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Abstract

We consider vortex-based spin-torque oscillators (STOs). These devices have an rf detection
functionality based on two rectification effects: the spin-torque diode and the vortex core expulsion.
This functionality can be leveraged for rf energy harvesting, with rf-to-dc conversion efficiency shown
to outperform typical semiconductor harvesters, smaller dimensions and lower costs. A major challenge
to improve the sensitivity of these systems is to design networks of connected STOs. This thesis is the
first approach to this challenge. We study the spin-torque diode response for one STO and compare
the results with a system of two similar STOs connected in series. For the two STO case, we measured
a sensitivity of half than expected, although the measurements show that the rectification response is
the sum of the response from each STO. Vector network analyzer measurements show that between
the single and two STO cases there is a decrease of 30% of the injected rf power transmitted due to
poor impedance matching of the circuit. This study shows that by tackling the impedance matching of
STO arrays, their sensitivity can be scaled with the number of connected STOs for future technological
applications.
Keywords: magnetic vortex, spintronics, spin-transfer, energy harvesting, radiofrequency detector.

1. Introduction

Harnessing rf signals is as a promising way to de-
velop self-powered and wireless devices, like sensors,
health monitors, or any type of portable electron-
ics. At this moment, devices such as these are con-
strained by their batteries, which can’t be minia-
turized and have limited power. Spintronic devices,
namely STOs, emerge with significant potential as
rf-based devices, due to their nanometric scale and
energy efficiency [1].

The field of spintronics started with the discovery
of the giant magnetoresistance (GMR) effect (1988).
Since then, this discovery has allowed for the im-
provement of read-heads and storage capabilities
in hard-disks. Later on, in 1995, the discovery of
tunneling magnetoresistance (TMR) led to the de-
velopment of non-volatile MRAM memories, which
have become interesting candidates to replace semi-
conductor based memories, such as S-RAM or D-
RAM. Spintronic devices were manipulated solely
through magnetic fields, until the discovery of the
spin-transfer torque (STT) effect, that allows the
manipulation of a ferromagnetic material’s magne-
tization through the application of a spin-polarized
current. This has pushed the development of novel
STT-based devices, such as improved MRAM type

memories and STOs, which are the devices studied
in this work. Through the application of a spin-
polarized current into STOs, their magnetization
oscillates due to a compensation of the system’s
damping and, because of the TMR effect, this os-
cillation translates into an alternated current.

The goal of this thesis is to study experimentally
the potential use of the spin-torque diode effect in
vortex-based STOs for energy harvesting applica-
tions. Firstly, we characterize the STO’s rectifi-
cation response, its tunability, and sensitivity de-
pendence on external stimuli. We then analyze a
first attempt in scaling the detection sensitivity by
connecting two STOs with similar properties, com-
paring the rectification responses in the case where
they are connected in series and connected on their
own.

2. Background

2.1. Spin-Torque Oscillators

Magnetoresistance (MR) is the effect by which a
magnetic material changes its resistance upon appli-
cation of a magnetic field. MR devices can be seen
simply as having a trilayer structure, with two fer-
romagnetic (FM) layers, and a non-magnetic spacer
in between. One of the FM layers has a fixed mag-
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netization, while the other has a free magnetization.
The resistance of the device varies with the relative
direction of both FM layers’ magnetization, being
maximal in the anti-parallel (AP) configuration and
minimum in the parallel (P) configuration. The MR
ratio is given by the following expression:

MR(%) =
RAP −RP

RP
× 100 (1)

Due to conservation of angular momentum, the
electrons exert a torque, the STT, in the localized
electrons’ magnetization, causing it to change di-
rection, Fig.1.

Figure 1: a)Schematic of the STT effect in the layers’
magnetizations. b) Operational principal of a magne-
toresistive STT device. c) Torques acting on the mag-
netization upon current injection. Adapted from [2].

2.2. Magnetization dynamics in vortex-
based STOs

During this work, we studied STOs with a ferro-
magnetic free layer which exhibits a vortex magne-
tization distribution in its equilibrium state, these
devices are called vortex-based STOs. The mag-
netic vortex is composed of two parts, the vortex’
body, where the magnetization is aligned with the
layer’s plane and the vortex core, which has a ra-
dius, b, where the magnetization is perpendicular
to the layer’s plane. The vortex is characterized by
two parameters, its polarity (P), which is the di-
rection of the vortex’ core magnetization, and its
chirality (C), which is the sense of the coiling of the
magnetization in the vortex’ body.

The Thiele equation describes the dynamics of
the vortex’ gyrotropic mode by considering the dy-
namics of a specific point of the magnetization, the
vortex core center with position Xc = (ρc, χc). The
Thiele equation of motion for the vortex core is
given by the following expression:

G × dXc

dt
− D(Xc)

dXc

dt
− dW

dXc
+ Fstt = 0 (2)

The vortex core dynamics rest on the balance of
these four force terms, which are represented in Fig.
2. The first term in Eq. (2.2) is the gyroforce,
which is responsible for the rotation of the vortex
core around the disk’s center. The second term is
the damping, which counters the vortex core rota-
tion, while the third term is the confinement, which
tends to return the vortex core to the center of the
disk, to minimize the total energy of the system.
The last term of the Thiele equation corresponds
to the STT, FSTT, which can be decomposed into

the Slonczewski, FSlon = F
‖
Slon + F⊥Slon, and field-

like torque, FFLT. F⊥Slon acts as an anti-damping
or extra-damping term, depending on the current’s
direction. For a dc current being injected into the

device, the in-plane STT terms FFLT and F
‖
Slon

act as an in-plane magnetic field, shifting the equi-
librium center of the vortex, and can be neglected
since they don’t excite the vortex gyrotropic mode.
It is F⊥Slon that is responsible for exciting the gy-
rotropic mode of the vortex in this case [3]. If an ac
current, Irf , is injected into the STO, the in-plane
STT terms can no longer be neglected [4].

Figure 2: Representation of the forces acting on the
vortex core. Adapted from [5].

2.3. Radio-frequency Signal Detection

STOs have a voltage rectification property, which
can be leveraged for rf detection and energy har-
vesting applications. The spin-torque diode ef-
fect was first demonstrated in 2005[6]. This ef-
fect arises when applying a radio-frequency current,
I = Irf sin(2πft), near the free layer’s resonance
frequency, generating a dc voltage output. It is due
to the mixing between the resistance, dependent
on the input signal frequency, and the rf current,
Vdc = R(fres) × Irf . The resonance frequency
can be tuned by an external magnetic field, and
the output voltage of the spin-torque diode effect is
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Table 1: State-of-the-art measured rf detection sensitivities using the spin-torque diode and vortex core expulsion
effects.

Reference ε without dc bias (VW−1) ε with dc bias (VW−1)

Spin- Torque

Diode Effect

Tulapurkar et al. [6] 1.4 -

Miwa et al. [7] 630 12, 000

Zhang et al. [8] - 210, 000

Vortex Core

Expulsion

Jenkins et al. [9] - 40, 000

Tsunegi et al. [10] - 80, 000

strongly dependent on Irf , decreasing linearly with
the square of the current [6].

The first demonstration of the spin-torque diode
effect measured a sensitivity much lower than that
of typical semiconductor Schottky diode detectors,
3, 800 V W−1, but since then, much higher sensi-
tivities have been reported. Recently, an ultrahigh
detection sensitivity of 210, 000 V W−1 was mea-
sured, in the absence of a magnetic field, by tak-
ing advantage of injection locking to the external rf
source [8].

Figure 3: a) Rectification response for the vortex core
expulsion (Idc = 6 mA) and b) spin-torque diode effect
(Idc = 0 mA) for Irf = 0.2 mA. c) Evolution of the
voltage amplitude ∆V in function of the injected Irf for
different bias currents Idc at Hperp = 1.5 kOe. Adapted
from [9].

In vortex-based STOs, there is another rectifica-
tion effect to be considered: vortex core expulsion.
When the vortex state is excited by an rf current
near the gyrotropic mode of the vortex, the vortex
core oscillates with a certain radius, ρosc [9]. In
this configuration the spin-diode effect is observed
(Fig.3 (a)). For a large enough rf current, Imin

rf , the
oscillation radius of the magnetization increases,
eventually becoming larger than the MTJ radius,
and the vortex core is expelled, causing an abrupt
variation in the resistance of the device. The rf de-
tection sensitivities, ε = Vdc/Prf , measured in past
works on the subject, are presented in Table 1.

3. Methods
3.1. Samples

The samples used during this project were de-
posited and patterned at INL - International
Iberian Nanotechnology Laboratory, due to an
ongoing collaboration between INL, Braga, and
UMPhy CNRS/Thales. The samples in the stud-
ied chip are circular magnetic tunnel junctions
(MTJ) patterned with diameters between 100 nm
and 400 nm, in which the free layer presents a vor-
tex configuration in its ground state. The MTJ
stack is composed of [Buffer Layer/Synthetic an-
tiferromagnet (SAF)/MgO (1)/CoFe40B20 (2)/Ta
(0.2)/NiFe30 (7)/Cap Layer]. The pinned SAF layer
is a [IrMn (6)/CoFe30 (2)/Ru (0.7)/CoFe40B20 (2)]
multilayer. The free layer with a magnetic vortex as
the ground state is the permalloy layer. The buffer
layer is a

[
2x[Ta (5)/CuN (50)]/Ta (5)/Ru (5)

]
mul-

tilayer, while the cap layer is Ta (10)/Ru (7). The
dimensions inside the parenthesis are in nm.

Figure 4: Schematics of the vortex based STO samples
studied during this work, with an MgO barrier in be-
tween a 7 nm permalloy free layer and a synthetic anti-
ferromagnet polarizer[IrMn (6 nm)/CoFe30 (2 nm)/Ru
(0.7 nm)/CoFe40B20 (2 nm)].

We measured samples with 370 nm, with TMR≈
40% and an average resistance R0 ≈ 30 Ω. In this
design, each STO has an Al rf line over it, with
300 nm of thickness and 3 µm of width, ∼700 nm
away from the free layer. By applying a current
through this line a magnetic field parallel to the
film’s plane is generated.
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Figure 5: a) Sample holder with 8 SMA pin-outs, the sample is connected through wire bonds between the MTJ
electrode pads and 50 Ω adapted lines. b) Wire bonds connecting the sample. c) Sample holder placed in the
electromagnet, ready for measurement, connected to the instruments through SMA cables.

3.2. Experimental Procedures

By convention, we chose a positive current corre-
sponding to an electron flux going in the direction
from the free layer to the polarizing layer (SAF).
The chip is placed on a gold plated sample holder,
with 8 SMA pin-outs (Fig. 5(a)). A wire-bonding
machine is used to connect the electrodes using alu-
minum wires (Fig. 5(b)). The bottom electrode of
the MTJ is connected to a 50 Ω adapted line, while
the top electrode is connected to the sample holder
- itself connected to the circuit ground. The sam-
ple holder is then placed in a support between the
electromagnet coils (Fig. 5(c)). The electromagnet
allows us to apply a magnetic field to the sample,
between -8 kOe and 8 kOe. It’s possible to reg-
ulate the angle between the sample and the mag-
netic field,θH , lines through a motor connected to
the support. The measurement circuit is schema-
tized in Fig. 6.

Figure 6: Schematic of the electrical circuit used in the
setup during this project.

Both the spectrum analyzer and the signal gen-
erator have an impedance Z0 = 50 Ω, as do the
SMA cables and the connector lines in the sample
holder. The different components are connected
to a computer and are controlled using a Python
script, which allows to automatize the different

measurements by controlling the parameters - mag-
netic field, dc current, rf power and sample support
angle - and save the results.

Transport Measurements

The measurements presented in the results of this
work are made at θH = 90◦, so that the applied
magnetic field has only a perpendicular component.
At this θH , we can study the magnetic configura-
tion of the vortex and also of the SAF layer, which
gain a perpendicular magnetization component as
a fully perpendicular magnetic field, Hperp, is ap-
plied. These layers’ magnetization increase in the
direction of Hperp, and tend to become parallel for
stronger fields, consequently reducing the average
resistance of the device, R0, as can be seen in Fig.
7. The R(Hperp) curve also shows the vortex core
polarity switch, when there is a jump in resistance
as the magnetic field is applied in the opposite di-
rection of the vortex core magnetization.

Figure 7: Evolution of the average resistance of the de-
vice with Hperp. The blue curve corresponds to the field
sweep from -8.0 kOe to 8.0 kOe, while the red curve cor-
responds to the reverse sweep.
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Spindiode Measurements

Four possible vortex configurations exist for the
magnetic vortex: +C+P, +C-P, -C+P and -C-P.
Both the chirality and polarity of the vortex core
affect the studied phenomena, which means that
before each measurement it is necessary to impose
the vortex configuration. This is done through a
preparation protocol:

1. a strong preparation current is injected into the
device, imposing the vortex’ chirality;

2. a perpendicular magnetic field, Hperp, strong
enough to fix the vortex’ polarity, is applied;

3. Hperp is decreased to zero;

4. the preparation current is also brought to zero.

During the experimental procedures of this work,
the preparation was done with Hperp = ±8.0 kOe
and Idc = ±8.0 mA. Finally, after having imposed
the vortex configuration we can perform what we
call a spindiode measurement, which consists of
measuring the voltage evolution at the device’s ter-
minals upon injection of an rf current, swept in a
certain frequency range. This measurement can be
made in different conditions, by varying the Hperp,
the bias current, Idc, and the power of the injected
rf current, Prf . A typical spindiode curve is shown
in Fig. 8, where the rectification voltage due to the
spin-torque diode effect appears at f = 155 MHz.

Figure 8: Example of spindiode measurement showing
the rectified voltage due to the spin-torque diode ef-
fect at fres = 155 MHz. Measurement performed for
Hperp = −0.7 kOe, Idc = 0 mA and Prf = −18 mA,
after vortex preparation in the -C-P configuration.

4. Vortex-based STOs for rf detection

The STO’s operation can be divided into two
different regimes: sub-critical and auto-oscillation
regime. In the sub-critical regime, the dc current
being injected into the STO does not provide a
strong enough STT to overcome the damping term,
meaning that there are no self-sustained oscillations
of the vortex core. Furthermore, while there is no

signal emission, the rf detection function can still
be used, even without any bias current.

4.1. Spin-torque diode effect

In order to efficiently detect rf signals and, subse-
quently, harvest or transmit their power, it is impor-
tant to understand and control certain properties of
the spin-torque diode effect, such as the STO’s res-
onance frequency, fres, its maximum rectification
voltage, ∆V, and its sensitivity, ε.

Perpendicular Magnetic Field

With the application ofHperp, the vortex’ magne-
tization acquires a perpendicular component, mz =
Hperp

Hs
, changing each of the applied forces acting on

the vortex core, as described in 2.2. In Fig.9 (a), it
is shown the evolution of fres with Hperp, for an in-
jected rf current power,Prf = −18 dBm, prepared
in the +C+P configuration, with no bias current
applied. It is noticeable not only the linear increase
in the resonance frequency, with the applied field’s
strength, but also an increase in ∆V. While the de-
tection sensitivity is lower at zero Hperp than at
stronger fields, it is relevant for future applications
that STOs are capable of detecting/harvesting an
rf signal without the need for a magnetic field being
applied.

Figure 9: Experimental data from spindiode measure-
ments at zero bias current and Prf = −18 dBm (Irf =
0.02 mA), in the +C-P configuration. a) STO’s reso-
nance frequency in function of the perpendicular mag-
netic field, Hperp. Data fit represented by the full line.
b) Rectification voltage curves for different values of
Hperp.
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4.2. Bias Current

We measured the spindiode response of the STO
in function of a small injected bias current between
-0.8 mA and 0.8 mA, for the -C-P vortex config-
uration, Hperp = −1.5 kOe and Prf = −18 dBm.
The spin diode curves, taking into account only the
voltage rectified due to the resistance variance, are
presented in Fig. 10 a), together with the ∆V mea-
sured for each bias current, in Fig. 10 (b). Regard-
ing the linewidth of the voltage response, we see
that it increases for a positive bias current and it
becomes smaller with the application of a negative
current. On the other hand, fres is not affected by
the injection of a small bias current. As expected,
the ∆V measured experimentally increases with a
positive bias current, as the STT acts against the
damping of the magnetization, and decreases for a
negative current, due to the extra-damping effect.
The variation in ∆V is more pronounced.

Figure 10: The rectification voltage increases with the
bias current. a) Voltage response curves in function
of the rf current’s frequency. b) Measured ∆V as a
function of Idc. Measurements performed for Hperp =
−1.5 kOe and Prf = −18 dBm.

4.3. Influence of the vortex chirality and po-
larity on the rectification response

As mentioned before, the vortex has four pos-
sible configurations, set before each measurement,
which affect its behavior, notably the spin-torque
diode effect. We measured the spin-torque diode re-
sponse, at Idc = 0.0 mA, in a range from −6.0 kOe
to 6.0 kOe, for the different vortex configurations.

We determined that, to change the polarity of the
vortex core, in the studied oscillator, a magnetic
field stronger than ±2.5 kOe is needed. Further-
more, there is a bistability of the polarity between
-0.9 kOe and 0.9 kOe. In the bistable region, the
rectification response depends simply on the direc-
tion of the magnetic field in the preparation proto-
col. The linear behavior of the resonance frequency,
described in the previous section is valid for the dif-
ferent configurations, although there is a shift in the
resonance frequencies for different chiralities, likely
due to the presence of non-compensated stray fields
in the SAF layer. For example, in the -C-P config-
uration fres(0) = 140 MHz, while in the opposite
chirality, +C-P, fres(0) = 160 MHz.

5. Serial connection of vortex STOs: to-
wards higher detection sensitivity

In order to use STOs in efficient energy harvest-
ing and transmission applications, we must strive
to improve the sensitivity of our detection system.
With higher sensitivities, we’ll be able to detect
lower power signals and improve the rf to dc con-
version. An approach to this is to connect several
STOs in series, with very close eigenfrequencies, so
that they have a simultaneous rectification response
when an rf signal at such frequencies is injected into
the circuit. In a simple approximation, we could ex-
pect a simple sum of the rectification voltage of each
oscillator.

5.1. Rectification response for two STOs in
series

The STOs studied in this chapter have very close
resonance frequencies, which means the vortices’
resonant modes are excited and both STOs exhibit
the spindiode effect simultaneously. As such, we ex-
pect a rectification voltage in the range of the STOs
eigenfrequencies with a shape similar to the sum of
each STO’s response.

Comparison with single STO case

The experimental results, presented in Fig. 11,
correspond to the -C+P configuration of the vortex
in each STO, without any applied dc current
and magnetic field. In the figure, we present the
spindiode power map, for Prf between −20.0 dBm
and −12.0 dBm, and the spindiode curve at
Prf = −14 dBm, for each STO on their own, as
well as for their serial connection. By comparing
the power maps obtained for STO A (Fig. 11(a))
and STO B (Fig. 11(b)), we see that the linewidth
of the rectification effect is larger for STO B than
for STO A, for higher injection powers. STO A
exhibits a measurable rectification voltage down
to −20 dBm between 140 MHz and 160 MHz,
in the measured Prf range. On the other hand,
the spindiode rectification effect in STO B, is
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Figure 11: a,b,c) Voltage rectification response with the injected rf current’s frequency and power, for STO A,
STO B and the case where STO A and STO B are connected in series. d,e,f) Respective voltage response for the
specific case Prf = −14 dBm. These results were obtained for the -C+P vortex configuration, at Hperp = 0 kOe
and Idc = 0 mA.

measurable only down to Prf = −18 dBm and,
below −15 dBm, the maximum ∆V shifts to lower
frequencies (130-140 MHz).

The measured rectification voltage in the case
where two STOs are connected in series (Fig.
11(e,f)) is actually smaller than that of the each
STO on its own, and reaches around a third of
the expected value, for the same Prf . For Prf =
−14 dBm, each STO on its own has ∆VA = ∆VB =
1.1 mV, as seen in Fig. 11(b,d),while, in the case
where they are connected in series, the response is of
0.7 mV (Fig. 11(f)), much lower than the expected
value ∆Vexpected ≈ 2.2 mV.

The observed decrease in detection sensitivity for
two STOs in series may be due to different factors.
We propose that the most relevant is the increase
in the impedance mismatch of the system due to
the connection of the second STO. The maximum
power-transfer theorem states that maximum power
is transferred from the rf source to the load (STOs
A and B) when the load impedance, ZSeries = ZA+
ZB , equals the source’s impedance Z0 = 50Ω.

As previously stated, the objective of connecting
two STOs in series is to improve the system’s sen-
sitivity: have a higher rectification voltage, for a
lower input power. In order to achieve this goal we
need to understand, firstly, why the expected re-
sults are not obtained by considering the different
factors mentioned above.

Power loss in serial connection of STOs

We compare the experimental spindiode results
obtained for the connection in series , at Prf =

−14.0,−12.5,−11.0 dBm, Hperp = 0 and Idc =
0, with the expected voltage curve for Prf =
−14.0 dBm, given by the sum of the results ob-
tained for each STO in the same measurement con-
ditions, in Fig. 12(a). Comparing the experimental
and expected results, shown respectively in yellow
and blue in Fig. 12(b), it is apparent the difference
between ∆VSeries and ∆VExpected described above.
On the other hand, for an rf input of −11.0 dBm,
the resulting spindiode curve resembles very closely
the expected −14.0 dBm curve. This suggests that
the rf power being transferred to the oscillators,
when connected in series, is at least 3 dBm lower
than in the case where they are measured each on
their own. A 3 dBm decrease of the effective rf
power corresponds to halving the power available
to the STOs.

∆VSeries was measured for Prf between
−17.0 dBm and −10.0 dBm and the measurements
are presented in yellow in Fig. 12(b), while the blue
curve represents ∆VExpected. There is a ”shift”
between the two mentioned curves, as seen before
in the case Prf = −14.0 dBm, which corresponds
to the power loss, Plost due to connecting the
oscillators in series.

We measure the system’s power losses using a
2-port Vector Network Analyzer (VNA), which is
an instrument that allows to test rf components
by injecting a known stimulus signal into it and
then measuring the reflected and transmitted sig-
nals. The transmitted and reflected amplitudes of
a −15 dBm signal are measured, for a frequency
range of 100-300 MHz. The measurements were
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Figure 12: Spin-torque diode measurements for the
-C+P vortex configuration, at Hperp = 0 kOe and
Idc = 0 mA. a) Variation of the voltage response for
Prf = −14.0,−12.5,−11.0 dBm, for the serial connec-
tion configuration, and expected response for Prf =
−14.0 dBm. b) Evolution of ∆V voltage with Prf .

performed for STO A, STO B and the case that
both are connected in series, Fig. 13(a). In this
figure, both the transmission (S12) and reflection
(S11) parameters are shown: the top 3 curves cor-
responding to the former, while the bottom curves
correspond to the latter. During the measurement,
no external magnetic field or dc current are being
applied to the system in study.

We consider the S-parameters in the frequency
range between 140-160 MHz, englobing STOs’ A
and B resonance frequencies. The average power
losses, measured by the S12 parameter, and the
power ratios, given by P2

P1
= 10S12/10, are shown in

Table 2. The rf power losses when a single oscilla-
tor is connected have a large impact in the system’s
sensitivity, with only about a third of the signal
being transmitted.

While in the previous section, we estimated that
the relative power losses between the single and
double STO cases was around 0.5 (−3 dB), the
VNA measurements show a relative power ratio of
0.70 due to impedance mismatch. By normalizing
the spindiode experimental results to already take
into account the −1.55 dB measured loss (orange
curve in Fig. 12), we can see that it approaches
the expected ∆V (blue curve). There is still a frac-
tion of the power losses between the two instances

Figure 13: a) Transmission (S12) and Reflection (S11)
parameters with the injected signal’s frequency, for STO
A, STO B and the case where both are connected in se-
ries. Measurements made with an injected signal power
of −15 dBm. b) VNA measurement setup.

which is not accounted for in the measurements per-
formed.

While the measured power losses between the
single STO and double STO cases are not negli-
gible (−1.55 dB), there are even more significant
losses in the single STO case to begin with, reach-
ing over −4.5 dB. Only a fraction of the injected
power is effectively exciting the vortices’ magnetiza-
tion and giving rise to the spin-torque diode effect.
If we’re able to decrease these losses there will be
a great increase in the sensitivity of the systems in
study. In order to do so it is necessary to improve
its impedance matching by adapting the device’s
impedance to Z0. Ideally, STOs are purely resis-
tive devices, but in practice they have a reactive
component which makes impedance matching more
complex.

5.2. Direct current in STO’s antenna

We study the effect of a dc current passing
through the STO’s antenna in the rectification re-
sponse of two oscillators connected in series. These
experimental results were obtained for a different
set of oscillators than those used in the previous
sections, although with similar characteristics, re-
ferred to as STOs C and D. The STOs were con-
nected in series as previously, with the addition of
having a second dc current source connected to one
of the oscillators’ antenna (STO D).

We measure the rectification response of the os-
cillators to an rf current, with Prf = −14 dBm,
for Hperp = −0.8 kOe and Idc = −0.8 mA. For
IantD = 0 (Fig. 14(a)), ∆VSeries = 0.95 mV, and
its not possible to distinguish the response from
each oscillator. By applying a dc current through
the antenna, IantD, an in-plane magnetic field is
created at the STO’s free layer, affecting its magne-
tization and consequently its resonance frequency.
For IantD = 18 mA (Fig. 14(b)), fres of STO D
shifts to higher values, making it possible to distin-
guish clearly both rectification voltage peaks. The
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Table 2: Average power loss (S12) and power ratio in the 140-160 MHz frequency range. The power loss error is
given by the sample’s standard deviation.

STNO A STNO B In Series Relative Loss

Power Loss (dB) −4.82 ± 0.04 −4.57 ± 0.03 −6.25 ± 0.06 −1.55 ± 0.09

Power ratio 0.33 ± 0.01 0.35 ± 0.01 0.24 ± 0.01 0.70 ± 0.02

first peak corresponds to the voltage rectified by
STO C, which is independent of the current applied
to the other STO’s antenna, while the second peak
corresponds to STO D.

The sum of both peaks’ ∆V is of 0.98 mV, which
is very close to ∆VSeries = 0.95, measured at
IantD = 0 mV. Assuming that Iant has no influ-
ence in the voltage amplitude, these measurements
confirm the hypothesis that the total rectification
voltage in the case where the oscillators are con-
nected in series is simply the sum of each oscillators’
response.

Figure 14: Evolution of the voltage response due to the
spin-torque diode effect, at Hperp = −0.8 kOe, Idc =
−0.8 mA and Prf = −14 dBm. a) Without any dc
current injected into the antennae. b) With an 18 mA
current in STO’s D antenna, IantD.

We’ve shown that for an equal circuit, and equal
impedance matching, the system’s sensitivity is
roughly doubled by having two STOs with the same
resonance frequency connected in series. We can ex-
pect that, when connecting N similar STOs, we can
linearly scale the rf to dc conversion by N .

6. Conclusions

The objective for this work was to make way to
the increase of the rf-to-dc conversion in single vor-
tex based STOs, in order to approach an efficient
application of these devices in rf detection and en-
ergy harvesting technologies. As shown, the spin-
torque diode rectification effect can operate at zero
external magnetic field and zero bias current, which
is an advantage in terms of energy consumption in
future device integration, although a magnetic field
and the injection of a dc current is still needed to
impose the vortex’ polarity and chirality, respec-
tively.

During this project we focused on increasing
the system’s sensitivity through the connection of
more than one STO, comparing between the single
STO case and the double STO case, in the same
measurement conditions. We connected two similar
oscillators in series, expecting the sensitivity of
this system, for a given injection power, to be
εSeries = εSTOA + εSTOB . It was found that
when two oscillators are connected in series, the
impedance matching of the system declines, which
translates in a loss of the power being injected
into the device, diminishing the system’s sensi-
tivity compared to the case where only a single
oscillator is connected. The comparison between
the expected rectification voltage for a certain
Prf and the experimentally measured results,
suggested that around half (-3 dB) of the injected
power was lost from one case to the other. In the
measurements done with a VNA, it was found that
the relative power loss between those two cases was
actually smaller than previously suggested, with
(30 ± 2)% less power being transmitted when two
oscillators are connected in series. On top of this,
the Vector Network Analyzer results showed that
the absolute losses are very large, even when only
one oscillator is connected, with about 2/3 of the
source’s power being lost.

While the results obtained in this work don’t yet
show an increase in the detection sensitivity, by
scaling the system to two STOs, it was shown in
this work that it is possible to do so and, most im-
portantly, which are the obstacles to tackle ahead.
In future works, a more in depth study of the rf
characteristics of STOs on their own must be done,
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in order to design solutions to adapt the circuit’s
impedance. If this is done successfully for a two-
STO system, it will then be possible to systemat-
ically scale it to larger and larger STO networks.
Furthermore, this type of system can be greatly im-
proved in the future through the nano-fabrication
process, such as reducing the variability between
the STOs in a chip, or designing STOs with higher
TMRs, in order to improve their sensitivity.

At last, in a broader perspective, this work is
part of the first effort to scale the use of STOs as
energy harvesters. Designing ultra sensitive rf en-
ergy harvesters by using STO networks can have
a huge impact in the ICT area, with the increase
of IoT devices, which need to be wireless, with low
power consumption and compact.
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