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A steady-state electrical current flowing in a magnetic heterostructure can exert a torque on the

magnetization, and provides a means to control magnetization states and dynamics in spintronics

structures. However, some components of the torque are difficult to measure and to calculate. We have

determined the perpendicular spin torque in MgO magnetic tunnel junctions by measuring their lowest

ferromagnetic resonance frequency and find that it decreases linearly with increasing bias voltage.

Micromagnetic modeling shows that this decrease is caused by the perpendicular component of spin

torque. We obtain a quantitative value for the perpendicular spin torque effective field as a function of bias

voltage, and show that this effective field is a linear function in bias voltage and approximately equal in

magnitude to the in-plane spin torque effective field.
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The prediction by Slonczewski [1] and Berger [2] that a
spin-polarized current can exert a magnetic torque on
layers with noncollinear magnetization has led to intense
research over the past decade. This spin torque leads to a
direct coupling between transport and local magnetization.
As a consequence, steady-state currents can affect the
magnetization dynamics, and magnetization dynamics
can induce steady-state currents. The coupling between
transport and magnetization is of fundamental interest as
it provides a means to control magnetization states and
dynamics in spintronics structures. Most observations of
effects induced by spin torque have been in magnetic
multilayer structures. Typically, these contain a ferromag-
netic layer with fixed magnetization direction, and a fer-
romagnetic layer, the free layer (FL), the magnetization
direction of which is manipulated and detected. These
layers are separated by a nonmagnetic spacer such as Cu,
aluminum oxide, or MgO. When the spacer is insulating,
the structure is referred to as a magnetic tunnel junction
(MTJ). At large enough applied current densities, spin
torque can induce coherent oscillations, chaotic magneti-
zation dynamics, or switching of the magnetization direc-
tion of the FL [3–6]. Zhang, Levy, and Fert [7] pointed out
that the spin torque has not only the in-plane component
predicted by Slonczewski [1] and Berger [2], but also a
perpendicular component. This latter component is small
in metallic systems [8–10] but much larger in MTJs, where
it significantly affects the magnetization. In order to con-
trol the magnetization using spin torque effects this com-
ponent needs to be known and understood. However, the
magnitude of this component is difficult both to calculate
[11–14] and to measure.

Sankey et al., [15] measured the perpendicular spin
torque component by fitting the line shape of the resonance
induced by an rf current superimposed on a dc bias current
on elliptical MgO MTJs. They showed that the perpen-
dicular spin torque is quadratic in applied voltage [16], in

good agreement with the first-principle calculations by
Heileger and Stiles [14]. Similar measurements were also
carried out by Kubota et al., [17] on MgO MTJs. On the
other hand, Petit et al. [18] measured the change in reso-
nance frequency as a function of bias current in circular
Al2O3 MTJs and concluded from the observed changes that
the effective field due to the perpendicular torque is pro-
portional to the biasing current density and thus changes
sign with bias voltage. This is in qualitative agreement with
the measurement by Li et al., [19] who extracted the
perpendicular torque by measuring the switching current
of MgO MTJs, and by carefully accounting for heating
effects due to the rather large current densities required for
switching. However, since the measurements by Li et al.
[19] were based on switching currents, the voltage range
used was necessarily higher, approximately 0.5 V–1.0 V,
than those of Sankey et al., [15] and of Kubota et al. [17].
Measurements of the perpendicular spin torque effect in
asymmetric MgO MTJs (i.e., the fixed layer and FL were
not identical) were carried out by Oh et al. [20]. The
perpendicular spin torque effective field was obtained by
fitting plots of the FL magnetic configuration relative that
of the fixed layer as function of applied external field and
bias voltage, and gave the result that there is a linear term
in the dependence of perpendicular spin torque effective
field on bias voltage in addition to a quadratic one, in
agreement with theoretical predictions [21].
Recently, one of us [22] showed, using modeling, that

the effective field due to perpendicular spin torque gives
rise to a linear dependence on bias voltage of the frequency
of the lowest eigenmode of circularly exchange-biased
trilayers of structure antiferromagnet-ferromagnet-spacer-
ferromagnet. This is similar to the conclusions reached by
Petit et al. [18]. Here, we present experimental measure-
ments of the lowest ferromagnetic resonance frequency in
MTJs of dimensions approximately 50 nm� 50 nm. The
measurements show that the resonance frequency depends
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linearly on Vb in the range of �100 mV to þ200 mV. We
use finite-temperature micromagnetic modeling to demon-
strate that this linear dependence is uniquely due to the
perpendicular spin torque effective field bJ, and that it is
proportional to Vb (or current density j). This is in contrast
with the conclusions by Sankey et al., and Wang et al.,
[15,16], and by Kubota et al., [17].

The MTJs used in the measurements were deposited
using ultrahigh vacuum sputtering, and had the struc-
ture IrMn=CoFeðPLÞ=Ru=CoFeBðRLÞ=MgO=CoFeBðFLÞ,
where the FL had a thickness of about 7 nm. The pinned
layer (PL) has its magnetization direction fixed by
exchange-bias coupling to the antiferromagnetic IrMn.
The Ru promotes a very strong antiferromagnetic coupling
between the reference layer (RL) and the PL, keeping the
magnetization direction of the RL fixed and antiparallel to
that of the PL. Devices were patterned to a size of approxi-
mately 50 nm� 50 nm using standard lithographic tech-
niques. High-coercivity permanent magnets were
deposited on each side of the junction, and separated
from it by an insulating layer about 4 nm thick. These
permanent magnets supply a biasing field that keeps the
equilibrium magnetization direction of the FL perpendicu-
lar to that of the RL and of the PL. Wewill use a coordinate
system in which the RL magnetization is along ŷ, the
magnetization of the FL and of the permanent magnets
along x̂, and ẑ is perpendicular to the plane of the layers.
The inset in the right panel of Fig. 1 shows a schematic
cross section of the devices. In total we measured about
360 devices from two different wafers, ‘‘A’’ and ‘‘B.’’ The
device resistance was about 200�, and the devices exhib-
ited a resistance change in an applied field of �1000 Oe
applied perpendicularly to the field from the biasing mag-
nets, corresponding to approximately a 20 mV signal volt-
age at a bias of 100 mV.

At finite temperatures, thermal agitations will excite
magnetization dynamics, including ferromagnetic reso-
nances (FMRs). The thermally-excited magnetization dy-
namics give rise to fluctuating resistance values. In the
corresponding frequency spectrum at fixed Vb, FMR peaks

are clearly observable. We observed the FMRs in our MTJs
by measuring thermally induced frequency spectra at room
temperature using a standard spectrum analyzer. The cen-
tral result of the measurements is shown in Fig. 1. The left
panel of this figure depicts the lowest FMR frequency as a
function of bias voltage; each data point is an average over
200 devices from wafer A and 160 devices from wafer B.
First, we note that the FMR peak frequency (fFMR) is offset
for devices from wafer A compared to devices from wafer
B. This is explained by the fact that the configuration of the
biasing magnets was slightly different in the two wafers.
The FMR frequency is primarily determined by the con-
tribution from the biasing magnets to the effective field
acting on the FLs. Therefore, a change in the biasing
magnets from one device design to another will lead to
different fFMR. Based on the measured values of fFMR, we
estimate the effective bias fields to be about 420 Oe and
600 Oe for wafers A and B, respectively. Second, we
observe that fFMR decreases in a linear fashion with in-
creasing Vb for Vb approximately in the range of�100 mV
to 200 mV, (we use the convention that Vb is positive with
current flowing from RL to FL), and that the rate of
decrease (the slope of fFMR vs Vb) is the same for the
two sets of devices, about 2 GHz=V. The right panel of
Fig. 1 shows the change in fFMR from its zero-bias value
for the devices from wafer A and B, respectively. Here, we
defined the zero-bias FMR frequency f0 for each device as
the mean of fFMR at þ50 mV and �50 mV bias voltage.
Using a bivariate fit we obtain fFMRðVbÞ � f0 þ cVb,
where c is �2:4 GHz=V and �2:1 GHz=V for wafer A
and B, respectively, with standard errors less than 8�
10�3 GHz=V. This linear change of fFMR with bias voltage
(or bias current density) was also observed by Petit et al.
[18] in Al2O3 MTJs. There is a priori no reason to expect
spin torque effects to be similar in MTJs with Al2O3 or
MgO barriers, since MgO is crystalline and the transmis-
sion properties in CoFe=MgO=CoFe MTJs are determined
by band matches in the minority and majority spin chan-
nels [23]. Al2O3 tunnel barriers, on the other hand, are
amorphous and the transmission properties, and therefore
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FIG. 1. Left panel: FMR peak frequency vs bias voltage for devices from wafer A (squares) and wafer B (diamonds). Right panel:
Change in FMR frequency from its zero-bias value vs bias voltage.
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the tunneling magnetoresistance and spin torque effects,
must be determined by grosser features in the electronic
structure of such MTJs.

We used micromagnetic modeling to interpret these
experimental results. In the modeling, we integrated the
stochastic Landau-Lifshitz-Gilbert (SLLG) [24] equation
using a Heun integrator [25] at a temperature of 360 K with
a time step of 5 fs. We used a mesh of size 5 nm� 5 nm in-
plane and an out-of-plane spacing set by the thickness of
the individual layers, which were 1.9 nm, 2.4 nm, and
7.7 nm, for PL, RL, and FL, respectively. We modeled
two realizations of the MTJs with saturation magnetization
densities of 1370 ð1000Þ emu=cm3, 983 ð1200Þ emu=cm3,
and 630 emu=cm3 for the PL, RL, and FL in the first
(second) realization, MTJ I (MTJ II). Current-induced
magnetic fields were included, as well as an exchange
bias of magnitude 0:875 erg=cm2 acting on the PL,
antiferromagnetic coupling of magnitude �1:5 erg=cm2

between the PL and the RL, and interlayer exchange
between the RL and the FL of magnitude 0:05 erg=cm2.
Magnetostatic interactions were calculated using in-plane
fast Fourier transforms and direct sums between the layers.
The tunnel magnetoresistive ratio was set to 140% and the
current spin polarization P was calculated from the Jullière
formula [26] assuming similar RL and FL materials. The
resistance-area product was set to 0:8 �ð�mÞ2, and the
dimensionless LLG damping parameter � was set to 0.01
for all magnetic layers. In addition to the usual terms in the
SLLG equations, due to the effective fields from intralayer
ferromagnetic exchange, magnetostatic interactions, inter-
layer exchange, biasing magnets, exchange-bias (for the
PL), currents, and stochastic effective fields, we added the
spin torque terms

� RL ¼ �j�ej½aJmRL � ðmRL �mFLÞ þ bJmRL �mFL�
�FL ¼ j�ej½aJmFL � ðmFL �mRLÞ þ bJmFL �mRL�:

Here �e is the electron gyromagnetic factor, aJ (bJ) the
effective field due to in-plane (perpendicular) spin torque,
and mRL (mFL) is the local magnetization director in the

RL (FL). We used aJ ¼ @jP
2eMSt

, where for the RL (FL) j is

the current density, P is the current spin polarization, and
MS and t are the saturation magnetization and thickness of
the RL (FL). The signal voltage was calculated and
sampled every 0.01 ns over 100 ns for each computation
of a thermally-excited noise spectrum, and the sampled
signal voltage was Fourier transformed to yield a noise
spectrum with a resolution of 0.01 GHz. We smoothed the
numerical data by averaging over 15 consecutive points
and then fit the lowest resonance peak with a Lorentzian,
from which we obtained peak frequency, as well as peak
width and an overall constant background noise level. With
aJ fixed we calculated noise spectra for different fixed bias
currents and different values of the ratio bJ=aJ for each
bias current. According to the expression for aJ, this

quantity is proportional to the bias current density j, or
equivalently, to the bias voltage Vb, since j ¼ Vb=ðRAÞ.
First we established that the current-induced Ampère

fields are not responsible for bias dependence of fFMR.
With aJ and bJ set to zero we calculated fFMR for Vb ¼
100 mV and Vb ¼ �100 mV. The calculated spectra had
the same peak frequency. Because the current-induced
fields change direction when the bias voltage changes
sign, there should be a difference in fFMR for the two
bias voltages if the current-induced fields causes fFMR to
depend on Vb. The fact that the peak frequencies are
identical then conclusively rules out current-induced fields
as being responsible for the change in fFMR with Vb. Next,

using aJ ¼ @jP
2eMSt

, we set bJ ¼ 0 and calculated noise

spectra for Vb ¼ 100 mV and Vb ¼ �100 mV. Again,
there was no observable change in fFMR with Vb, which
rules out the in-plane spin torque as the source of change in
fFMR with Vb, since aJ is odd in Vb. We next therefore
performed a series of simulations for two different MTJ
models at fixed Vb ¼ �100 mV and �50 mV and differ-
ent values of bJ=aJ for each value of Vb in order to
examine the effect of bJ on fFMR.
Figure 2 depicts the modeled fFMR as a function of

bJ=aJ for MTJ I and MTJ II for fixed jVbj ¼ 100 mV.
(Because the FL and the biasing magnet configurations
were not changed, fFMR is approximately equal for the
two MTJs). The key point, as depicted in the figure, is that
the fFMR is a linear function of bJ=aJ for fixed Vb, and
decreases (increases) for Vb positive (negative), in agree-
ment with the experimental measurements (Fig. 1). The
magnitude of the observed dependence of fFMR on Vb is
also in agreement with the modeling results. Figure 3
shows fFMR plotted against Vb for fixed values of bJ=aJ.
This figure shows that the calculated change in fFMR as a
function of vb agrees well with the measured values for
bJ=aJ � 1. From this, we conclude that in order to obtain
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FIG. 2. Calculated fFMR as plotted against bJ=aJ for MTJ I
positive (square) and negative bias (triangle), and for MTJ II
positive bias (diamond) and negative bias (circle).
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agreement with the experimental data, bJ must be a linear
function of j or Vb. This is in agreement with the obser-
vations by Petit et al. [18] and by Li et al. [19] (note that
our bias voltages were much lower than those used by Li
et al.), but in contrast to the conclusions by Sankey et al.,
and Wang et al., [15,16], and by Kubota et al., [17].
From our obtained linear relation between bJ and j (or
Vb), we can estimate an effective field bJ � 11�
10�6 OeðcmÞ2=A. This is one order of magnitude larger
than the value of 1� 10�6 OeðcmÞ2=A estimated by Petit
et al. [18], which is not unreasonable since the tunneling
magnetoresistive ratio used here (140%) is almost one
order of magnitude larger than that used by Petit et al.
[18]. Although our junctions are slightly asymmetric, we
do not find any significant quadratic term of bJ in bias
voltage, in contrast with the results by Oh et al. [20].

In summary, we have measured the FMR peak frequency
of two sets of MTJs biased by permanent magnets. The
measurements show that the FMR peak frequency de-
creases linearly with increasing bias voltage for voltages
in the range of �100 mV to þ200 mV. Detailed micro-
magnetic modeling makes clear that the change in FMR
peak frequency is due to the perpendicular spin torque, and
that the FMR frequency change, for fixed bias voltage, is
proportional to the perpendicular spin torque effective
field. We conclude that the perpendicular spin torque is
proportional to current density or bias voltage, in contrast
with other works on MgO tunnel junctions [15–17], but in
agreement with the conclusions by Li et al., [19] on MgO
MTJs, and by Petit et al. [18] on Al2O3 MTJs. We find that
the magnitude is approximately equal to the in-plane spin
torque effective field. Our work also suggests a very direct
way of measuring the perpendicular spin torque effective
field. This may help to enable accurate determination and
control of this spin torque component, which is necessary

for the use of spin torque to manipulate MTJ spintronics
devices [27].
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