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The microscopic structures of MgO�001� barrier layers in magnetic tunnel junctions showing giant
tunneling magnetoresistance were characterized by in situ scanning tunneling microscopy. The MgO
thin films formed exceedingly flat surfaces, and their terraces were made even flatter by annealing
after deposition. This flattening of MgO surfaces apparently promotes coherent transport of
electrons, which should enhance the tunneling magnetoresistance ratio. Local tunneling
spectroscopy revealed that an annealed MgO layer has a critical thickness between 3 and 5 ML
�monolayer�, and a continuous film without pinholes can be formed over the thickness. © 2006
American Institute of Physics. �DOI: 10.1063/1.2213953�
The physics of the tunneling magnetoresistance �TMR�
effect and its application to devices have been energetically
studied since its discovery a decade ago.1,2 A greatly desired
point has been to obtain magnetic tunnel junctions �MTJs�
with sufficiently high TMR ratios even at room temperature.
Two methods, in particular, have been proposed for enhanc-
ing the TMR ratio: �1� use high spin-polarized ferromagnets
such as half-metals for the electrodes3 and �2� use epitaxial
magnesium oxide �MgO� layers as tunnel barriers.4,5 There
have been several reports on the fabrication and improve-
ment of performance of MTJs with epitaxial MgO
barriers,6–10 and giant TMR ratios �larger than 150%� have
been obtained even at room temperature by using high-
quality MgO�001� barriers and/or suitable ferromagnetic
electrodes.11–17

A highly oriented MgO�001� barrier yields a large TMR
ratio, and it is supposed that the ratio is very sensitive to the
structure of the interface between the barrier and
electrodes.18 It is therefore essential to characterize
MgO�001� surface structures in real space to clarify the
mechanism of the giant TMR effect. While topological scan-
ning tunneling microscope �STM� images of MgO thin films
have been obtained,6,7,19–22 there have been no reports of
MTJs with giant TMR ratios. Moreover, MTJs with low im-
pedance are particularly essential for magnetic sensor appli-
cations, such as the read heads of hard disk drives. The char-
acterization of MgO barriers with a few monolayer �ML�
thicknesses is thus a pressing issue.

In this letter, we describe our characterization of the mi-
croscopic structures of MgO�001� barriers in a single-crystal
Fe/MgO/Fe MTJ. In situ STM observations were performed
to clarify the relationship between the structures and the
magnetotransport properties. We used a system in which we
can carry out deposition and STM observations alternately.23
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The annealing effects and thickness dependence of MgO bar-
riers were also investigated in detail.

Single-crystal MgO�001� substrates were cut into 6
�10 mm2 pieces. Subsequent partial deposition of the con-
tact electrodes enabled STM observation. Layers of Fe and
MgO were grown in a molecular-beam epitaxy �MBE� cham-
ber by electron-beam evaporation of source materials. Their
thicknesses were estimated using quartz crystal microbal-
ances within the chamber. Microscopic studies of their sur-
faces were performed at RT in a STM chamber linked to the
MBE chamber under an ultrahigh vacuum �UHV�. Topologi-
cal images were acquired using a tungsten-scanning tip in
constant current mode. �The bias voltage means the potential
of the sample against the tip hereafter.� The electronic struc-
tures of the MgO barriers were investigated using scanning
tunneling spectroscopy �STS� method at several points on
the barriers.

First, a MgO buffer layer with a thickness of 20 nm was
grown at 638 K on a prebaked MgO�001� substrate in order
to obtain good crystallinity. Then, a 50-nm-thick Fe�001�
bottom electrode was epitaxially grown at RT on the buffer
layer. This electrode layer was annealed at 573 K for 20 min
in UHV to promote flattening of the surface. Epitaxial
growth was confirmed by observation of a reflection high-
energy diffraction pattern with very sharp streaks. The Fe
layer was observed to have considerably flat surface struc-
tures with roundish step edges, as shown in Fig. 1�a�. This
film consists of three or four Fe atomic planes and terraces
with widths ranging from 30 to 100 nm. A line-scan profile
at the location indicated by the dotted line in Fig. 1�a� re-
vealed step heights of 0.14 nm, corresponding exactly to the
atomic monolayer of Fe�001� �Fig. 1�b��. A few terraces can
be seen sloping from the horizontal plane. It is conceivable
that the slopes originate from the screw dislocations of the
Fe. This Fe surface structure differs completely from that
grown on a Au�001� buffer layer, where rectangular terrace

23
structures could be seen.
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Epitaxial MgO barrier layers with various thicknesses
were grown at RT on the Fe layer at a deposition rate of
0.01 nm/s. Figure 1�c� shows a topographic image of a
MgO�001� layer with a thickness of 0.63 nm. Fundamentally,
typical structures of the steps and terraces observed for the
Fe �001� were also found in the MgO surface. Most of the
step edges had step heights of about 0.14 nm, as shown in
Fig. 1�d�, which means that almost all parts of the MgO layer
grew very flatly on the Fe surface structure, exactly like a
replica of Fe. Sloped terraces were also found on the MgO
barrier layer. One can see from the magnified image in Fig.
1�c� that minute clusters, several nanometers in size, were
scattered over the surface, and this could be observed repro-
ducibly. The existence of these clusters on MgO has previ-
ously been reported by other groups.6,7 It is possible that
these clusters are oxygen adsorbed before annealing,13 al-
though this is not very clear at the present stage.

We also investigated the effects of annealing the MgO
barrier layers. The layers were annealed at 573 K for 30 min
in UHV. After annealing, a considerable change in the sur-
face topology was observed for the MgO barrier with a thick-
ness of 0.63 nm, as shown in Fig. 1�e�. Connections between
adjacent terraces were clearly confirmed. Consequently, the
terrace area increased in size on average, and terraces with
widths of 50–100 nm were mainly observed. We should also
note that the morphology of the terraces was improved, and
surface flattening was achieved, as shown by the line profile
in Fig. 1�f�. Most estimated step heights were about 0.2 nm,
which is very close to the thickness of one atomic layer of
MgO�001� �0.21 nm�. This increase in step height was prob-
ably due to recrystallization of the MgO layers and/or migra-
tion of the steps due to annealing, resulting in the partial

FIG. 1. �Color online� �a� 500�500 nm2 STM image of a 50-nm-thick Fe
layer grown on top of a 20-nm-thick MgO buffer layer �0.1 V, 0.3 nA�. �b�
Line-scan profile taken at location shown by the dotted line in �a�. The solid
lines are guides for the eyes. �c� 500�500 nm2 STM image of
0.63-nm-thick MgO layer grown on top of Fe layer �1.5 V, 2.0 nA�. The
inset shows 50�50 nm2 zoom in. �d� Line-scan profile taken at location
shown by the dotted line in �c�. The solid lines are guides for the eyes. �e�
500�500 nm2 STM image of a 0.63-nm-thick MgO layer after annealing at
573 K for 30 min in UHV �1.0 V, 2.0 nA�. �f� Line-scan profile taken at
location shown by the dotted line in �e�. The solid lines are guides for the
eyes.
appearance of the MgO step itself.
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We investigated how the surface morphology changes
with the thickness of the MgO barrier layer. Figure 2 shows
the STM images of MgO surfaces with three different thick-
nesses �0.63, 1.05, and 2.00 nm� taken before annealing.
Narrow terraces were observed for 0.63 nm �Fig. 2�a�� but
not for 1.05 nm �Fig. 2�b��. Large terraces with round step
edges were observed for 2.0 nm �Fig. 2�c��. The areas of the
terraces generally increased with the thickness. As for the
epitaxial MTJs with MgO barriers we studied, increasing the
barrier thickness leads to an increase of the MR ratio,13 cor-
responding to the increase of terrace areas observed here.
The line scans related that the step heights for the
0.63-nm-thick MgO were mostly about 0.14 nm whereas
those for the 1.05- and 2.00-nm-thick MgO were mostly
about 0.2 nm in spite of surfaces before the annealing.24

Tunneling current as a function of bias voltage was
monitored at several local points on the MgO barriers after
annealing at 573 K for 30 min in UHV. Figure 3 shows the
averaged I-V curves at the top terrace points �typically indi-
cated by circles in the inset� and at the bottom terraces �in-
dicated by crosses�.25 One can see a clear difference between
the two curves for the 0.63-nm-thick barrier, as shown in
Fig. 3�a�. A distinct nonlinear line was obtained at the top
points whereas the nonlinearity weakened at the bottom
points. This indicates the existence of local holes in the bar-
rier at the low points, meaning that this barrier �3 ML MgO�
was an imperfect barrier. On the other hand, the spectra for
the 1.05 nm barrier showed that the line shapes were similar
between the top and bottom points, as shown in Fig. 3�b�.
This barrier �5 ML MgO� had a distinct band gap of approxi-
mately 2 eV even at bottom points, though the gaps were
narrower than those previously reported.7 This barrier can
thus be considered perfect. The current asymmetry we ob-
served is typical for the spectra of a perfect barrier.

The exceedingly flat surfaces with step and terrace struc-
tures of the MgO barriers may be the origin of the giant
TMR effect, which should be caused by the coherent tunnel-
ing of electrons. The annealing after MgO barrier growth
resulted in parallel terraces, as shown in Figs. 1�e� and 1�f�,
though it is unknown whether the Fe underlayer or the MgO
layer itself migrated. We speculate that the flattening of ter-
races and the expansion of terrace areas lead to the reduction

FIG. 2. �Color online� 1000�1000 nm2 STM images of as depo MgO
layers grown on top of Fe layer: �a� 0.63-nm-thick MgO layer �1.5 V,
2.0 nA�, �b� 1.05-nm-thick MgO layer �2.0 V, 1.0 nA�, and �c�
2.00-nm-thick MgO layer �5.0 V, 0.25 nA�.
of electron scattering at the interface between MgO and Fe,
AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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resulting in the coherent transport of electrons.
Our identification of pinholes in the barrier when the

MgO thickness was 0.63 nm is not surprising because some
parts of the Fe surface should not be covered with MgO
because annealing mostly created MgO terraces with a step
height of 0.21 nm. The MR ratio with this thickness was
relatively low even after annealing, and the existence of the
pinholes indicates that the transport process of a MTJ with a
thin barrier cannot be explained by common TMR transport.
Our finding that MgO with a thickness of 1.05 nm formed a
continuous film even after annealing can be explained by the
existence of a critical thickness between 0.63 �3 ML� and
1.05 nm �5 ML� where annealed MgO forms a continuous
film.26 A drastic increase in the MR ratio by annealing has
been reported for MgO thicker than this critical thickness.13

It is possible that not only the reduction of the dislocation
density but the improvement of surface morphology by an-
nealing resulted in the enhancement of the MR ratio.

In summary, we performed in situ STM observations of
MgO�001� barriers with a thickness of a few monolayers in a
single-crystal Fe/MgO/Fe MTJ. MgO layers with a thick-
ness of 0.63 nm formed surface structures similar to those of
the Fe underlayer, exactly like its replica, and annealing con-

FIG. 3. �Color online� Averaged I-V curves measured at top terraces and at
bottom terraces of �a� 0.63-nm-thick and �b� 1.05-nm-thick MgO layers.
Common points were set at 1.5 V and 2.0 nA. Both layers were annealed at
573 K for 30 min in UHV. The insets show 500�500 nm2 STM images of
the two MgO surfaces. The positions indicated by circles and crosses typi-
cally show measured points for top and bottom terraces, respectively.
verted them into different structures with even flatter ter-
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to 
races. The areas of the terrace portions generally increased
with the MgO thickness in the range of 0.63–2.00 nm, cor-
responding to the increase in the TMR ratio. STS investiga-
tion revealed that a 3 ML MgO layer after annealing forms
an imperfect barrier with pinholes whereas a 5 ML MgO
layer forms a continuous barrier. The relationship between
the microscopic structures and the giant TMR ratios of MgO-
based MTJs has thus been clarified.
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