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We perform an experimental study of dc-current-induced microwave emission in a magnetic tunnel
junction (MT]J) consisting of three active magnetic layers. In this trilayer structure, in addition to a con-
ventional bilayer orthogonal MTJ containing a perpendicular free layer and an in-plane fixed layer, a
second perpendicular layer is introduced. We find that the microwave emission frequency induced by
spin-transfer torque can reach as high as 6 GHz in the absence of any applied magnetic field. Moreover,
microwave emission is observed for both current polarities, where a redshift is seen with an increase in
the magnitude of the current. We discuss the spin dynamics of the observed bidirectional high-frequency
emission and the physical origin of the redshift. The distinct microwave emission properties exhibited
by this trilayer MTJ structure could potentially be useful for future applications in nanoscale spintronic
devices in fields such as microwave communication and neuromorphic computing.
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I. INTRODUCTION

The injection of a spin-polarized current into a nano-
sized magnet can excite steady-state magnetization pre-
cession via spin-transfer torque (STT) [1,2], and, with
tunneling magnetoresistance (TMR), this can be captured
as an electrical signal measurable at the electrodes. Spin-
transfer-torque nano-oscillators (STNOs) [3—6] utilizing
these phenomena have attracted great attention as future
nanoscale microwave devices due to their scalability, high
frequency tunability, broad range of working temperature,
and high compatibility with existing semiconductor manu-
facturing processes [7—11]. These promising devices have
developed tremendously over the past few years in many
respects; for example, the output power has been enhanced
[12—15] and the linewidth has been improved [16—19]. One
of the major efforts has been an attempt to eliminate the
need for an external bias field [20—24] but still to achieve
a reasonable output microwave frequency in the interest
of practical applications. Recently, STNOs have attracted
even more attention as building blocks for neural networks
to be used in computational tasks for artificial intelligence
[11,25-28]. These emerging new avenues for STNOs in
contemporary research fields have further demonstrated
their promise in future technology.

Commonly, STNOs are formed with a pinned polariza-
tion layer and a free precessing layer, where STT-induced
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emission can be obtained only for one current direction
[5]. We report STT-induced microwave emission from a
magnetic tunnel junction (MTJ) consisting of three active
magnetic layers, where an additional perpendicular layer
is introduced as the third layer on top of an otherwise con-
ventional stack. We find that the emission frequency can
reach as high as 6 GHz in the absence of any external
field due to the enhanced interfacial perpendicular mag-
netic anisotropy [29,30] (IPMA) in the middle layer owing
to the additional CoygFegoB2o/MgO interface introduced
along with the top layer. Another unique feature of this
STNO is that STT microwave emission can be realized
for both current polarizations due to the dual polarizer
action of the top and bottom layers. Our experiments with
this STNO in a magnetic field show the spin dynamics
of the oscillator to be that of out-of-plane (OOP) modes
induced in the middle layer. These functionalities of the
trilayer STNO could potentially be useful in an array of
applications in fields such as microwave communication,
neuromorphic computing, and artificial intelligence.

II. DEVICE AND CHARACTERIZATION

The structure of the MTJ presented in this paper can
be described as substrate/buffer layer/PtMn(20)/Co7oFesq
(2.3)/Ru(0.85)/C06()F€20B20(2.7)/Mg0(0.8)/C020F660B20
(1.4)/MgO(0.85)/CoyoFegyBao(1.5)/capping layer, where
the thicknesses in the parentheses are in nanometers.
In fabricating the devices, films are deposited using a
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Singulus TIMARIS PVD system and annealed at 300 °C
for 2.0 h in a magnetic field of 1 T perpendicular to the film
plane. The films are then patterned into nanopillars with
different aspect ratios using electron-beam-lithography and
ion-milling techniques. All results presented in this paper
are obtained at room temperature for a single circular
device with a diameter of 100 nm. Electrical contacts with
the device are made using a high-bandwidth (40 GHz)
microwave probe, and the microwave emission is recorded
directly by a 26-GHz spectrum analyzer through a bias
tee and with an amplification of 28 dB. The complete
experimental setup is presented in Fig. S1 of the Sup-
plemental Material [31]. In the following sections, the
emission power presented (unless expressed in arbitrary
units) is corrected for this amplification and the transmis-
sion inefficiency due to the impedance mismatch between
the device and the rest of the circuit, as described in Sec. V
of the Supplemental Material, where the impedance of the
MT] is approximated by its resistance [31].

As shown in Fig. 1(a), the device can be understood
as being composed of three principal magnetic layers,
referred to as the top, middle, and bottom layers, where the
bottom layer is the top section of a synthetic antiferromag-
netic layer [32], usually referred to as the “reference layer.”
The Fe-rich CoygFegyB2o in the middle and top layers is
used to create a stronger IPMA at the CoygFegoBoo/MgO
interface [30]. The two tunnel junctions corresponding to
each MgO barrier form two resistors that are connected in
series, as shown on the right-hand-side of Fig. 1(a); there-
fore, the total resistance of the MT]J is the sum of the values
of these individual resistances. In this study, a positive
current is defined to be one with electrons flowing from
bottom to the top layer. The convention for the coordinate
system for the optional external magnetic field is shown in
Fig. 1(a). A perpendicular-magnetoresistance (MRz) loop
obtained at 10 pA is shown in Fig. 1(b), where the insets
illustrate individual magnetization configurations at differ-
ent points. Two piecewise linear segments are present, in
between which two hysteresis transitions occur. The low
TMR variation seen in both the linear segments and the
transitions suggests that the magnetizations in the trilayer
maintain close mutual angles throughout the MRz loop,
including the major reorientation (switching).

The top- and middle-layer thicknesses are well below
the threshold required to induce a perpendicular easy axis
via IPMA [30], while the bottom layer is a well-established
in-plane reference layer [32—34]. Within the field range
studied (150 mT for By), the bottom layer is expected to
be affected minimally by the external field. The magne-
tization in the top layer is expected to be normal to the
film plane, while that in the middle layer is expected to be
canted away from the vertical axis due to dipole coupling
from the bottom layer. In a conventional bilayer MT]J, the
canting angle is about 10° [35]; however, the canting angle
here is expected to be much less, due to the high IPMA
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FIG. 1. Structure and characterization of the MTIJ. (a)

Schematic diagram of the MTJ at zero bias field. The left part rep-
resents the key layers of the design, while the right part represents
the corresponding electrical-circuit model. The device consists
of three layers, referred to as the top, middle, and bottom lay-
ers. The top and middle layers possess a perpendicular easy axis,
while the bottom layer possesses an in-plane easy axis. The con-
ventions for the coordinate system and for a positive current are
also shown. (b) Magnetoresistance curve for a fixed bias current
(10 A) and a perpendicular magnetic field. The insets illustrate
the magnetization orientations in the three layers, explaining the
linear segments and the hysteresis transitions. The red and blue
curves correspond to sweeping the field up and down, respec-
tively. As shown, the zero-field configuration can be initialized
to either state 1 or state 2 by applying a negative or positive
large field. The definition of the right-hand transition field, H,,
is shown.

field from the dual CoygFegoB2o/MgO interfaces and the
vertical dipole coupling from the top layer. (This canting
angle is exaggerated in the figures for clarity.) As shown
in Fig. 1(b), the zero-field configuration of the MTJ can
be initialized in two different states, namely, state 1 and
state 2. Here, state 1 (state 2) is the configuration with both
the top and the middle magnetizations prepared to point
downwards (upwards). State 1 (state 2) can be realized by
applying a large negative (positive) B prior to the exper-
iment. The observed linear segments result from minor
variations of the canting angle of the middle layer, while
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the hysteresis transitions are due to switching of the top
and middle layers. The field at which the right-hand side
transition occurs is denoted by H; [Fig. 1(b)] for later ref-
erence. MRy and MRy loops are also obtained (see Fig. S2
of the Supplemental Material [31]).

I1II. MICROWAVE EMISSION MEASUREMENTS

Microwave emission in the absence of any external
field is recorded for both current directions, with simul-
taneous resistance measurements. Figures 2(a) and 2(b)
represent the recorded emission, the calculated power
delivered to a matched load, and the simultaneous device
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resistance. Figures 2(c) and 2(d) present individual spec-
tra for selected positive and negative current values,
respectively, where the curves are vertically shifted by
40 nW GHz™! for clarity. Prior to recording of the emis-
sion, the device is initialized in state 2, after which the
current is swept along +/4. followed by a —/4. sweep.
At a certain —/4., the device undergoes current-induced
switching (CID) into state 1, as is evident from the slight
discontinuity appearing on the left branch. Through the
remainder of the recording, the device remains in state 1;
however, if the current continues to increase along +/4, a
similar discontinuity appears (not shown) on the positive
branch, indicating CID from state 1 back to state 2.
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FIG. 2. Microwave emission at zero bias field. (a) Microwave emission spectrum for both current directions obtained at zero external
magnetic field. Starting from about 6 GHz, a redshift is observed for both current polarities, where the emission becomes highly
incoherent beyond +320 uA and —400 pA. PSD, power spectral density. (b) Integrated power delivered to a matched load (blue line,
left axis) and resistance measured simultaneously during the experiment (pink line, right axis). The dashed line is a guide for identifying
the simultaneous footprints of the onset of incoherent emission in the positive current direction. As can be seen, the resistance changes
by more than 15% within the coherent-oscillation region for both current polarities. (c),(d) Emission spectra for selected positive and
negative bias-current values, respectively, where the curves are vertically offset by 40 nW GHz~! for clarity.
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The emission spectrum resembles an inverted parabolic
shape slightly shifted towards the positive current direc-
tion. The emission builds up for both positive and neg-
ative /4., with a redshift up to a certain point, beyond
which highly incoherent oscillations start to occur, as indi-
cated by the sudden broadening in the emission peak.
Within the region of coherent oscillation, the emission
power increases beyond 90 nW for both current directions;
this emission power is about two orders of magnitude
greater than what thermally induced emission can offer
[36] for MgO-based MTIJs, suggesting the occurrence of
STT-induced oscillations for both current directions. Fur-
thermore, within this coherent-emission region, for both
positive and negative /4, the device resistance drops by
more than 15% of its zero-field value [Fig. 2(b)], reveal-
ing a considerable tilting of the precessing magnetization
away from its equilibrium axis. This fact further validates
the prediction that the emission (for both positive and neg-
ative /4.) is STT-induced rather than thermally induced,
where such a drop in resistance cannot be expected.

For a perpendicular precessing layer, the oscillation fre-
quency is directly proportional to the local effective field,
i.e., the internal field (Bjy) [S]. The fact that the two sides
of the emission parabola are connected smoothly across
zero current suggests that the same layer (either the top or
the middle layer) produces the emission for both positive
and negative /.. To further investigate the oscillating layer
and its modes, the response of the emission from the device
to an external field is studied. An important clarification
to be made here is that the purpose of using this external
field is to observe its effect on the precessional cone and
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the emission frequency; the device is otherwise capable of
producing emission at zero field. An interesting distinction
in the response is observed between initialization in state 1
and in state 2. Results recorded at a fixed bias of +150 A
are presented in Figs. 3(a) and 3(b) for initialization in state
1 and state 2, respectively. For initialization in state 1, as
Bz is swept in the positive direction, a linear redshift is
observed up to a critical field, where a discontinuous tran-
sition occurs to a higher frequency, which is then followed
by a continuous linear blueshift. In contrast, for initial-
ization in state 2, only the blueshift is present from the
very beginning. Apart from this, the power is observed to
increase with the redshift but to decrease with the blueshift.
It turns out that both of these observations can be explained
by OOP oscillations induced in a perpendicular free layer.
Given that both the top and the middle layers are per-
pendicular, the question is which of those two is in fact
producing the observed microwave output. The possibil-
ity of the top layer producing the observed emission is
eliminated due to the lack of an appropriate neighbor-
ing reference layer. In contrast, for the middle layer, an
in-plane bottom layer is present, which can successfully
capture the dynamical TMR during OOP precession in the
former layer.

Considering the OOP precessional modes in the mid-
dle layer, the observations in Fig. 3 can be explained
as follows. When the device is in state 1 with a field
applied upwards, the magnitude of Bj; in the middle
layer is wo(Hy — My)m, — Bz, where Hy, M, m,, and
By are the IPMA field, saturation magnetization, vertical
magnetization component, and external field, respectively.
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Oscillation modes in middle layer and their response to an external field. (a) Manipulation of emission with a vertical external

field (+B) at a fixed bias current of 4150 uA after initialization in state 1. The insets illustrate the evolution of the cone angle, where
the effect is exaggerated for clarity. In state 1, the middle layer starts to precess with a downward cone, which undergoes field-
induced switching (FIS) at a critical field. The definition of this transition field H; is shown. During this reorientation, a discontinuous
frequency jump occurs, followed by a monotonic blueshift. The inset graph shows the correlation between the transition field for FIS
for different bias currents derived from this emission-cone-flipping method and magnetoresistance measurements as defined in Fig.
1(b). (b) Manipulation of emission after initialization in state 2 (bias current, +150 xA). In state 2, the middle layer starts to precess
with an upward cone, and no FIS occurs, leading to a monotonic blueshift.
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For state 2 with Bz remaining upwards, this is modified
to po(Hy—M;)m,~+ Bz. An increase in Bey decreases the
magnitude of By, in the former case, while the opposite
occurs in the latter case. Since the oscillation frequency is
directly proportional to Bjy, the redshift branch in Fig. 3(a)
can thus be explained. At the end of this redshift, the device
undergoes field-induced-switching (FIS), after which the
oscillation cone points upwards, where Bj,; now increases
with Bz, leading to the observed blueshift. The field at
which this FIS occurs, paving the way to the blueshift
branch, is denoted by H,. In Fig. 3(b), in contrast, the
device starts off in state 2 (cone upwards), and hence no
FIS occurs, explaining the monotonic blueshift with B.

Since 4. is held constant, the observed increase
(decrease) in emission power with the redshift (blueshift)
suggests an increase (decrease) in the dynamical TMR
during precession [5], meaning an increase (decrease)
in the cone angle. Such an increase (decrease) in the
cone angle decreases (increases) m., leading to a decrease
(increase) in Bjy, which further enhances the existing
redshift (blueshift). However, this contribution from the
evolution of the cone angle is expected to be dominated
by that from the change in Bjy. The behavior of the pre-
cession cone during a Bz sweep is illustrated in the insets
in Figs. 3(a) and 3(b). The cone axis is taken to be vertical
for simplicity, and the variation of its angle is exaggerated
for clarity.

Occurrences of this discontinuity (in state 1) for dif-
ferent values of /4. are also recorded (see Fig. S4 of the
Supplemental Material [31]). Furthermore, MR loops for
different values of /4. are obtained (see Fig. S3 of the
Supplemental Material [31]). In both cases, correspond-
ing H, values are derived as defined in Figs. 1(b) and
3(a). It turns out that H, derived via both of these methods
decreases with increasing /4. as, with an increase in /qc,
STT rotates the magnetization further away from the verti-
cal axis, hence facilitating the completion of the switching
at a lower external field than would otherwise be the case.
In fact, it is found that for /4. greater than 200 uA, only the
continuous blueshift is present even after initialization in
state 1, indicating the current itself completes the switch-
ing without the aid of any external field. A comparison of
values of H; derived by these two independent methods
demonstrates good correlation, as seen in the inset of Fig.
3(a), suggesting that the specific event shown in Fig. 3(a)
directly corresponds to a switching event on the MR loop,
further validating the OOP-oscillation model.

IV. DISCUSSION

In conventional bilayer STNOs, for one current polar-
ity, STT acts as an antidamping torque, while for the other
it acts as an additional damping torque [1,2], hence leav-
ing room for persistent STT oscillations in only the former
case, given that the threshold magnitude of the current is

met. In our device, the top and bottom layers are con-
sidered to have hybrid roles that facilitate the observed
bidirectional emission. Computational studies [37] on a
bias-field-free STNO with an in-plane polarizer and a per-
pendicular precessing layer have found, for the parameters
of a typical MTJ, that bias-field-free emission can be real-
ized when a fieldlike torque is present and its ratio to the
STT has a negative value. Given this scenario, the perpen-
dicular middle layer of the trilayer device experiences a
damping (antidamping) STT caused by the bottom layer
when electrons pass through the bottom (middle) layer to
the middle (bottom) layer. In the meantime, the STT from
the top layer creates a damping (antidamping) effect on the
middle layer when electrons pass through the top (mid-
dle) layer to the middle (top) layer. This is summarized
in the insets of Fig. 4. The strengths of such damping and
antidamping torques depend on the instantaneous magne-
tization direction and the orientation of the cone itself,
which vary with the current direction. Therefore, under the
right quantitative conditions, sustainable oscillations can
be expected to occur owing to an overall net antidamping
effect for both current directions.

One piece of evidence for such a dual-polarizer action is
the difference between the critical currents for each polar-
ity as demonstrated in Fig. 4. Here, the critical currents
are derived from a linear fit to the inverse power plot-
ted against the bias current in the subcritical regime [38].
The estimated critical currents for positive and negative
polarities are about +128 uA and —110 pA, respectively.
The critical current for positive /4, is about 16% larger
than that for positive /4., which is consistent with the
active-polarizer assignment (see the insets of Fig. 4). For
positive 14, the top layer creates antidamping, but this
is not expected to be as strong as the effect of the bot-
tom layer, which is a well-established polarizer. Therefore,
a positive I4. requires a larger current to stabilize the
precession compared with the situation for negative /4.
Another piece of evidence for the dual-polarizer model
is the onset of incoherent emission for a positive bias at
around 4300 xA, while a negative bias provides coherent
emission up to almost —400 pA. This is consistent with the
polarizer assignment as well because, for positive /4., the
top layer is active and is not pinned (compared with the
bottom layer), and hence is relatively more vulnerable to
instability, leading to such incoherent emission owing to
the possible additional dynamics induced.

Figure 5 puts our study in the context of some selected
achievements reported to date at room temperature and at
zero bias field [20,21,23,24] or at a field less than 50 mT
[3,17,39—42]. As can be seen, the study reported here has
the highest zero-field emission frequency. All the results
presented here are from a single device 100 nm in diam-
eter, but qualitatively similar results have been observed
in many other samples with different diameters and vary-
ing layer thicknesses. The emission provided by devices
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with different middle-layer thicknesses is shown in Fig. 6,
where the purple belt is included as a guide to the trend.
The effective field inside the middle layer (which is the
one producing the recorded emission) directly determines
the emission frequency. Theoretically, a lower thickness
would lead to saturation at a higher IPMA, corresponding
to a higher internal field, hence maintaining the emission
at a higher frequency. However, as the thickness drops
below 1.42 nm, the emission frequency seems to decrease,
which is possibly due to some deterioration of the quality
of the film, which is only a few atomic layers thick. The
device reported in this paper, which is found to have the
best overall performance, is pointed out in the figure. The
orange-shaded region represents the frequency window of
the existing studies at zero bias field and is included for
context.

Finally in Fig 7, we present some example computer-
simulated oscillation trajectories for qualitative compar-
ison with the OOP oscillation modes suggested to have
been induced in the middle layer in this paper. The tra-
jectories are generated using micromagnetic simulations
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FIG. 5. Comparison of the work presented in this paper (red
star) with existing studies done at room temperature at zero bias
field or below 50 mT. The vertical line is a guide to the studies
done at zero field.

200 250 now switched.

Bias current (uA)

using Mumax3 [43] at zero temperature according to Egs.
(1)~«3) below. Here m, my,, Bef, M, j-, e, and d are the
reduced free-layer magnetization, the unit vector along the
polarizer, the effective magnetic field inside the free layer,
the saturation magnetization of the free layer, the current
density, the electronic charge, and the thickness of the
free layer, respectively. Furthermore, y1, o, p, A, and &’
are the gyromagnetic ratio, damping parameter, polariza-
tion efficiency, Slonczewski A parameter, and secondary
spin-torque parameter, respectively. The equations are

T = (it X Ber + afin x (it x Be)]) + Tsr, (1)

YLL
1+a?
. j:h e —ag
sL= Med { 1+ o2
& —ae
1+ o?

[m x (my, x m)]

(m x ﬁip)}, )

Device reported

~

Frequency range of prior work

Emission frequency (GHz)
o
)Qv
)(»
»*

2
1.35 1.4 1.45

Middle-layer thickness (nm)

1.5

FIG. 6. Dependence of emission frequency on the thickness of
the middle layer. The band shaded purple is a guide to the trend.
The optimal thickness is found to be around 1.42 nm. The device
reported in this paper is indicated. The area shaded in orange is
the frequency window of prior studies at zero magnetic field.
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FIG. 7. Example micromagnetic simu-

lation at zero external field. (a) OOP oscil-
lation modes induced in a perpendicular
free layer due to an in-plane fixed layer
(polarizer). As the magnitude of the cur-
rent is increased, the out-of-plane oscil-
lation cone expands. (b) Redshift of peak
emission frequency with current.
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The simulation is performed on a cylindrical free layer
100 nm in diameter and 1.4 nm in thickness, which is dis-
cretized into a 64 x 64 x 1 mesh. In Fig. 7(a), simulated
dynamics induced in a perpendicular free layer (at zero
external field) due to an in-plane fixed layer (polarizer) is
presented, with the simulation parameters 9.5 x 10° A/m,
2x 107" J/m, 6.3 x 105 J/m3, 0.02, 0.64, 0.8, and 0.1
for the saturation magnetization, exchange constant, uni-
axial anisotropy constant, damping parameter, A, polariza-
tion, and secondary spin-transfer-torque term, respectively.
Qualitatively similar simulated OOP modes (not shown)
in a perpendicular free layer due to a perpendicular fixed
layer (polarizer) are observed for the other current polar-
ity. Figure 7(b) illustrates the frequency dependence of the
magnitude of the bias current for the modes in Fig. 7(a),
where the expected redshift is observed as in Fig. 2(a). The
origin of this redshift in the simulation, done at zero tem-
perature and at zero external field, is the reduction of Biy
due to the reduction in m, as the cone angle is increased.

From a practical point of view, the most interesting
result of this study is the high frequency available at zero
bias field. We attribute this to the dual MgO layers pro-
ducing a high IPMA field inside the middle layer, which
is estimated to be such that wuoH; ~1.6 T. The strength
of the IPMA arising from a CoygFegoB20/MgO interface
increases with decreasing Co,oFegB thickness but satu-
rates below a certain thickness [30], but this saturation is
overcome in this study with a second such interface. The
redshift observed for both positive and negative /4. is due
to a reduction in the vertical component of the local effec-
tive field with an increase in the angle of the precession
cone. A decrease in the IPMA and M, due to Joule heat-
ing can be another reason for the inherent redshift to be
enhanced. With regard to spin dynamics, the other key fea-
ture observed is the presence of bidirectional STT-induced
emission. To accommodate this bidirectional emission in
the STT picture, the dual roles played by the top and
bottom layers are qualitatively discussed.

22 24 26

Current density (107 A/cmz?)

V. CONCLUSIONS

In summary, we demonstrate bidirectional STT-induced
microwave emission from a trilayer MTJ that offers fre-
quencies up to 6 GHz in the absence of any external
field; this frequency is the highest achieved at zero field.
Changes in the resistance and emission power of the MTJ
are considered, to eliminate the possibility of thermally
induced emission. We attribute this high frequency to the
enhanced IPMA field due to the dual CoyoFegyB,y/MgO
interfaces, and the bidirectional emission to the dual-
polarizer action of the top and bottom layers. We hope
that this work will promote the ongoing development of
STNO-based microwave communication and neuromor-
phic computing.
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1. Experimental setup
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FIG. S1 - Experimental setup. On the left is the view of the GSG probe making electrical contact with
the device as observed through a microscope. On the right is the schematic diagram of the setup.

2. X,Y and Z magnetoresistance loops with comparison
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FIG. S2 - 3-axis MR Loops

All MRx v,z loops have also been plot in one axis system for comparison. Both minimum and

FIG. S2 - MRx, MRy, MR loops obtained at Inc= 10 HA.
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3. MRz loops at different bias current values
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FIG. S3 - MRz loop at different Ipc.

MRz loop for 10 pA is presented in the main paper along with the definition of Hy , the field at
which the right hand side hysteresis transition occurs. Above are MRz loops obtained at different
Ipc up to 225 pA. Qualitatively they all possess two linear segments in between which two
hysteresis type transitions occur. Depending on the bias current value, the location (or the field of

occurrence) of the transition changes mimicking triangles or trapezoids in the curve.



4. Emission under Bz at different Ipc (for state-1 initialized)
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FIG. S4 - Evolution of emission at different Ipc upon state-1 initialization as Bz swept in the
positive direction.

Evolution of the emission with sweeping Bz at Ipc = 150 pA (for both state-1 and state-2
initializations) are presented in the main paper along with the definition of H; , the field at which
the frequency discontinuity occurs for state-1 initialization. As It can be seen above, for state-1
initialization, when Ipc is increased, H; decreases. At 225 pA it is found that, even for state-1
initialization (both top and middle magnetizations prepared to point downwards), STT from the
bias current itself has completed the switching (as indicative by presence of only the blueshift)
without any aid of an external field. This agrees well with the observation that, as Inc approaches

225 pA, width of the hysteresis of MRz loop approaches zero.



5. Correction for impedance mismatch in emission power calculation

Device resistance has changed roughly from 2.2 kQ to 1.7 kQ during recording of emission (Ipc

varied up to 400 pA). Since the impedance of the GSG probe used is 50 Q, there is a significant

impedance mismatch leading to an inefficient power transfer. For presented power, correction for

this mismatch and the amplification used (28 dBm) has been accounted as follows.

Probe
28 dBm —— | MTJ

Amplification

Spectrum

Analyzer (50 Q) to Spectrum

Analyzer

FIG. S5 - Basic experimental setup for emission measurement.

Definition of symbols

mehe
Zyty

mebe
Vyrs

T

P spec

P, probe

Pyry

= probe impedance (50 Q)

= MTJ impedance approximated as MTJ resistance

= voltage input to probe from MTJ (or voltage input to amplifier)

= microwave voltage generated from MTJ

= MTIJ to probe transmission coefficient

= power input to spectrum analyzer (or power output from amplifier)
= power input to probe from MTJ (or power input to amplifier)

= power generated from MTJ

Here Zyrs (MTJ impedance) is approximated to be MTJ resistance (Ryry) which is presented in

Fig.2b in the

manuscript.

Transmission coefficient for microwave voltage,

probe

27,

robe

Zprube + ZMTJ

27,

robe

VhITY
Zprobe + ZM TJ



Microwave power in MTJ and probe,
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Combining above equations,

. 4Zpr0beZMTJ
Pprobe - 2t MTJ
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Accounting for the amplification of 28 dBm,
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Combining above relations, power generated at MTJ,
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