predicted to exhibit very large tunnel magnetoresistance (TMR)
(.1,000%) because of their matching band symmetries12.
Although a large change in resistance DR/R ¼ (RAP2RP)/RP ≈ 200%
has been observed experimentally as the magnetization of the two
Fe electrodes is changed from parallel (P) to antiparallel (AP)9,10,
this value is much lower than predicted, even after much develop-
ment to optimize the structure.


This discrepancy has been attributed to several factors13, including
defects and traps within the MgO, structural defects and disorder, and
to the intermixing observed experimentally at the Fe/MgO interface,
which alters these band symmetries (oxygen randomly diffuses into
the two Fe layers at the interface to form FeOx , Fig. 1b


14–18).
Oh et al. note that the formation of FeO cannot be avoided, and
suggest that FeO and MgO coexist at the interface in an entropically
stabilized phase19. These earlier studies focused on the chemistry,
electronic and atomic structure of the Fe/MgO interface, and did
not address the interface spin orientation. This spin orientation sig-
nificantly affects spin transport, as well as the magnetic and multifer-
roic properties of ferromagnet/oxide heterostructures.


Here, we use magnetization-induced second harmonic generation
(MSHG) to selectively probe the magnetization at the Fe/MgO


interface, and discover an exchange bias not previously observed
that is also markedly different from its typical manifestation
(Fig. 2). We observe a pronounced shift in the interface magnetization
hysteresis loop from zero field, the classic signature of exchange
bias20,21. Such a shift is not observed in the ‘bulk’ magnetization
(that is, the net magnetization of the Fe film), which we measured
using standard magnetometry and the magneto-optic Kerr effect
(MOKE), in striking contrast to studies of exchange bias systems
studied to date. This signals the presence of an antiferromagnetic
(AF) exchange pinning layer at the interface, as illustrated by the
model we propose in Fig. 1b, and shows that the magnetic moments
at the interface are not parallel to the net magnetization of the Fe
layer as the magnetization is switched, contrary to expectation. We
control the magnitude of the exchange bias field by varying the
interface oxygen concentration, confirming that this effect is induced
by Fe–O bonding and compound formation, and is likely to be
present even for ‘clean’ MgO surfaces. We believe that this is
another factor to be considered in understanding the TMR observed
in this system, and also has implications for developing electric field
control of magnetic anisotropy at the Fe/MgO interface1,3,22.


Current understanding of exchange bias
Exchange bias occurs at the interface between an antiferromagnet
(AFM) and a ferromagnet (FM), where the hard magnetization of
the AFM biases the magnetization of the softer FM20,21. Exchange
bias is created by cooling the AFM/FM structure in an applied
field through the Neel temperature of the AFM (the temperature
at which AF order sets in). The very strong exchange coupling
between the interface layers of the FM and AFM tends to pin or
‘bias’ the magnetization of the FM in a specific direction. This
results in an offset of the hysteresis loop so that it is no longer
centred at zero applied field, but shifted by an amount correspond-
ing to the exchange bias field HE , as illustrated in Fig. 3. The
exchange bias increases the magnitude of the applied magnetic
field needed to reverse the magnetization of the FM from the
normal coercive field Hc to Hc þ HE.
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Exchange bias is of great technological importance in tailoring
the operating characteristics of most magnetic devices, including
hard disk read heads, magnetic memory and magnetic sensors.
However, it remains poorly understood because it is generally
observed only indirectly through the response of the bulk magneti-
zation, and continues to be extensively studied in a wide variety of
systems23–26. Seminal work by Valev et al. used MSHG to study
the length scale over which exchange bias occurred by varying the
thickness of a Cu spacer layer in a CoO/Cu/Fe system27. They
found that the magnetic interaction between the Fe and antiferro-
magnetic CoO layer was sufficiently strong to induce order in the
CoO, even at Cu spacer layer thicknesses for which there was no
observable shift in the hysteresis loop.


The ferromagnet/oxide interface
The Fe/MgO(001) interface can be fabricated with high structural
quality because there is a small lattice mismatch between Fe and
MgO (3.8%), with the in-plane Fe[100] axis rotated 458 with
respect to that of the MgO (ref. 15). Submonolayer FeO formation
has been observed for the growth of Fe on MgO(001) and attributed
to the presence of residual or excess oxygen following growth of the
MgO (ref. 15). Bulk FeO is a known AFM with a Néel temperature
of 198 K, which can be enhanced to nearly 800 K if a thin FeO film
is embedded into an FM matrix28. Although an exchange bias might
be expected, there have been no reports of this effect occurring in
the Fe/MgO(001) bilayer system, possibly because the interface
FeO does not pin enough Fe interface atomic moments to generate
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Figure 1 | Model of TMR structure and of atomic moments near the Fe/MgO interface. a,b, Schematic of Fe/MgO/Fe MTJ (a) and model of the atomic


magnetic moments at the Fe/MgO interface (b) giving rise to the exchange bias layer detected with MSHG. Fe atoms with their magnetic moment shown in


blue are those coordinated and bonding with an O atom at the interface and exhibit compensated in-plane AF order leading to exchange bias. Fe moments


shown as open red arrows are exchange-biased by AF order at the interface. Fe moments shown as filled red arrows constitute the bulk magnetization


and exhibit no exchange bias. The coordinate axes refer to the Fe(001) lattice, and the in-plane magnetic easy axes of the Fe film are along [100]. The


MgO(001) in-plane axes are rotated by 458 relative to those of the Fe. The atomic structure of the interface is taken from ref. 15, although the enhanced
Fe/FeO interlayer spacing and rumpling of the FeO layer are not shown.
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Figure 2 | Measurement geometry and MOKE/MSHG data. a, Schematic of the optical measurements. MOKE measures the net magnetization (bulk) of the


Fe film, and MSHG selectively probes the interface magnetization only. b, MOKE data for a 10 nm Fe/MgO(001) sample with a high density of oxygen on


the MgO surface before Fe deposition. The curve exhibits a symmetric magnetization loop. c, MSHG data from the same sample. The curve exhibits a


pronounced offset along the horizontal axis, the classic signature of exchange bias. d,e, Corresponding data for a sample prepared with no oxygen exposure


of the MgO surface, using conditions typically used to produce a clean starting surface for growth of Fe/MgO/Fe MTJs, with a normal amount of oxygen at


the interface. The MSHG curve in e exhibits a pronounced exchange bias. f,g, Corresponding data for a sample with a minimum density of oxygen on the


MgO surface, exhibiting no exchange bias. The exchange bias fields HE and coercive fields Hc are indicated in each panel. Black and red curves are taken


with the magnetic field sweeping from negative to positive, and from positive to negative, respectively. Data are acquired over a field range of +366 Oe,
and no additional switching is observed beyond +50 Oe. All data are obtained at room temperature with the magnetic field applied along the in-plane easy
axis, Fe[100].
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a detectable exchange bias in the net magnetization of the Fe film. A
direct probe of the interface magnetization is therefore needed.


The samples were formed by depositing 10-nm-thick Fe films on
MgO(001) single-crystal substrates by molecular beam epitaxy at
room temperature. The substrates were first rinsed with isopropyl
alcohol and cleaned by heating to 773 K in ultrahigh vacuum
(UHV). The initial oxygen density on the MgO surface was set to
three concentrations by (i) exposure to oxygen at 300 K in an
attached vacuum chamber in the presence of an ultraviolet lamp
to obtain a high oxygen density, (ii) keeping the substrate in
UHV but not exposed to oxygen, producing what we call here a
‘normal’ surface oxygen density (this is considered to be a clean
starting surface for growth of Fe/MgO/Fe MTJs, as the MgO
growth is typically done at substrate temperatures ,600 K) or (iii)
further heating the substrate to 973 K in UHV, thereby desorbing
the surface oxygen29 to achieve a minimum oxygen density.
Heating to such high temperatures is generally not performed
during growth of MTJs to minimize potential interdiffusion of
other layers in the structure.


After growth, all Fe/MgO samples were exposed to air to oxidize
the Fe surface, suppressing surface contributions to the MSHG
signal30, and then field annealed along the in-plane Fe[100] easy
axis. High-resolution transmission electron microscopy (TEM)
images of each type of sample are shown in Fig. 4, and confirm
the high quality of the Fe/MgO interface in each case. The interface
quality and structure are comparable to those reported for thin-film
Fe/MgO/Fe(001) samples, which exhibit high TMR values9,10. For
each sample type, the (200) MgO and (110) Fe lattice fringes are
continuous across the Fe/MgO interface. The interface exhibits a
defect structure consistent with the 3.8% lattice mismatch and
monolayer step fluctuations on the MgO substrate surface. We
note that any FeO formation is difficult to distinguish because, in
addition to the local strain and defects noted above, MgO and
FeO have the same rocksalt structure and similar lattice parameters
(0.421 and 0.433 nm, respectively).


Previous work has shown that although TEM has been unable to
detect the structural presence of FeO at Fe/MgO epitaxial interfaces,
Fe core level shifts due to chemical bonding clearly demonstrated
FeO formation17. We therefore use electron energy loss spectroscopy
(EELS) within the TEM to probe the chemical composition of the
interface, and these data unambiguously show the presence of
FeO for the sample with high oxygen interface density. Although
the EELS L-edge fine structure of Fe and several of its oxides are
very similar, FeO can be readily distinguished because there is a
chemical shift of the L3 (2p3/2) threshold with respect to the L2
(2p1/2) edge


31. As a result, the energy separation of the L3 and L2


‘white line’ peaks is smaller for FeO (12.9 eV) than for Fe
(13.2 eV) or its other oxides (also 13.2 eV, see table III of ref. 31).
EELS spectra from the interface of our normal and high interface
oxygen density samples are shown in Fig. 4d (spectra are normalized
to the L3 peak and offset for ease of comparison). Upon visual
inspection, it is apparent that the energy separation of the L3 and
L2 peaks is noticeably smaller for our high oxygen interface
sample than for our normal sample, indicating the presence of
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Figure 3 | Classic model of exchange bias. Relative orientations of the


atomic moments in the AFM and FM are shown schematically, illustrating


the lateral offset in the magnetization curve20,21. The magnitude of the


exchange bias field HE and coercive field Hc are defined in the figure.
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Figure 4 | TEM images of sample interfaces. a–c, Images showing the


Fe/MgO interface region for high (a), normal (b) and minimum (c) oxygen


density on the MgO(001) surface before Fe deposition. The markers indicate


the position of the Fe/MgO interface, with the Fe above and the MgO


below. The interface exhibits a defect structure consistent with the 3.8%


lattice mismatch and monolayer step fluctuations on the MgO substrate


surface. MgO and FeO have the same structure and similar lattice constants,


making them difficult to distinguish. d, Fe L2,3 EELS spectra from normal and


high interface oxygen density samples, normalized to the L3 peak and offset


for clarity. The solid lines are fits to the data using the procedure of ref. 31.


The black vertical lines indicate the peak positions derived from the fits, and


show that the L32L2 peak separation is smaller for the high interface oxygen


sample, indicating the presence of FeO.
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FeO, which is readily detectable in the former sample. To quantify
this, we fit these data using the procedure of ref. 31, and determined
that the separation of the peaks in the high oxygen interface sample
is 12.9+0.1 eV, and in the normal sample is 13.2+0.1 eV, verifying
the presence of FeO at the high oxygen interface sample. The
amount of interface FeO in the normal sample is expected to be
much smaller, and may be at or below our EELS detection threshold.


Selectively probing the interface and bulk spin systems
The magnetic properties of the Fe/MgO interface and Fe bulk were
determined using MSHG and MOKE, respectively, as illustrated in
Fig. 2a. The MSHG signal is produced only where inversion sym-
metry is broken, and is therefore sensitive only to the interface mag-
netization30,32–34 and not the Fe bulk. In contrast, MOKE averages
the magnetization of the entire film, and provides a measure of
net magnetization. Further details on sample preparation and
optical measurements may be found in the Methods.


Figure 2 shows the MOKE and MSHG data obtained at room
temperature with the applied field along the easy in-plane axis
Fe[100] for Fe/MgO(001) samples prepared with a high interface
oxygen density (Fig. 2b,c), a normal density typical of a clean MgO
surface (Fig. 2d,e) and minimum interface oxygen density
(Fig. 2f,g). In the MSHG data of Fig. 2c, the hysteresis loop is comple-
tely shifted to the left of the zero field axis, clearly indicating pro-
nounced exchange bias of the interface magnetization. The
exchange bias field given by the shift of the hysteresis loop along
the H-axis is HE ¼ 19+4 Oe. A smaller exchange bias of the interface
spin system is observed for samples with a normal interface oxygen
density (Fig. 2e). The interface exchange bias phenomenon is con-
firmed by taking MSHG measurements after rotating the sample
1808 and observing that the loop is shifted from left to right. In con-
trast, MOKE data from the same samples (Fig. 2b,d) exhibit no shift
of the hysteresis loop. MOKE and MSHG data for the Fe/MgO
sample prepared with low interface oxygen density produced by a
high-temperature anneal of the MgO substrate are shown in
Fig. 2f,g, respectively, and exhibit no evidence for exchange bias
either in the bulk or interface magnetization.


Although the MOKE measurement in principle includes the con-
tribution from the interface layer, the interface exchange bias cannot
be distinguished due to the much larger contribution from the rest
of the film (the ‘bulk’), and the exponential attenuation of the laser
probe with distance from the surface, significantly reducing any
signal from the buried interface. For a sufficiently thin Fe film com-
prising approximately 2–10 monolayers, one would reasonably
expect that the interface contribution would dominate. However,
we have looked at such films and see no bulk exchange bias with
vibrating sample magnetometry or MOKE measurements for
Al-capped Fe films on MgO. We attribute this to the fact that Fe
does not grow layer by layer on MgO, and thus the large surface
roughness present in such thin films introduces ‘orange-peel’ mag-
netostatic coupling effects (local fringe fields), which completely
mask any interface exchange bias.


By comparing the MOKE and MSHG data of Fig. 2b,c, there is
clearly a range of applied field on each side of the zero field axis
for which the interface magnetization is antiparallel to that of the
bulk. Such an abrupt reorientation of the magnetization has been
observed previously at the vacuum surface of magnetic samples35–37,
as discussed below. These results imply that the interface magneti-
zation is not rigidly coupled to the bulk, but is more strongly
coupled by exchange bias to the FeO pinning layer than it is to
the bulk. Because exchange coupling is in general anisotropic,
strong intralayer coupling maintains magnetic order even though
the interlayer coupling may be significantly reduced at the interface
due to electron redistribution.


Such anisotropic exchange has been discussed theoretically38 and
observed experimentally in several thin-film systems. For example,


several groups have reported large angular deviations and weak
exchange coupling between the surface and bulk magnetizations
of Co35 and Fe36,37 thin films. Gruyters et al. in fact observed that
the reversal of the bulk magnetization of Co films was preceded
by a complete reversal of the surface magnetization, demonstrating
that the two were largely decoupled35. These different behaviours for
the surface and bulk magnetization were attributed to the reduced
coordination and site symmetry at the surface, leading to weak
interlayer coupling while preserving strong intralayer exchange.
For epitaxial films of Fe(001) on AlGaAs(001), both the static and
dynamic behaviour of the Fe/AlGaAs interface magnetization
were observed to be distinctly different from that of the bulk, result-
ing in large angular deviations between the two and attributed to a
decoupling of bulk and interface spins39,40. Ferromagnetic exchange
coupling originates from Heisenberg exchange of electrons. At the
interface, bond formation changes the electron distribution of the
interface layer(s), particularly when strongly electronegative
species (for example, O and As) are involved, and may reduce the
interlayer coupling to the bulk layers.


To further confirm the origin of the exchange bias,
Fe/AlOx/MgO(001) reference samples were prepared that included
a monolayer of aluminium oxide between the Fe and MgO. Because
Al bonds so strongly to oxygen, Fe–O interaction is minimized.
These samples exhibited no exchange bias in either the MSHG or
MOKE data, demonstrating that Fe–O bond formation plays an
essential role. To rule out possible contributions from the air-
exposed Fe surface (which can in principle induce a small MSHG
signal, as it also breaks inversion symmetry), we made identical
measurements on 20-nm-thick Fe films on MgO prepared in the
same way. Because the skin depth of 400 nm light is less than
20 nm, the thicker Fe film blocks the MSHG signal from the inter-
face, so only a potential surface contribution can be detected. We see
no MSHG signal and no exchange bias in these control experiments.
These control experiments confirm that the exchange bias signal we
observe originates from the Fe/MgO interface.


Atomic-scale model of the interface spin system
The shift of the hysteresis loop observed in the MSHG data but
absent in the MOKE for the samples with an oxygen-rich interface
indicates that the interface magnetization, but not the bulk, is
exchange-biased by FeO formation at the Fe/MgO(001) interface.
Figure 1b shows an atomic view of the chemical structure of the
interface derived from the literature15. The authors of ref. 15
present detailed structural information and conclude that there is
an enhanced interlayer spacing between the FeO and adjacent Fe
layers, and that there is rumpling within the FeO layers (these struc-
tural details are not shown in Fig. 1b). There are two specific details
relevant to our model: (i) the starting MgO surface is not perfectly
flat and (ii) oxygen diffuses into the Fe film and bonds with the Fe,
altering the local electron distribution.


We superpose on this structure our model of the interface spin
structure produced by field annealing along Fe[100] as derived
from the MSHG data. Oxygen atoms intermix into the first two
Fe layers, randomly occupying approximately the fourfold hollow
sites within the Fe(001) planes15. Fe atoms in these layers thus
bond with the O atoms, effectively forming local areas of FeO.
Super exchange coupling through the local Fe–O–Fe bonds, with
bond angle close to 1808, orient the coupled Fe atomic moments
antiparallel (shown as blue arrows in Fig. 1b), producing compen-
sated in-plane AF order characteristic of FeO41. The magnetic
field annealing aligns the magnetization of the interface and bulk
along the [100] direction. At locations without any intermixed O
atoms, the short-range Fe ferromagnetic coupling dominates
(shown as red arrows in Fig. 1b). Fe moments shown as open red
arrows are exchange biased by the FeO patches at the interface. Fe
moments shown as solid red arrows constitute the bulk
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magnetization and exhibit no exchange bias. The magnetic
moments associated with Fe–O bonds (blue arrows) are nominally
co-linear (parallel or antiparallel) with the ferromagnetic magneti-
zation (red arrows), although they may be canted slightly42 due to
the lattice distortion produced by the AF order (FeO changes
from cubic to rhombohedral below the Neel temperature) and
magnetostriction43.


According to the model proposed by Meiklejohn and
Bean44,45, the effective unidirectional magnetic energy is given by
s¼ HEMFetFe. For our high oxygen anion density interface, we find
s ≈ 0.001 erg cm22, where HE ¼ 19 Oe, MFe ¼ 1.7 × 10


3 e.m.u. cm23


is the Fe magnetization, and tFe ¼ 0.3 nm (approximately two
monolayers) is the thickness of the exchange-biased Fe interface
layer probed by MSHG14. For fully compensated AF spins at the
Fe/FeO(001) interface, s ≈ 0.05 erg cm22 (ref. 46). Following the
extended Meiklejohn and Bean model proposed by Ohldag
et al.47, we attribute the decrease in s to the reduction of pinned
AF spins. Hence, the percentage of pinned interfacial AF spins in
our Fe/MgO(001) samples is �2%. This is consistent with the
result reported by Ohldag et al. that only a small fraction (�4%)
of pinned AF spins at the interface are responsible for producing
an exchange bias in a 2-nm-thick Co layer47.


An estimate of the interlayer exchange coupling between the FeO
and interface Fe layer in our samples is given by J ¼sb2/(S1 S2),
where b ¼ 0.43 nm is the FeO lattice constant, and S1 ¼ 1 and
S2 ¼ 2 are the atomic spin vectors of Fe and FeO, respectively.
From this we obtain J ≈ 9.4 × 10219 erg, about two orders of mag-
nitude smaller than the value reported for the Fe/FeO(001) inter-
face with a full layer of AF spins46.


Controlling the interface exchange bias
We control the magnitude of the exchange bias by varying the inter-
face oxygen anion density through the oxygen exposure and growth
temperatures used to fabricate the different Fe/MgO(001) samples,
as described previously. We find that a higher oxygen concentration
generates a larger exchange bias of the interface magnetization.
Figure 5 plots the strength of the interface exchange bias field HE
versus the direction of the in-plane applied magnetic field used
for the MSHG measurement relative to the Fe crystal axes for a


variety of concentrations. The filled squares, triangles and circles
represent the exchange bias magnitude for interfaces with high,
normal and low oxygen anion densities, respectively, for samples
grown at room temperature. Open triangles represent data for an
interface grown at 473 K with normal oxygen anion density. All
samples were first field annealed along [100]. It is important to
note that the exchange bias is clearly present even for our normal
oxygen anion density sample (MgO heated to 773 K with no
oxygen exposure), which is considered a typical clean surface for
subsequent deposition of Fe.


The grey curve represents the unidirectional anisotropy for
which the magnitude is proportional to |cos u|, where u is the
angle between the applied field and the [100] crystallographic
axis. The magnitude of the exchange bias has maxima in [100]
and [2100], minima in the orthogonal direction, and intermediate
values along the k110l axes, consistent with the |cos u| model.


Along [100], the exchange bias field HE of samples grown at
room temperature exhibits a monotonic increase with increasing
interface oxygen anion density (the strength increases from 0 Oe
for the low oxygen density sample to 8 Oe for the normal and 19
Oe for the high-density sample). This behaviour demonstrates
that the degree of Fe–O interaction plays a critical role in the inter-
face exchange bias. The interface grown at 473 K with normal
oxygen anion density shows a slightly smaller exchange bias
strength than the corresponding sample grown at room
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Figure 5 | Magnitude of exchange bias field HE versus applied field


direction. The coordinate axes are those of the Fe(001) film. Note that the


inner circular coordinate contour is HE ¼ 0 to more clearly display the data


points. Symbols represent the measured absolute value of the exchange bias


strength for the interface with high (red filled squares), normal (blue filled


triangles) and low (black filled circles) oxygen anion densities, grown at


room temperature. The open blue triangles represent results for the sample


grown at 473 K with normal oxygen anion density. Error bar of the exchange


bias magnitude, 4 Oe. Grey curve depicts the |cos u| dependence of the
exchange bias magnitude.
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Figure 6 | Temperature dependence of the exchange bias. a,b, Exchange


bias field HE (a, black) and coercive field Hc (a, red) from an Fe/MgO(001)


sample grown at room temperature with high interface oxygen density as a


function of temperature (a), as determined from the laser power


dependence of the MSHG hysteresis loops (b). The blocking temperature is


found to be 343 K. Error bars in a are determined by the field increment and


number of sweeps used in the magnetic field scans.


ARTICLES NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2013.94


NATURE NANOTECHNOLOGY | VOL 8 | JUNE 2013 | www.nature.com/naturenanotechnology442


© 2013 Macmillan Publishers Limited.  All rights reserved. 


 




http://www.nature.com/doifinder/10.1038/nnano.2013.94



www.nature.com/naturenanotechnology







temperature. EELS reveals that a higher growth temperature sup-
presses the formation of FeO at the interface19. Thus, the lower
value of HE is consistent with reduced formation of FeO. Both the
initial oxygen exposure of the MgO(001) surface and the growth
temperature control the magnitude of the interface exchange bias
by changing the density of local FeO formation and corresponding
AF exchange pinning sites at the Fe/MgO interface.


Figure 6a shows the temperature dependence of the interface
exchange bias field HE and coercive field Hc as determined from
the MSHG hysteresis loops taken at different incident laser
powers (Fig. 6b). The local temperature is determined from the
laser power using a steady-state heat rate equation (see Methods).
Samples were also field-annealed in a conventional manner using
a heater stage, confirming the temperatures achieved with laser
annealing. The magnitude of the exchange bias decreases with
increasing temperature (increasing power of the incident laser
beam) and vanishes at 343 K (10 mW), which we identify as the
interface blocking temperature TIB to distinguish it from the con-
ventional blocking temperature determined from the exchange
bias exhibited by the bulk magnetization (see Methods). The coer-
cive field exhibits little temperature dependence up to 343 K,
where it decreases from 12 to 7 Oe as the interface magnetization
is no longer pinned by the exchange bias. The blocking temperature
of the interface magnetization is surprisingly high compared to
typical values for bulk exchange bias systems. We do not understand
this fully, but believe that several factors may contribute: (i) the
magnetostriction plus the lattice mismatch at the interface enhances
the AF uniaxial anisotropy energy, which is known to increase TB
(ref. 48); (ii) the net magnetization of the interface system is
much smaller than that of the bulk, so it remains pinned to
higher temperatures by a given AFM/FM exchange coupling inter-
action; and (iii) the FeO formed at the interface is likely to be highly
defected and the Neel temperature of FeO is known to increase with
increasing defect concentration49.


To our knowledge, no evidence for this interface exchange bias
has been observed as a field offset in TMR measurements in
simple Fe/MgO/Fe thin-film MTJs. We believe this is because
MgO films grown by vapour deposition are known to have signifi-
cant Mg and O vacancies10,50. Such disorder is likely to broaden
the switching field distribution, disrupt or weaken the local interface
exchange bias, or even destroy the long-range exchange bias effect
we observe. Differences in the stoichiometry, defect structure and
morphology of MgO films used in MTJs compared to the bulk
single-crystal substrates we use may be of equal or greater impor-
tance in determining the TMR. Nevertheless, the interface AF
spins associated with FeO patches are present. Although the
exchange bias effect may be very small, these AF pinning centres
alter the interface spin density of states22, induce spin scattering7,
and should be incorporated in the theoretical calculations to accu-
rately predict the TMR effect. We have further shown that eliminat-
ing excess oxygen from the MgO surface before Fe deposition
eliminates any measureable exchange bias of the interface spin
system, which we attribute to minimizing the formation of Fe–O
AF pinning sites.


Conclusions
In conclusion, we have studied the interface spin system of the
Fe/MgO(001) bilayer system with MSHG. Previous studies
addressed the chemistry of this interface and related it to the band
symmetries impacting spin transport14–18, but here we have selec-
tively probed the interface magnetization, showed that it exhibits a
pronounced exchange bias not detectable in the bulk, thus signalling
the presence of an AF interface pinning layer, and derived a model
for the spin structure. We demonstrate that this exchange bias orig-
inates from the formation of local patches of AF FeO at the interface,
produced by super exchange coupling via Fe–O–Fe bonds. These


results are relevant to any ferromagnet/oxide interface in which
the elemental constituents are likely to form an antiferromagnetic
oxide (for example, FeO, CoO, MnO, NiO), as is the case in many
magnetic or multiferroic oxide heterostructures.


Methods
For sample preparation we began with MgO(001) bulk single-crystal wafers,
which were precleaned with isopropyl alcohol and annealed in situ to 773 K. The
oxygen anion density on the surface was altered by treating the substrate in one of
three ways: (i) to create a high density, the substrate was oxidized in 200 T
partial pressure of oxygen gas at room temperature for 15 min with ultraviolet light
from a Hg lamp; (ii) to generate a normal density, the surface was not further
treated (this is considered to be a clean starting surface for growth of Fe/MgO/Fe
MTJs); (iii) to generate a minimum density, we heated the substrate further to
973 K to desorb any excess oxygen29. Heating to such high temperatures is
generally not performed during the growth of MTJs. A 10 nm film of Fe was
then deposited using molecular-beam epitaxy either at room temperature or 473 K,
and at a growth rate of 0.25 nm min21.


All samples were exposed to air, which oxidized the Fe surface, reducing the free
electron density and suppressing surface MSHG30. We field-annealed the samples
with a 12 mW pulsed laser beam focused to a spot diameter of 1 mm (Ti:sapphire
amplifier system, 800 nm wavelength, 150 fs pulse duration, 1 kHz repetition rate).
The average temperature of the annealing spot was 353 K, as described in the
following. We then air-cooled the sample to room temperature with a magnetic field
of 747 Oe applied along the Fe magnetic easy axis [100]. Samples were also field-
annealed in a conventional manner using a heater stage rather than laser-annealed,
for comparison. This annealing was performed at 373 K for 15 min in a 750 Oe
field applied along the Fe in-plane [100] axis, and the samples were then cooled in
the field. The MOKE and MSHG data obtained were similar to those from the
samples that were only laser-annealed, confirming the temperatures achieved with
laser annealing determined from the model described in the following.


After field annealing, we used the laser beam (reduced to 5 mW) to measure
the magnetic properties in two complementary ways, the MSHG technique
measuring the magnetic response of the Fe/MgO(001) interface, and MOKE
measuring the bulk-averaged magnetization. Data were acquired over a magnetic
field range of +366 Oe. All magnetic field and temperature scans were completely
reversible. For the case of longitudinal MSHG, we irradiated the sample with
s-polarized light and detected the reflected MSHG signal (400 nm wavelength) with
a photomultiplier tube, placed after a prism and an analyser, which was set to 68
from s-polarization to measure the interface magnetization. In the
longitudinal MOKE studies, we measured the bulk magnetization by irradiating the
sample with p-polarized light and detecting the s-component of the reflected light
with a photodiode. As a control to isolate the magnetic properties of the air-exposed
Fe surface, we grew a 20-nm-thick Fe film on MgO(001) at room temperature; the
incident laser light used for the MSHG measurements could not penetrate this film,
so any signal thus measured came from the Fe surface. We observed no MSHG
signal from the oxidized Fe surface.


We measured the temperature dependence of the magnitude of the exchange
bias by increasing the power of the laser beam, raising the temperature of the spot
under the laser beam. Temperature T satisfies the steady-state heat equation
2K(∂2T/∂x2 þ∂2T/∂y2) ¼ C/h(Text2T ) þ Q, where K ¼ 76.2 W m


21 K21 is the
thermal conductivity of Fe, x and y are the coordinates of the sample surface,
C ¼ 10 W m22 K21 is the convective heat transfer coefficient of air, h ¼ 10 nm is the
Fe film thickness, Text ¼ 296 K is the air temperature, and Q is the heat source term
of laser. Because the laser has a Gaussian spatial distribution of intensity,
Q ¼ I(12R)/0.682 × exp[22(x2 þ y2)/r2]/(pr2h), where I is the laser power,
R ¼ 87% is the Fe reflectivity at the wavelength of 800 nm, and r ¼ 0.5 mm is the
radius of the laser beam. We set the temperature at the boundaries of the sample
(1 × 1 cm2) to be 296 K, and calculated the temperature distribution T(x, y)
numerically using the finite-element method. The average temperature within the
laser beam was obtained by dividing the integral of the temperature distribution
by the beam area.


We note that the electrons experience much higher non-equilibrium
temperature than the steady-state value. Within the first few picoseconds after the
laser pulse, electrons are excited to a higher temperature before transferring
energy to the lattice. This process can be described as


n
∫T2


T1


Ce(T)dT = I(1 − R)


where n ¼pr2hr/mA is the amount of Fe (unit, mol) with r¼ 7.874 × 10
3 kg m23


and mA ¼ 56 g mol
21, Ce(T ) ¼ 4.98T mJ mol


21 K21 is the Fe electron
thermal capacity, T2 is the maximum electron temperature, and T1 is the average
steady-state electron temperature as determined in the preceding paragraph.
So T2 ¼ [2I(12R)/4.98n þ T 1


2]1/2. For the laser power of 10 mW, T1 ¼ 343 K
and T2 ¼ 768 K. We used the steady-state temperature in our discussion, because the
MSHG processes we measure occur on a timescale much shorter than the time
required to raise the electron temperature after the incident laser pulse.
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The blocking temperature TB is typically determined from the temperature
dependence of the exchange bias field (hysteresis loop shift) of the bulk
magnetization. As we do not observe any exchange bias phenomenon in the bulk,
but only at the interface, we do not involve TB in the discussion to avoid
misunderstanding and instead refer to the interface blocking temperature TIB.
We note that we cannot directly measure the temperature at which the AF order in
the FeO disappears, called the Neel temperature TN , and therefore cannot
distinguish between TIB and TN from our data. However, TB is typically less than TN
in the systems studied to date.
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