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Microwave emission from spin torque oscillators based on CoFeB/MgO/CoFeB magnetic tunnel junctions is analyzed with respect to the

thickness of the magnetically free electrode. Taking advantage of the ferromagnetic interlayer exchange coupling between the free and reference

layers and the perpendicular interface anisotropy of thin CoFeB electrodes on MgO, we demonstrate that large-amplitude oscillations of the tilted

CoFeB free layer can be generated in zero applied magnetic field. # 2012 The Japan Society of Applied Physics

M
agnetic tunnel junctions (MTJs) consisting of two
ferromagnetic electrodes separated by a thin tunnel
barrier have drawn significant attention because

of their potential use as high-density memory cells1,2) and
microwave electronic components.3–5) DC currents in such
structures can induce a steady-state precession of the mag-
netic moment due to the interaction between spin-polarized
electrons and the local magnetization of the free layer (FL).
This spin-transfer-torque (STT) effect6,7) induces resistance
oscillations in the MTJs, which in turn generate an AC
voltage signal across the junction in the GHz frequency
range. Such STT-based nanometer-scale oscillators could
potentially compete with existing LC-tank technologies used
in high-frequency electronics. However, one of the main
drawbacks of spin torque oscillators (STOs) thus far is
the need for an external magnetic field to stabilize their
microwave signal. To reduce the external magnetic field
in all-metallic spin valve structures, the use of a perpen-
dicular magnetized reference layer (RL) or FL has been
explored,8–11) and the dynamic response as a function of
magnetization angle has been numerically simulated.12) Also,
it has been shown that magnetic vortex oscillators can operate
in small magnetic fields.13) Finally, zero-field auto-oscilla-
tions of the synthetic ferrimagnet in MTJs have been ob-
served for large tunneling currents that significantly decrease
the resistance and tunneling magnetoresistance (TMR).14)

In this paper, we report on a new approach for the
generation of STOs in CoFeB/MgO/CoFeB15) MTJs without
the application of an external magnetic field. Our approach
utilizes the perpendicular magnetic anisotropy of the CoFeB/
MgO interface to tilt the magnetization of the thin FL layer
out-of-the film plane. Together with ferromagnetic interlayer
coupling across the thin MgO tunnel barrier, this results
in a stable magnetization configuration, which can be excited
into persistent microwave-frequency oscillations by STT
in zero magnetic field. The ability to operate STOs in this
mode opens new routes for the design of spin torque devices
without cumbersome magnetic field sources.

The MTJ stack with a CoFeB wedge-shaped electrode
was deposited in a Singulus Timaris cluster tool system.
The multilayer structure consisted of the following materi-
als (thickness in nm): buffer layers/PtMn (16)/Co70Fe30
(2)/Ru (0.9)/Co40Fe40B20 (2.3)/MgO (0.85)/Co40Fe40B20

(1–2.3)/capping layer. The deposition process was similar

to that used in our previous studies.16,17) After deposition,
four different parts of the samples with different FL thick-
nesses of 1.22, 1.35, 1.57, and 2.3 nm were selected for
patterning into nanometer-size pillars. Using a three-step
electron beam lithography process, which included ion beam
milling, lift-off, and oxide deposition steps, nanopillars with
an elliptical cross section of 250� 150 nm2 were fabricated.
The pillars were etched to the PtMn layer. To ensure good
RF performance, the overlap between the top and bottom
leads was limited to about 4 �m2, which resulted in a capac-
itance of less than 1� 10�14 F. The DC measurements were
conducted at room temperature with a magnetic field applied
in the sample plane. The high-frequency measurements were
carried out using an Agilent N9030A spectrum analyzer with
a built-in preamplifier. The MTJ bonded to a high-frequency
chip carrier was connected to a bias tee. The DC signal from
a sourcemeter was fed to the sample through the inductive
connector of the bias tee and the spectrum was measured
at the capacitive connector. In this paper, a positive voltage
denotes electrons tunneling from the bottom RL to the
top FL. This current direction favors a parallel alignment of
the FL and RL magnetizations due to spin-transfer torque.

Figure 1 shows TMR loops for all samples, with the field
applied along the in-plane easy axis of the MTJ. The shape
of the TMR curves changes as a function of FL thickness.
For 2.3 nm CoFeB, the FL switches abruptly, indicating
an in-plane alignment of the FL magnetization. The TMR
of the junction with the thinnest FL, on the other hand, varies
linearly with applied magnetic field. In this case, the mag-
netization of the FL is oriented out-of-plane in remanence
and the application of a magnetic field coherently rotates
the magnetization towards the film plane. The responses of
the samples with 1.35 and 1.57 nm FLs are attributed to an
intermediate configuration whereby the average magnetiza-
tion angle of the CoFeB FL is tilted out of the film plane.
The out-of-plane tilt of the FL originates from a perpendi-
cular anisotropy effect at the MgO/CoFeB interface.18,19)

The competition between this interface anisotropy and the
in-plane shape anisotropy results in a spin reorientation
transition with increasing FL thickness. The thickness range
for this transition in our experiments (�1:2{2:3 nm) agrees
well with those in the literature.18–20) Table I shows the
transport properties of the MTJs. The average tilt angle of
the FL magnetization in zero magnetic field was estimated
from the shape of the TMR curves. The observed decrease in
the level of the TMR effect with decreasing FL thickness is�E-mail address: skowron@agh.edu.pl
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partly caused by the out-of-plane tilt of the FL magnetization
[abrupt switching between parallel (P) and antiparallel (AP)
magnetization states is no longer achieved for a 1.22 nm FL]
and it is further reduced by a decrease in the spin polariza-
tion of ultrathin CoFeB films.21) Another important param-
eter for obtaining zero-field spin torque oscillations is the
interlayer coupling between the two CoFeB electrodes. In
our junctions, the coupling between the FL and the RL is
ferromagnetic as evidenced by the positive field shift in
the TMR curves in Fig. 1. The ferromagnetic interlayer
coupling, whose origin is analyzed in detail in refs. 16 and
22, stabilizes the low resistance state of the MTJs in zero
magnetic field.

In quasi-static transport measurements, the samples with a
FL thickness of 1.35–2.3 nm show a clear current-induced
magnetization switching for relatively long current pulses
of 10ms. The absolute switching current that is required to
switch theMTJ from a low resistance state to a high resistance
state in zero applied magnetic field decreases in thin FLs
(Table I). This effect is most likely caused by an increase in
FL tilt angle and a reduction in FL magnetic moment. Abrupt
switching does not occur in junctions with a 1.22 nm FL and,
consequently, quasi-static current-induced effects are absent.

Because the switching voltage is much smaller than the
breakdown voltage, steady-state precessions can be induced
without destroying the MTJ. A selection of STO spectra for

a sample with a 1.57 nm FL is shown in Fig. 2. No magnetic
field was applied during these measurements. For this MTJ,
the perpendicular anisotropy of the CoFeB/MgO interface
tilts the magnetization of the FL out of the film plane, while
its in-plane component remains parallel to the magnetization
of the RL and, thus, a relatively low resistance state is
obtained (Fig. 1). Under these conditions, the excitation of
steady-state precessions requires only a small DC current.
An increase in negative tunneling current that favors the
AP state (electrons flowing from the FL to the RL) increases
the amplitude of the oscillations to more than 9 nV/Hz1=2

(0.14 nW power) at 1.5GHz and �1:7mA. Here, corrections
due to impedance mismatch were taken into account.3)

A further increase in negative DC current switches the
MTJ to the high-resistance AP state, for which the STO peak
is broader and less intense.

The peak frequency ( f0) and its evolution with magnetic
field strength are consistent with the excitation of microwave-
frequency oscillation in the CoFeB FL of our MTJs. This is
also confirmed by simulations that take appropriate mag-
netic anisotropy values into account. STOs of the synthetic
ferrimagnetic RL, which are expected to occur at higher
frequencies, are not observed in our experiments.23) We also
note that the resistance and TMR of the junctions do not
change during microwave excitation in zero magnetic field.

Figure 3 shows the STO amplitudes, f0, and linewidth
(�f ) versus DC tunneling current in zero external magnetic
field. Clearly, the oscillation amplitude increases with de-
creasing FL thickness. Larger amplitudes are thus obtained
when the magnetization of the CoFeB FL is tilted out of the
film plane. Moreover, for samples with FL thicknesses of
1.35 and 1.57 nm, a pronounced asymmetry is observed with
respect to the polarity of the tunneling current. For these
samples, the oscillations are more powerful for negative
currents favoring the AP state than for positive currents
favoring the P state. This asymmetry is expected because the
MTJ is in a near P state and, hence, the spin torque effect
tends to destabilize the FL magnetization more for negative
polarity. For the MTJ with a FL thickness of 2.3 nm, the
oscillation amplitude is smaller and symmetric with respect
to the polarity of the current, which is reminiscent of
thermally excited resonances.5)

f0 in zero applied magnetic field increases with increasing
FL thickness as shown in Fig. 3(b). This evolution is ex-
plained by an increase in the in-plane magnetic anisotropy of

Table I. Summary of MTJ parameters. The STO integrated power was

calculated from the power density spectra curves measured with a current of

Ib ¼ �1mA. The critical current is defined as the current necessary to

switch the magnetization from the P state to the AP state in zero external

magnetic field.

Free layer

thickness

(nm)

TMR

ratio

(%)

Resistance

parallel

(�)

Average

tilt angle

(deg)

Integrated

power

(pW)

Critical

current

(mA)

1.22 8 102 84 — —

1.35 50 120 43 411 �0:95

1.57 100 110 26 19.3 �1:8

2.3 120 130 4 2.4 �2:4

Fig. 2. STO spectra of MTJ with a 1.57 nm FL measured in zero external

magnetic field for different negative tunneling currents.

Fig. 1. Normalized TMR vs magnetic field curves for junctions with

different FL thicknesses measured with a bias voltage of Vb ¼ 10mV.

The inset shows the same data for the samples with 1.22 and 2.3 nm FLs for

larger applied magnetic fields. The abrupt switching of the 2.3 nm FL

indicates an in-plane alignment of the CoFeB magnetization, whereas the

linear response of the 1.22 nm FL demonstrates a hard in-plane

magnetization axis. For the MTJ with a 1.22 nm FL, a full AP state is not

reached, because the RL flips at 0.8 kOe. The TMR for this sample is

normalized to the extrapolated AP resistance value.
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the FL, which results in smaller precession trajectories
and larger f0. We note that a sample-to-sample distribution
in both oscillation amplitude and frequency is observed, due
to the size and shape distribution after nanolithography
processing, however, the overall tendency is retained. For
the MTJ with a 1.22 nm FL, we were not able to observe any
oscillations in the measured bandwidth even with magnetic
fields of up to 0.25 T applied parallel or perpendicular to the
sample plane.

The dependence of oscillation linewidth on DC tunneling
current can be expressed as

�f ¼ �

2�
ðIc0 � IdcÞ; ð1Þ

where � is the spin polarization efficiency and Ic0 is the
critical switching current.24) Extrapolation of �f at the
damping side (when the MTJ is in a near P state and the
current direction favors the P state) to zero frequency gives
an estimation of the switching current (dotted line in Fig. 3)
of about �1:7mA, which is in good agreement with the
value of �1:8mA from quasi-static transport measurements
(Table I). Moreover, abrupt changes in f0 and �f observed
near the switching threshold also indicate a transition from
steady-state precessions to current-induced magnetization
switching.

In summary, we have demonstrated that CoFeB/
MgO/CoFeB STOs can produce microwave signals in
zero external magnetic field. Due to ferromagnetic interlayer

exchange coupling in our MTJs, the STOs are in a low-
resistance state in zero field. The perpendicular interface
anisotropy of the CoFeB FL on top of the MgO tunnel
barrier tilts the FL magnetization out of the film plane
and this stabilizes steady-state precessions in small DC
tunneling currents. We conclude that by taking advantage of
the coupling mechanisms in MTJs and the perpendicular
anisotropy of the MgO/CoFeB interface, the performance of
STOs can be enhanced without the need of an external
magnetic field.
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Faini, J. Barnaś, and A. Fert: Nat. Phys. 3 (2007) 492.

9) D. Houssameddine, U. Ebels, B. Delaët, B. Rodmacq, I. Firastrau, F.
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Fig. 3. DC bias current dependence of the STO amplitude (a), peak

frequency f0 (b), and linewidth�f (sample 1.57 only) (c). No magnetic field

was applied during the measurements. The dashed line in (c) represents a

linear fit to the experimental data for positive Idc. Near the switching current

(dotted line), both f0 and �f increase.
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