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oscillators (STNOs) based on spin transfer

torque™ have attracted intense atten-
tion due to their potential applications in
modern communications.> 2° STNOs have
potential advantages over transistor-based
voltage controlled oscillators (VCOs), such
as simple structure, smaller size, and lower
cost, and are easily integrated onto silicon.
However, to readily supplant VCOs in most
applications, STNOs will need to deliver
comparable power levels® and simulta-
neously possess a single oscillation mode
with a narrow line width. The power gener-
ated in a STNO is determined by several
factors. The first one is the resistance
change induced by the magnetoresistance
(MR) effect in the magnetization oscilla-
tions. MgO-based magnetic tunnel junc-
tions (MTJs) with large MR ratios (>50%)
can therefore deliver larger microwave sig-
nals than metallic oscillators with MR ratios
lower than 10%."~"7 The second require-
ment for a large emitted power is the
excitation of large-amplitude magnetiza-
tion oscillations. To accomplish this, one
can use a nonzero offset angle between
the orientation of the reference and free-
layer magnetizations.?° Furthermore, the
oscillation amplitude and the resulting
power increase with //I, where [ is the bias
current and /. is the critical current for the
onset of spin-transfer-torque (STT) induced
2" However, in MTJ
STNOs the maximum bias current is limited

In recent years, spin-transfer nano-

microwave emission.

ABSTRACT The excitation of the steady-
state precessions of magnetization opens a

new way for nanoscale microwave oscillators

by exploiting the transfer of spin angular momentum from a spin-polarized current to a

ferromagnet, referred to as spin-transfer nano-oscillators (STNOs). For STNOs to be practical,

however, their relatively low output power and their relatively large line width must be

improved. Here we demonstrate that microwave signals with maximum measured power of

0.28 uW and simultaneously narrow line width of 25 MHz can be generated from

CoFeB—Mg0—based magnetic tunnel junctions having an in-plane magnetized reference

layer and a free layer with strong perpendicular anisotropy. Moreover, the generation

efficiency is substantially higher than previously reported STNOs. The results will be of

importance for the design of nanoscale alternatives to traditional silicon oscillators used in

radio frequency integrated circuits.
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junction - perpendicular anisotropy - magnetoresistance

by the barrier breakdown voltage (~1 V).
In many cases this does not allow for the
application of sufficiently large bias currents
needed to induce large-amplitude oscilla-
tions. Moreover, at large bias currents, the
MR ratio decreases due to spin excitations
localized at the interfaces between the mag-
netic electrodes and the tunnel barrier.??
The solution is thus to reduce /. with-
out increasing / in order to achieve large-
amplitude precession by increasing //I.. The
I value of an in-plane magnetized MTJ can
be reduced by increasing the perpendicu-
lar anisotropy of the free layer.”* 2% The
critical current density J. for current-induced

* Address correspondence to
zhongming.zeng@gmail.com.

Received for review March 20, 2012
and accepted June 4, 2012.

Published online June 04, 2012
10.1021/nn301222v

©2012 American Chemical Society

ZENG ET AL. voL.6 = NO.7 = 6115-6121 = 2012 ACNJANIC)

=
WWWw.acsnano.org

6115



CoyFegBy 1.7 nm
Spectrum Analyzer . Mg00.8nm
or

Oscilloscope

CoyFey By 2.4 nm
Ru0.85nm
CojoFeyp 2.3nm
PtMn 15nm

DC
Source

c
1000-
—a—p =180°, 9= 0°
9007 o p=120°, =0
T goo] —AB120° 0= 4040
@
o
[=
s
2
17
Q
o
400 .

-800 400 0 400

800

Figure 1. (a) Measurement principle and sign convention for current. Positive current flowing from the free to the reference
layer favors the parallel state. Oscillatory voltage generated by spin-transfer-torque is monitored directly on a spectrum
analyzer or real-time oscilloscope without amplifier. (b) Definition of the coordinate system. Here /3 is the angle between the
external magnetic field H,; and the reference layer in the x—y plane, and ¢ is the angle with respect to the x—y plane. The
positive Hey (i.e., positive in-plane field component) favors the antiparallel state. The precession axis may be misaligned from
the external field direction. (c) Resistance as a function of magnetic field for different field directions.

magnetic excitation is derived from the instability
condition of the easy plane component of magnetiza-
tion given by J. & (2eaM.t/(hn))(Hx + (Hy — Hi)/2),
where a is the damping constant, 7 is the spin-transfer
efficiency, M and t are the free layer saturation mag-
netization and thickness, Hy is the in-plane shape-
induced anisotropy, Hy ~ 47nM; > Hy is the demagne-
tizing field, and H,, is the free layer perpendicular
anisotropy. Increasing Hy, can reduce J. (hence I.) by
partially canceling the effect of the demagnetizing
field Hy. However, so far there have been no reports
of magnetization oscillations in a system with strong
perpendicular anisotropy that simultaneously provides
high MR ratio. Here we demonstrate that CoFeB—MgO
MTJs containing an in-plane magnetized reference
layer and a free layer with strong perpendicular an-
isotropy are excellent candidates for high-power and
narrow line width STNO applications. This configura-
tion differs from that reported recently for magnetiza-
tion switching,?” where both the reference and the free
layers are out-of-plane magnetized. It does benefit
from the use of the CoFeB—MgO system, however,
which is the most widely used MTJ material combina-
tion for memory applications. Due to the partial can-
cellation of the out-of-plane demagnetizing field by
the perpendicular anisotropy, this system offers an
additional advantage, in that it allows one to investi-
gate the dynamics of the free layer in changing applied
field orientation without the need to apply large out-
of-plane fields, hence keeping the orientation of the
reference layer essentially constant.

RESULTS AND DISCUSSION

A schematic of our experiment is shown in Figure 1a.
The STNO devices are ellipse-shaped pillars formed
by the Co;gFeso/Ru/CosoFes0B,p in-plane magnetized
reference layer, MgO insulator, and the CoyoFegoByo
in-plane magnetized free layer with perpendicular
anisotropy. The devices in this study have nominal
dimensions of 170 nm x 60 nm and a free layer
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thickness of 1.7 nm, which remains in-plane magne-
tized in zero external field while providing a significant
compensation of the demagnetizing field by the per-
pendicular anisotropy.® The positive current / flowing
from the free layer to the reference layer favors the
parallel (P) state (Figure 1a). The typical MR transfer
curves as a function of external field are shown in
Figure 1c for different field orientations (illustrated in
Figure 1b), for a low bias current of / = 10 uA. The MR
and the resistance-area (RA) product in the parallel
state are 102% and 3.8 Q um?, respectively. A small
loop shift is observed, which is due to the coupling
between free and reference layers.

The oscillation characteristics of STNOs are deter-
mined from the microwave signals generated due
to the MR effect. This oscillatory output is directly
detected using a 26 GHz spectrum analyzer, or a high
speed real time oscilloscope with 6 GHz bandwidth
and 20 G samples/s rate without amplifier as shown in
Figure 1a. The measurements were carried out at room
temperature for various field orientations. We observe
coherent microwave signals with high power and
narrow line width when the external field is applied
at f = 120°. The plots of the power spectral density
(Figure 2a,b) illustrate their dependence on the bias
current / for two different field orientations: in-plane
field (8 = 120° and ¢ = 0°) and out-of-plane field (5 =
120° and ¢ =40.4°). Here, a positive (in reference to the
in-plane field component as shown in Figure 1b) field
stabilizes the antiparallel (AP) state while a positive
current favors the P state, thus the spin torque counter-
acts the damping and can bring the magnetization of
the free layer into a stable precession. In both cases the
microwave signals show a qualitatively similar current
dependence. For | = 0.1 mA, no obvious microwave
signals are observed due to the low power (no ampli-
fication is performed in the measurement). When
0.2 mA <1< 0.4 mA, we observe one evident oscillation
peak along with low frequency noise, suggesting an
incoherent magnetization precession.19 Above 0.4 mA,
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Figure 2. Microwave emission spectra measured at positive currents between 0.1 mA and 0.8 mA with 0.1 mA steps. The
power spectral densities (PSD) normalized by I have been offset by 2 uW/GHz/mA? for clarity. (a) Microwave signals
measured for the in-plane field, i.e., 5 =120° and ¢ = 0°. (b) Spectra for the out-of-plane field, i.e., # =120° and ¢ = 40.4°.

the low frequency noise is largely suppressed and only
one oscillation peak is present, giving a clear indication
of the steady-state magnetization precession. As the
current amplitude is further increased to /= 0.8 mA, the
dynamics are characterized by an obviously broader
line width. The oscillation frequencies of the micro-
wave signals are shown in Figure 3a as a function of
applied current for both in-plane and out-of-plane
fields. One can notice that the oscillation frequencies
for all currents are in the sub-GHz range (comparable to
that of vortex oscillators, arising from the coherent
gyrotropic motion of the magnetic vortex core®), which
is a consequence of the significant compensation of
the demagnetizing field Hy by the strong perpendi-
cular anisotropy. By comparison, in previously reported
MTJ STNO experiments,’~'® the oscillation frequen-
cies were usually in the range of several GHz because of
the large demagnetizing field Hy (~10 kOe) and the
absence of the perpendicular anisotropy. It can be also
seen that the frequency decreases with increasing dc
current in the low-current regime, while it increases
with current in the high-current regime, suggesting
that the steady-state excitation corresponds to an in-
plane precession (IPP) mode only for small currents.
Figure 3 panels b and c show the measured power
and line width of microwave signals as a function of
current for the in-plane and out-of-plane fields. The
measured power rapidly increases while the line width
decreases significantly when the current is increased
from 0.2 to 0.7 mA. The optimal condition exhibiting
both large power and narrow line width occurs at | =
0.7 mA, corresponding to a current density of J =
8.7 MA/cm?. At this current, for the in-plane field case
the power reaches up to 0.26 uW together with a line
width of 47 MHz, while for the out-of-plane field case
the microwave signal has a power of 0.28 4W and a
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narrow line width of 25 MHz. Note that the powers
presented here are data measured directly by the
spectrum analyzer, and therefore suffer from the effect
of impedance mismatch with the 50 Q system im-
pedance. The maximum output power that can be
delivered to a matched load is in fact >0.95 uW
(Supporting Information, Note 1). This is, to the best
of our knowledge, the highest output power for STNOs
reported to date. Most importantly, these oscillators
have a simultaneously narrow line width comparable
to those obtained in low-MR MTJ STNOs,'*'3'81? 3long
with suppression of the secondary oscillation modes.
By comparison, previously reported STNOs either
exhibited large power with large line width'*~'® and
multiple modes'*~ "> or low power together with
narrow line width."®'® In addition, the generation
efficiency & = Peyp/Pinput Of our oscillators is substan-
tially higher compared to other STNOs (¢ ~ 0.01%,"*
0.02%"7). Here, Peyp is the output power, P =1 x Vis
the input power and V is the dc voltage applied to the
device. The output power Py is 0.28 uW at / = 0.7 mA
and V = 401 mV, yielding ¢ ~ 0.1% (>0.34% if impe-
dance matched) for this work. These microwave emis-
sions with large power, narrow line width, single
oscillation mode, and improved generation efficiency
at low current are substantially closer to those required
for practical applications. We note that, the line width
becomes further narrower by continuing to increase the
out-of-plane angle of the field. At ¢ = 57°, for example,
the line width is about 16 MHz, but power is also reduced
due to the decrease in resistance change and oscillation
amplitude (Supporting Information, Figure S1).

To identify the amplitude of oscillations in the STNOs
presented here, we extract the dynamic resistance
variation ARy, from the measured power spectral
densities'® for both in-plane and out-of-plane fields,
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Figure 3. Current-induced precession: current depen-
dences of peak frequency, power, and line width, as well
as critical currents of the microwave emissions. Left panels,
in-plane field; and right panels, out-of-plane field. The data
in panels a—c have been extracted from the spectra in
Figure 2: (a) Current dependence of peak frequency; (b)
the width of the peak as a function of the current; (c)
integrated power as a function of the current; (d) depen-
dence of the inverse normalized power (Pe,,/”)”" on the
current (dots, experiment; solid line, theoretical fit*'). Insets
in panel d show the integrated power in near-onset range of
currents obtained by amplifying with a 10 dB amplifier.

which are shown in Figure 4 as a function of current.
Three main features can be identified as follows. First,
the ARgyy,, values are larger than 100 Q for / > 0.3 mA,
resulting in large output microwave signals. Second,
ARdyh increases with increasing current, reaches a
maximum at / = 0.6 mA, and remains constant up to
I=0.7 mA, where ARy, corresponds to approximately
85% of the total static resistance change ARic due to
the MR effect, suggesting a very large amplitude
precession. Third, as the current is increased past
the optimum, ARy, decreases due to the reduction
in the MR ratio. The reason for the observed large-
amplitude oscillation is the small /. value, which is
determined to be less than 0.1 mA by identifying
deviations from a linear dependence for the inverse
power on the bias current for small values of current,
i.e., (Pexp/I") " o< (I — )*' (Figure 3d). The small /. allows
sufficiently large currents to be applied safely to the
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Figure 4. Current dependence of ARg:ic (olive) resulting
from MR effect. Orange circles represent in-plane field
ARgyn and blue open circles represent out-of-plane field

dyne

samples, leading to I/l values of larger than 8 in this
study, compared to less than ~3 due to the larger
I, values in most MTJ STNOs reported so far.'>~'° Thus,
the contribution of the perpendicular anisotropy in
the planar free layer allows us to realize the large-
amplitude oscillations by achieving a large //I. at low
bias current /, which is consistent with the results of our
micromagnetic simulations (Supporting Information,
Note 5)

We now discuss the possible mechanisms respon-
sible for the observed narrow line width in the system
presented here. First, we believe that this is associated
with the improved uniformity of the magnetization
oscillations. As mentioned above, the free layer has a
relatively large perpendicular anisotropy field, which is
still smaller than the demagnetizing field; thus, the free
layer exhibits in-plane magnetization. The effect of the
perpendicular anisotropy on STT precession is qualita-
tively similar to that of a magnetic field applied per-
pendicular to the plane of STNOs in the experiment,?®
which leads to a uniform demagnetizing field in the
nanosized pillars. A result of this is that only one
oscillation mode is present in our STNOs for all cur-
rents, while previous works'>~'* have reported multi-
ple oscillation modes. This is further verified by tilting
the field orientation out of plane. The dynamics
become more uniform while maintaining the same
oscillation amplitude in the out-of-plane field case
compared to the in-plane field case (Figure 5a,b, or
Supporting Information, Figure S3), resulting in line
width narrowing (Figure 3c). Second, in the STT-
induced microwave regime, the line width decreases
with oscillation energy E or amplitude A.?° Our data
offer strong evidence that the oscillation amplitude
plays an important role in determining the line width
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Figure 5. Time-resolved voltage traces and phase devia-
tions. Time-resolved voltage traces are recorded by a single-
shot oscilloscope triggered by the signal itself. Left panels in
panels a and b show 200 ns segments of the full time (1 us)
traces at/= 0.7 mA for the in-plane field (5 =120° and ¢ = 0°)
and the out-of-plane field (5 = 120° and ¢ = 40.4°), respec-
tively. The signal is shown in red, and the positive and
negative envelopes are in black. Right panels in panels a
and b are 30 ns window zooms of the previous traces.
(c) Phase deviations (for the corresponding definition see
refs 31 and 32,) for 1 us time-traces. Note that we numeri-
cally applied a 600 MHz band-pass filter centered at peak
frequency to eliminate the background noise, low frequency
noise, and related harmonics.

(see Figure 4 or Supporting Information, Figure S3). In
the low-current regime (0.2 < / < 0.4 mA), the preces-
sion amplitude is small, that is, ~ 3.0 mV (peak-to-
peak). This small-amplitude motion of the magnetiza-
tion produces relatively large linewidths (Figure 3c)
due to the enhanced relative effect of thermal fluctua-
tions for small-amplitude magnetization oscillations.2"*°
In the large-amplitude precession regime (/ = 0.4 mA),
the precession amplitude is considerably larger, > 10 mV

METHODS

Sample Preparation. The continuous multilayer thin films with
stacks of composition PtMn (15) /Co5oFesq (2.3)/Ru (0.85)/Co40-
Fe40B20 (2.4)/MgO (0.8)/Co,oFegoB2o (Wedge: 1.6—2.0) (thickness
in nm) were deposited using a Singulus TIMARIS PVD system
and annealed at 300 °C for 2.0 h in a magnetic field of 1 T. The
films were subsequently patterned into ellipse-shaped pillars
with different aspect ratios and sizes using electron-beam
lithography and ion milling techniques. Details of the devices
and their spin-transfer switching performance can be found in
our previous work.?®

(peak-to-peak), thus leading to the narrow line width.
Third, the line width decreases with the reduction in
phase fluctuations.?® To verify this, we analyzed the
time-resolved voltage signals (1 us long in the current
range of 0.1 to 0.8 mA) corresponding to the
frequency-domain measurements in Figure 2a, b using
the previously reported time-domain techniques.'>?
The data show similar trends at a given current.
A 200 ns long segment of the total time signal at / =
0.7 mA is presented in Figure 5 panels a and b for the
in-plane field and the out-of-plane field cases, respec-
tively, and the corresponding phase shifts are shown in
Figure 5c. One can see that the phase fluctuation for
the out-of-plane field (a change of 40 rad over a 1 us
time period) is obviously smaller than that for the in-
plane field (a change of 125 rad over a 1 us time
period), which is partially responsible for the narrower
line width in the case of the out-of-plane field. There-
fore, the results confirm that in our system the applica-
tion of the out-of-plane field can help reduce the phase
noise and further narrow the line width.

CONCLUSIONS

In short, we have experimentally demonstrated the
operation of STNOs having a planar free layer with
perpendicular anisotropy. Microwave emissions hav-
ing simultaneously a maximum measured power of
0.28 uW, a narrow line width of 25 MHz, a single
oscillation mode, and high generation efficiency were
achieved at small working currents and low static
magnetic fields. These features make the presented
STNOs promising candidates for nanoscale oscillators,
which could replace transistor-based oscillators used in
radio frequency integrated circuits (e.g., local oscilla-
tors in radio frequency transmitters, receivers, and
phase locked loops). Moreover, while the contribution
of the perpendicular anisotropy is critical for the high-
power microwave emission presented in this work,
deeper understanding demands further detailed
experimental and theoretical investigation. We be-
lieve our findings will stimulate such activities, re-
sulting in a better understanding of large-amplitude
dynamic magnetization phenomena and pave the
way for developing practical high-power nanoscale
oscillators.

Transport Measurements. We performed all transport measure-
ments at room temperature by contacting the pillars via top and
bottom electrodes through a high-bandwidth (40 GHz) probe,
with a GMW projected field electromagnet'” that allows us to
control the field continuously in 3 dimensions (x, y, z). For the
static measurements, a Keithley Instruments Source Meter was
used. For the dynamic experiments similar to those in ref 14, a
bias T was used to separate the dc current injection from the
dynamic output signal, which was directly recorded by a 26 GHz
spectrum analyzer, or a high speed real time oscilloscope with
6 GHz bandwidth and 20 G samples/s rate without amplifier as
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shown in Figure 1a. For frequency-domain measurements, the
spectra were taken with a resolution bandwidth (Af) of 2 MHz. A
baseline taken at / = 0 mA was subtracted from the measured
spectral data. Note that the microwave emission is strongly
dependent on the in-plane field direction 3,'7*33* and we
found that the microwave signals have large power and narrow
line width at 8 = 120°. The results presented in this paper were
obtained at § = 120° and various out-of-plane angles ¢ as
shown in Figure 1b.

The dynamic peak-to-peak resistance variations ARgyn,
plotted in Figure 4, are obtained from the spectra by calculating
the area under the respective peaks, yielding the total rms
power AVZ similar to that in ref 10. Thus the resistance variation
ARgyn is given by

AV,
ARdyn = 2V2ARums With ARms = %
Zo+R
AVgen = ( ot )Av
Zy

where Z, is the input impedance of the spectrum analyzer and
R is the resistance of the MTJ nanopillar.
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