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In the first part of this paper, we report a systematic study on the structural evolution under rapid thermal annealing and the corresponding transport properties in magnetic tunnel junctions (MTJs) with a crystalline MgO barrier. The results clearly indicate that
high tunneling magnetic resistance can be achieved by annealing MTJs at a very short time, and it is directly related to the formation
of (001) crystalline structures. In the second part, we report the spin dynamics in tunneling structure through direct electrical detecand
junctions was observed, which is contradictory to the prediction
tion. A surprisingly large voltage generation in
from the standard spin-pumping theory. We proposed a theoretical formalism to study spin-pumping effects in ferromagnetic multilayer
structures. The formalism can yield a remarkably clean physical picture of the spin and charge pumping in tunneling structures. The
calculated values are consistent with experimental results.
Index Terms—Magnetic tunneling junction (MTJ), spin dynamics, transport.

S

PINTRONICS has attracted enormous scientific and
technological attentions since the discovery of giant
magnetoresistance (GMR) effects in 1988 [1], [2] by Fert and
Grünberg who were awarded the 2007 Nobel Prize in physics.
The influence of spin on the electric conduction in the ferromagnetic heterostructures establishes the cornerstone for spintronics. The goal of spintronics is to effectively generate spin
current, control its transport across the interfaces and materials,
and develop means of detection. Success in all these aspects
will lead to new multifunctional devices offering nonvolatility,
higher processing speeds, higher packing densities, and reduced power consumption. One good example is spin-polarized
light-emitting diode (LED) that emits left or right circularly
polarized light by injecting spin-polarized electrons (or holes)
[3]. Most spintronic devices can be categorized in metal and
semiconductor-based structures. The metallic spintronic devices evolve from simple spin valve (SV)-type structures to
magnetic tunnel junctions (MTJs) based on amorphous Al O
barriers, and more recently based on crystalline MgO barriers.
Many interesting physics exist in MTJ structures including, for
example, Kondo effect, spin-orbital interaction, band structure,
and spin current generation [4]–[7]. MTJs have found wide
applications as biosensors, computer hard disk read heads,
magnetic random access memory (MRAM), and microwave
oscillators [8]–[13]. The central unit of an MTJ consists of two
ferromagnetic layers separated by a nanometer-thick insulating
barrier layer. One of the key features of MTJs is that the
tunneling conductance depends on the relative angle between
the magnetizations of two ferromagnetic layers, which can be
modulated by the external magnetic field. This feature gives
rise to tunneling magnetoresistance (TMR), which actually
was first reported in Julliere’s work more than 30 years ago
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[14]. TMR phenomenon arises from the fact that the electron
tunneling probability depends on spin because of the different
wave vectors at Fermi level for spin-up and spin-down electrons
due to the exchange splitting in ferromagnetic materials.
While most static features in MTJs have been understood,
the properties related with spin dynamics remain elusive. The
demand of high-speed spintronic devices requires the working
frequency to gigahertz range that is close to the characteristic
precessing frequency (ferromagnetic resonant frequency) of
magnetization in ferromagnetic materials. The discovery of
new phenomena on high-frequency spin dynamics in MTJs
opens new avenues to explore new physics and applications.
One such new discovery is the spin-pumping effect, where the
precessing magnetization of a ferromagnetic layer pumps spins
into adjacent normal metallic layers without external direct
current (dc) bias. An rf field is used to precess the magnetization under the ferromagnetic resonance. Spin-pumping effect
is a promising candidate for realizing a spin battery device as a
source for a pure spin current with no net charge current [15].
In this paper, we present our recent results on MTJs. Section I
focuses on the structural evolution and related transport properties of MgO-based MTJs, which has not been systematically
investigated and documented in the literature. What distinguishes this study from others is that, contrary to common
1–2-h postannealing treatment, we monitored the evolution of
TMR in CoFeB/MgO/CoFeB MTJs through rapid annealing,
resulting in fast crystallization of amorphous CoFeB electrodes.
Our results show that the giant TMR could be established on
a very short time scale. In Section II, we report our studies
on spin dynamics in tunneling structures. We observed a surprisingly large dc voltage generated in Al/AlO /Ni Fe /Cu
structures from a precessing Ni Fe layer, excited
via an external rf field. The observed voltage is about an
order of magnitude larger than the voltage observed in ohmic
[16]. The results are abnormal
Cu/FeNi/Pt structures
if one considers that the spin-pumping effect is not expected in
tunneling structures due to the negligibly small spin injection
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Fig. 1. (a) The evolution of TMR in CoFeB/MgO/CoFeB junctions during annealing at 460 C. Inset shows the actual resistance versus the magnetic field at
different annealing time durations. (b) The evolution of MgO barrier structure during annealing at 380 C in the sample of Si/SiO /CoFeB 15/MgO 15/CoFeB
3.5/Ta 5. The FWHM of the MgO (002) XRD peak quickly decreases, accompanied by the fast change in lattice parameter at the beginning of the annealing.

rate, which is much smaller than the spin relaxation rate. Our
results suggest a new nonequilibrium mechanism for the spin
and charge pumping. More subtle physics have been revealed
by the theoretical analyses regarding the spin and charge
pumping [17], which appears to be very different from
structures with ohmic interfaces. Moreover, in a recent study
[18], we have introduced a novel theoretical formalism that is
capable of addressing pumping problems in complicated heterostructures where the conventional approaches fail due to the
spin accumulation not being well defined in an insulating layer.
Both experimental and theoretical results will be discussed in
Section II. Finally, we summarize our studies in Section III.
I. STRUCTURAL EVOLUTION AND SPIN-POLARIZED
TRANSPORT IN MGO-BASED MTJS
It was predicted in 2001 that the TMR up to 1000% could be
obtained in MTJs with crystalline MgO insulating barriers [19],
[20]. In 2004, two groups independently reported giant TMR
ratio close to 200% in MTJs consisting of crystalline MgO
barriers [8], [9]. Up to date, the commonly used MTJ structure
is CoFeB(001)/MgO(001)/CoFeB(001) junctions, where rf
sputtered MgO layer has (001) texture on the as-deposited
amorphous CoFeB layer. This (001)-oriented MgO layer serves
as a supporting template for the crystallization of CoFeB layers
during the postannealing process, which is commonly done
above 350 C for about 1–2 h. The final CoFeB/MgO/CoFeB
with highly (001) texture provides the symmetry-conserved
coherent tunneling, resulting in a giant TMR.
Unlike in AlO -based MTJs where annealing is only used
to improve the TMR, the thermal annealing is an indispensable
step to achieve a giant TMR in CoFeB/MgO/CoFeB junctions.
It is because the coherent tunneling only occurs after as-deposited amorphous CoFeB layer crystallizes into (001) orientation. There are many studies on the effect of annealing temperature [10], [21]–[24], but none of them studies the dependence of
TMR on the annealing time. The understanding of the TMR evolution during the annealing process is also very small, despite
the fact that coherent tunneling theory can well explain the giant
TMR in fully annealed samples [12], [19], [20]. Here, we report our recent studies on the real-time evolution of TMR during

thermal annealing. We demonstrate that the TMR is quickly developed at the beginning of the annealing process and then followed by a slow approach to saturation.
The MgO tunneling junctions were fabricated in a magnetron
sputtering system with a base pressure of 2 10 torr. The
sample structure was Si/SiO /Ta 7/Ru 20/Ta 7/CoFe 2/IrMn
15/CoFe 2/Ru 1.7/CoFeB 3/MgO 1.8–3.2/CoFeB 3/Ta 8/Ru
10, where the numbers are layer thicknesses in nanometers. A
wedged MgO barrier was deposited by a combinational technique. After the fabrication, the samples were then patterned
into small sizes ranging from 5 to 100 m by photolithography
and ion-beam milling. In order to study the evolution of TMR
in a very short time frame, a rapid thermal anneal (RTA) system
was used to anneal the MTJs. For more details on the sample
fabrication, refer to our previous publications [25]–[27].
Fig. 1(a) shows the evolution of TMR annealed at 460 C.
The data is obtained on the same sample at different length of
accumulated annealing time. Both TMR and X-ray diffraction
(XRD) measurements were performed right after the annealing,
and then the processes were repeated for the different annealing
time. During the annealing, the sample was cooled down under
a magnetic field of 2 kOe in order to reestablish the exchange
bias on FeCo layer since the annealing temperature is higher
than the blocking temperature of the exchange bias. The sample
was first heated up to 190 C for a few seconds in a magnetic
field of 600 Oe, in order to establish the exchange pinning. At
this short annealing, referred to as “0 s,” TMR is only 25%.
TMR increases to around 140% by annealing the sample for
15 s at 460 C and further increases to 240% after 100-s annealing. TMR approaches saturation after 300 s and then slowly
decreases for annealing longer than 600 s. The TMR evolution
during the annealing is clearly shown in the inset of Fig. 1(a),
where the actual TMR curves were plotted as a function of the
magnetic field. The results demonstrate that the development of
TMR in CoFeB/MgO/CoFeB junctions occurs on an extremely
short time scale compared to the traditional annealing time of 1
or 2 h. In order to correlate the structural information to spin-polarized transport properties, the evolution of MgO barrier structure during annealing at 380 C was studied by performing
an XRD experiment in a sample of Si/SiO /CoFeB 15/MgO
15/CoFeB 3.5/Ta 5, where the numbers are layer thicknesses
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Fig. 2. (a) The annealing time dependence of R
and R of CoFeB/MgO/CoFeB junctions measured at room temperature. The samples were annealed at
380 C. (b) The evolution of the switching field of free CoFeB electrode as a function of the annealing time.

in nanometers. We have to point out that the trends of the structure evolution are very similar at both 380 C and 460 C. The
full-width at half maximum (FWHM) of the MgO (002) diffraction peak and the calculated lattice constant as a function of the
annealing time are shown in Fig. 1(b). Both of them behave in
the same manner, where a rapid drop is shown during the first
few minutes of annealing and followed by a slow decreasing in
prolonged annealing. Our results clearly indicate that the most
structure evolution of CoFeB/MgO/CoFeB junction also happens at a short time scale of a few minutes during annealing.
The resistance changes during the annealing in parallel
and antiparallel
states are plotted in Fig. 2(a). CoFeB/
MgO/CoFeB junctions were annealed at 380 C and the resistances were measured at room temperature. The quick increase of
and the decrease of
are observed at the beginning of the annealing, similar to the TMR evolution and the
lattice constant changes during the annealing. This is due to the
coherent tunneling of the half-metallic and slow-decaying
band, which depends on the crystalline structure of CoFeB electrodes and the magnetization states. The switching field of the
free CoFeB layer also exhibits the similar dependence on the annealing time [Fig. 2(b)]. After only a few minutes of annealing,
the switching field increases from 4 to 18 Oe. Then, it slowly
approaches to saturation at longer annealing time.
All the results here indicate that the high values of TMR induced by the structural changes of CoFeB/MgO/CoFeB junctions occur at a very short time scale at high temperature. The
highest TMR of 280% in our study is achieved in MTJs annealed
for 6 min at 460 C [28]. This discovery could be very useful
for industry applications.
II. SPIN DYNAMICS STUDY OF MTJS
Although spin dynamics has been studied for a long time
and the phenomenological Landau–Lifshitz–Gilbert equation
describes many phenomena reasonably well, there are still many
unanswered questions. For example, a complete theoretical
description of the magnetic damping is still missing [29]. In
1996, Slonczewski [30] and Berger [31] predicted that the spin
current flowing through magnetic multilayer could exerts a
spin-transfer torque on the magnetization, leading to magnetization precession and even reversal if the current density was

large enough. On the equal footing, the precessing magnetizations in a ferromagnet excited by an rf external field can inject
spins into neighboring layers, giving rise to spin-pumping effect
[32], [33]. Up to now, the spin-pumping effect was commonly
demonstrated indirectly by observing enhanced Gilbert damping
constant ferromagnetic/nonmagnetic layered systems [34], [35].
The spin injection into a nonmagnetic layer splits chemical
potential between spin-up and spin-down electronic bands.
This splitting, in principle, can be directly detected by a second
ferromagnetic layer via a tunneling barrier. Depending on
the relative orientation between the magnetization of the detecting ferromagnet and the spin accumulation in the normal
metal, the observed voltages are expected to vary. The largest
should be observed between parallel
voltage difference
and antiparallel states, where is the relative polarization of
the spin-dependent tunnel conductance of the electrode and
is the spin accumulation in the normal metal [33]
(1)
is a reduction factor expressed in the ratio
where
between the spin-flip rate and the spin injection rate. In a recent
letter, Wang proposed a simple scheme to electrically measure
layer is used to convert
the spin accumulation [36]. An
pumped spin accumulation into a charge voltage. The single
ferromagnet serves as both the source and the detector for
spin-pumping current. The detection is realized by partially absorbing the back flow spin current through the spin flip scattering,
thus generating a net charge voltage due to the spin-dependent
interface and bulk conductance. Under the assumption that the
layer is much smaller than its spin
layer thickness of the
interface is
diffusion length, the voltage across the

(2)
where
with the thickness
and
of normal metal layer,
and
the spin diffusion length
are the bulk conductance of
and
layer, respectively.
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Fig. 3. Schematic diagram of the sample geometry and the experimental setup. The modulated microwave signal is fed into the coplanar waveguide through FPC
probe. Tunneling junction is on the top of a signal line and the dc voltage generated across the tunneling junction is measured using a lock-in technique.

is the sum of spin-up and spin-down effective
interface.
is the real part of the
conductance at the
effective spin-mixing conductance, and is the interfacial spin
polarization. Based on this scheme, a direct electrical detection
of spin-pumping effect has been realized recently in an
trilayer [16]. The voltage signals of the order of 100 nV were
observed, which is in good agreement with the theory.
Unlike the spin-transfer torque, the spin-pumping effect is
not expected in tunneling structures because the spin injection
rate is negligibly smaller compared with spin relaxation ration
in tunneling structure. Nevertheless, our recent experiment [7]
has indicated that more subtle physics concerning the spin and
charge pumping occur in tunneling structures, which appears to
structures.
be very different from
In an experiment involving nanometer-thick tunneling junction structure and microwave, how efficient microwave power
can be coupled into the tunneling junction becomes a challenge.
We chose coplanar waveguide (CPW) to solve this problem because the planar structure is advantageous in terms of the device integration for possible spin-pumping applications, and the
dimension of CPW also fits tunneling junctions. The sample
geometry and the experimental setup are illustrated in Fig. 3.
The tunneling junction was directly fabricated on the top of
characthe CPW signal line. The underlying CPW of 50
teristic impedance was also designed to avoid the impedance
mismatch with the rf probes. The tunneling junction structure
is Si/SiO /Cu 100/Al 10/AlO 2.3/Ni Fe 20/Cu 70/Au 25. It
was fabricated using magnetron sputtering deposition and the
AlO tunnel barrier was formed by in situ plasma oxidation.
After the deposition, two steps of microfabrication were performed. The CPW structures made from the bottom 100-nm
Cu layer were formed at the first step and the tunneling junction pillars with the size of 50 50 m were fabricated on
top of the center CPW signal line after the second step. The

resistance of the tunneling junction pillar was about 67 k . A
microwave signal from an Agilent 8753B vector network analyzer was fed into the CPW and generated a microwave magalong the -axis in the plane of the tunneling
netic field
junction. A Helmholtz coil was used to apply a dc magnetic
field up to 120 Oe along the CPW ( -axis). The magnetization
thus mainly precesses along the -axis. The voltage across the
tunneling junction was measured by contacting a Cascade FPC
probe on top of the tunneling junction and the CPW signal line.
The microwave frequency varies from 0.7 to 4 GHz with power
up to 25 dBm. The microwave amplitude was modulated with a
sinusoidal signal of several hundred hertz provided by a function generator in order to allow the use of a lock-in detection
technique.
Fig. 4(a) shows the measured dc voltage as a function of
the external static magnetic field for an Al/AlO /Ni Fe /Cu
tunneling junction. The symmetrical peaks appear at both positive and negative fields at all microwave frequencies and the
magnitude of the peaks is of the order of V, one order larger
structure [16]. The peak
than the reported value for
position as a function of the microwave frequency can be well
fitted by the Kittel formula yielding parameters consistent with
those of Ni Fe . This result indicates that the voltage peaks
are strongly correlated to the ferromagnetic resonance (FMR)
of the Ni Fe layer. The frequency and the precession angle
dependence of the dc voltage are shown in Fig. 4(b). The linear
and the frequency is evident. The precesrelation between
sion angle under the microwave excitation is estimated from
where the TMR changes were measured
in IrMn/Fe Co /AlO /Ni Fe MTJ under an electrical bias
of 20 mV [37]. Although the voltage signal is clear from FMR
excitation in Ni Fe layer, other possible sources like electrical rectification effect must be eliminated before a qualitative
tundescription can be given. The simple structure of
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Fig. 4. (a) The dc voltage generated across the Al/AlO /Ni Fe /Cu tunneling junction as a function of the external static magnetic field. (b) The frequency of
the microwave field varies from 1.8 to 2.8 GHz. The dc voltage V as a function of the precession angle with the solid line being the fitting using (2). The inset
in (b) shows the voltage as a function of the frequency at 10-dBm microwave power.

1

neling junction makes it naturally immune to the TMR rectification effect since there is only one single ferromagnet. Although
the time-dependent anisotropy magnetoresistance (AMR) and
the anomalous Hall effect (AHE) could exist, the analysis of
our measurement geometry indicates that no dc voltage component could be generated across the junction by those two effects
[7]. Thus, no dc voltage generated due to the rectification effect
is expected in our tunneling junction under designed measurement geometry. Further investigation in Al/Ni Fe /Cu and
Cu/AlO /Al/Ni Fe /Cu structures also supports the fact that
the voltage across the Al/AlO /Ni Fe /Cu tunneling junction
was indeed from the AlO /Ni Fe interface.
At the first glance, the results in Fig. 4(b) can be well fitted
with (2). However, the extracted parameters are not physically
versus the frequency in the
reasonable. The linear fitting of
at a precession
inset of Fig. 4(b) gives rise to
angle of 17 , which is too large compared to the estimated value
is required to
of 0.5 for tunneling contacts [38]. While
fit our precession angle-dependence data, this is impossible in
tunneling junction considering the fact that the conductance of
should be several orders of magnitude
a nonmagnetic layer
at
larger than the effective spin-mixing conductance
interface. All these discrepancies originated from the fact that
the standard spin-pumping theory is developed to treat multilayer of ohmic interfaces. From this theory, the spin-pumping
effect is never expected in tunneling junction structure where
interface impedes the
the conductance mismatch at the
charge current flowing, thus destroying the pumped spin current.
Our results suggest that more complex underlying physics exist
in tunneling junction structure. One possible mechanism is the
interface [17]. A large voltage
spin charge coupling at the
in the order of 1–100 V is predicted by considering the electron–electron interaction, because of the huge difference of the
and
scales associated with the charge screening length
the spin diffusion length
.
junction is a good candidate to study
Although
the spin dynamics and related dc voltage generation because
of its simplicity involving only single ferromagnet,

Fig. 5. The dc voltage generated across the Si/SiO /Cu/IrMn/
CoFe/AlO /NiFe/Cu/Au MTJ as the function of the external static magnetic
field. The microwave frequency and power are 2 GHz and 10 dBm,
are voltages in parallel and antiparallel states of
respectively. V and V
MTJ at ferromagnetic resonance. TMR curve in absence of a microwave is
shown in the inset.

junction could provide richer physics and potentially more
functionalities. The dc voltage generation across
was expected to be a function of the relative magnetization
orientation in two ferromagnets [17], [39]. Fig. 5 shows our
MTJs. The MTJ consists of Cu
experimental results in
100/Ir Mn 15/Fe Co 6/Al O 2.3/Ni Fe 20/Cu 70. A
fast annealing at 180 C was required to form the exchange
pinning on Fe Co layer. Parallel ( state) and antiparallel
magnetization states (
state) were then well defined in
junctions. In the range of the external static magnetic
field we used, only the magnetization of NiFe layer was excited
to coherently precess under FMR.
The TMR, in the absence of microwave input, is shown in
the inset of Fig. 5. The TMR is 30% in our junctions, which is
normal for amorphous AlO barrier-based MTJ. The well-defined two resistance regimes indicate well-defined parallel and
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antiparallel magnetization states between two ferromanets. The
voltage generated across the CoFe/AlO /NiFe junction at 2 GHz
is of the order of few Vs, comparable to the ones we obtained in Al/AlO /NiFe junction. Unlike
junction with
only a single ferromagnet and symmetric voltage in positive
and negative field, the voltages are different corresponding to
.A
different magnetization configuration, i.e.,
background voltage around 4.5 V is also seen in Fig. 5, which
is due to the microwave electric field.
Because of the complexity of the spin and charge pumping in
MTJs, it is very difficult to quantitatively analyze the experiment
data. Recently, we proposed a simple theoretical formalism to
address the spin pumping and induced voltages by high-freand
junctions using
quency spin dynamics in
a nonequilibrium Green function approach (NEGF) [18]. Since
NEGF formalism takes a microscopic Hamiltonian as an input,
it is possible to include the real geometry [40] of experimental
devices and the properties of the tunneling barrier, as well as
the interactions responsible for spin flip processes in . Our formalism can yield a remarkably clean physical picture of the spin
and charge pumping in ferromagnetic multilayer structures. It
consists of 1-D model of spin pumping where a single spin precessing with frequency and a neighboring tunneling barrier of
height is attached to the lead. In a rotating frame, the original
device is mapped into a four-terminal dc circuit using NEGF.
The sample with time-dependent spin interactions is attached
to four electrodes that only selectively allow the propagation
of one spin species. This picture then can be solved by multiterminal Landauer–Büttiker-type formulas for spin and charge
current.
The detailed discussion of our theoretical formalism can be
found in [18]. The calculation provides many useful results and
is able to describe the important features observed in our experiment. However, the calculation in work[18] did not include the
possible electric bias due to the microwave electric field, which
gives a voltage background in all our results. Without this bias,
the calculation also yields opposite voltage polarity for
and
. Here, the electric bias of
was incorporated
into our formalism according to the real experiment condition.
strucFig. 6 shows the calculated dc-pumping voltage in
tures. It should be emphasized that the calculated voltage is at
20 GHz (for easier comparison with other theoretical results at
20 GHz), which can be easily scaled to any frequency since the
voltage is linearly proportional to the frequency. The dc voltand
as a function of the barrier height show similar
ages
trends compared to the calculations without bias, but the magnitudes of the voltages are both shifted to higher values. Further
calculations indicate that the effect of the electric bias is to shift
the voltage by the same amount in both parallel and antiparallel states. The background can thus be eliminated by taking
, which is on the order of V at 2 GHz, consistent with our experiment results. As we already mentioned, the
standard scattering theory that only considers the spin pumping
interface has difficulty to quantitatively describe either
at
or
structures. The fact that spin pumping is always coupled with the charge has been ignored. In
junction, the pumped spin current is indeed very small crossing the
tunneling barrier. However, the spin current is much enhanced
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Fig. 6. The dc-pumping voltage in F=I=F multilayer attached to two semiinfinite N electrodes as the function of the barrier height U relative to Fermi
energy. The precessing cone angle of the magnetization is 
10 and the
20 GHz. The structure is under an electric bias of h!= .
frequency is f

=

=

 2

(more than two folders) in the opposite direction away from the
structure. This may
barrier compared with that in a simple
arise from the quantum interference. The spin current is finally
filtered into charge current by the second ferromagnet to generate a pumping voltage across the junction at the order of V.
Both spin and charge contributed to the voltage generation in
junction, and the voltage is intrinsically much larger
than the voltage observed in ohmic
structures.
III. SUMMARY
In summary, we have performed a systematic study on the
structural evolution under rapid thermal annealing and its
corresponding transport properties in MgO-based MTJs. The
results clearly indicate high TMR value can be achieved by
annealing MTJs at a very short time and at high temperature,
and it is directly related to the formation of (001) crystalline
structures. The spin dynamics in tunneling structures was
also studied through direct electrical detection. A surprisingly
and
junctions
large voltage generation in
was observed, which is contradictory to the prediction from
the standard spin-pumping theory. We proposed a theoretical
formalism to study spin-pumping effects in ferromagnetic
multilayer structures. The formalism can yield a remarkably
clean physical picture of the spin and charge pumping in MTJs.
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