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Nonlinear dynamics has been the key ingredient to improve the performance, in terms of sensitiv-
ity, of biased resonant spintronic diodes beyond their semiconductor counterparts. We experimentally
demonstrate a nonlinear regime broadband detection for nanoscale spintronic diodes (NSD) where the
rectification properties are independent of the input microwave frequency, and compare the device per-
formance with the state of the art Schottky diode for low-power rectification. This regime is achieved
in magnetic tunnel junctions with a canted magnetization of the free layer. We further show that the
developed NSD provides sufficient dc voltage to supply a low-power nanodevice — a black phos-
phorus photosensor. Our results could pave the way for using spintronic detectors as building blocks
for self-powered nanosystems, such as implantable biomedical devices, wireless sensors, and portable

electronics.
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I. INTRODUCTION

Energy-harvesting technologies offer a promising
approach to capture energy from ambient sources, such
as vibration, heat, and electromagnetic waves. Spintronic
technologies, which use both the charge and spin of elec-
trons, are a viable alternative for the development of
energy-efficient electronic systems, e.g., magnetic sen-
sors, memory, oscillators, and detectors [1—6]. In partic-
ular, the discovery of the spin Seeback effect has given
spintronics an approach to energy-harvesting technologies
via the idea of thermoelectric power generators [7,8]. In
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addition, biased resonant spintronic diodes exhibit sen-
sitivities (defined as output rectified voltage over input
microwave power) larger than that of the Schottky diodes
[9-11].

The starting point of this work is the theoretical predic-
tion that spintronic diodes, biased with a large enough out-
of-plane field, can act as broadband detectors and hence,
can be used for electromagnetic energy harvesters [12].
First of all, we figure out an approach to have a bias-free
broadband detection. This result is accomplished by fine-
tuning the magnetic anisotropy [13,14] of the free layer
of a magnetic tunnel junction (MTJ) to stabilize an equi-
librium magnetization directed along an oblique easy axis
(canted magnetization). Finally, we show that nanoscale

© 2019 American Physical Society
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spintronic diodes (NSD) are capable of powering a black
phosphorus (BP) photosensor [15—17].

II. BROADBAND SPINTRONIC DIODE
A. Working principle

The two operational principles of NSDs are illustrated
in Fig. 1(a). In a regular regime, a weak ac current will be
spin polarized as it passes through a fixed magnetic layer
and enters the free layer of a MTJ. This spin-polarized cur-
rent excites a small-amplitude magnetization precession
[Fig. 1(a), trajectory in red], which then creates a recti-
fication voltage Vg4, across the MTJ that is highest near
the ferromagnetic resonance (FMR) frequency [6,18-22].
On the other hand, the broadband detection is based on
the excitation of a large-amplitude magnetization preces-
sion [Fig. 1(a), trajectory in blue] giving rise to the same
rectification voltage V4. over a broad frequency range.

B. Device realization and characterization

The MTIJs are fabricated with a continuous multi-
layer thin-film stack composed of PtMn (15)-CosoFes
(2.3)—Ru (0.85)-C040F640B20 (2.4)-MgO(O.S)—C020F660B20
(1.65) (thicknesses in nm) [Fig. 1(b)]. The synthetic
antiferromagnetic polarizer has an in-plane magnetiza-
tion and it is exchange-biased with PtMn. The free
layer is composed of CooFegoByy while the MgO tun-
nel barrier ensures a high magnetoresistance effect [23,24].
The perpendicular magnetic anisotropy (PMA) in the
CoyoFeqoB2o-MgO bilayer is caused by an interfacial effect
that arises from the hybridization between the O (from
the MgO) and Fe (from the CooFegoByg) orbitals, and
can be controlled by the CoygFegByo composition and
thickness of the free layer [13,14,25,26]. In other words,
below a critical thickness, the free layer easy axis is out-
of-plane. The devices studied here are designed to have
a free layer thickness near, but below, this critical value,
so that the PMA field almost compensates for the out-of-
plane demagnetizing field (K; — 0.5u0MZ ~ 0, where K|

(a)

(b)

is the first-order anisotropy coefficient, 1¢ is the vacuum
permeability, and Mg is the saturation magnetization). In
this scenario, the second-order magnetic anisotropy plays
a crucial role in controlling the magnetization configura-
tion, even though K, (K, is the second-order anisotropy
coefficient) is smaller than K; by about one order of mag-
nitude (see also Supplementary Note 1 for the expression
of the anisotropy fields and for more details about the
micromagnetic model [27]).

The magnetic multilayer film stack is patterned into
elliptical nanopillars by using electron-beam lithography
and ion milling techniques. The representative results
presented here are from a device with dimensions of
150 x 50 nm?, while similar results are obtained on a vari-
ety of samples with other dimensions. All data are gathered
at room temperature.

In order to evaluate the PMA in the studied MTJ, we per-
form the spin-torque FMR (ST FMR) measurement under
various external in-plane magnetic fields at zero dc bias
voltage and low input power. Figure 2(a) shows the recti-
fied dc voltages of the device presented in the main text as a
function of the microwave frequency for different in-plane
magnetic fields. The ST FMR spectra can be well fitted by
a sum of symmetric and antisymmetric Lorentzians with
identical resonance frequencies fy [21]. The first- (Hy;)
and second-order (Hj;) perpendicular anisotropy fields
can be deduced from the magnetic field dependence of
the resonance frequency fy [21]. The values of Hj; and
Hj, are estimated to be 11 720 and 640 Oe, respectively
[Fig. 2(b)]. FMR data suggest that the equilibrium con-
figuration is a single domain state with a quasi-uniform
magnetic state. If multiple domains existed, multiple peaks
would be expected in the FMR [28].

We also characterize the resistance of the NSD as a
function of the magnetic field applied either parallel to
the ellipse major axis (H ) or perpendicular to the sam-
ple plane (H ) [see Figs. 2(c) and 2(d)]. The hysteresis
observed for the out-of-plane field scan indicates that the
PMA is still larger than the out-of-plane demagnetizing
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(a) Rectified voltage (V4.) as a function of microwave frequency for various in-plane magnetic fields. (b) A comparison

between the experimental data extracted from panel (a) (black circles) and the analytical expression of the resonance frequency fy vs
H eyt (red line). (c),(d) Magnetoresistance-field curves of one typical MTJ device under in-plane magnetic fields (4) and perpendicular
magnetic fields (H) for /4. = 10 uA, respectively. The resistance scan as a function of the out-of-plane and in-plane fields indicates
that the free layer is canted. The inset in (a) shows the Cartesian coordinate system and the direction of the magnetization vectors. The
black (red) arrow denotes the magnetization direction of the reference (free) layer.

field. The canted easy axis with an equilibrium angle ()
at zero bias field can be computed from the field scans as
described in Ref. [9] (the estimated one for our sample is
53°):

1

Ry —Ry)

Rp — Rap
0),
7 cos(6)

-1
+ Rap 4

1 _
R~ () = >

(1)

where the resistances in the parallel (Rp) and antiparal-
lel (Rap) configurations are 640 and 1236 €2, respectively.
For the device presented here, the tunnel magnetoresis-
tance ratio, defined as (Rap-Rp)/Rp is 93%. Micromagnetic
simulations also prove that the canted state is in a single
domain configuration (see Supplementary Note 1 [27]).

C. Rectification properties

Next, we measure the rectified voltage with a radio fre-
quency (rf) current in the absence of an applied magnetic
field. As shown in Fig. 1(b), the rf current, /,. sin(27 f,1),
is applied to the device through a bias tee using a signal
generator (N5183B, Keysight), while the rectification volt-
age Vg across the MTJ is recorded with a nanovoltmeter
(K2182, Keithley). Our results show that the frequency
response of the NSD exhibits two qualitatively different
behaviors as a function of the input power level:

(a) Resonant detection: For a relatively low incident rf
power, P.=0.1 4W, a resonant-type response is observed
with a maximum near the FMR frequency of 1.1 GHz
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FIG. 3. (a),(b) Generated voltage (V4. ) as a function of rf

frequency for rf powers (Pyr) of 0.1 and 10 xW. (c),(d) The simu-
lated trajectories of the free-layer magnetization at P,y =0.1 uW
and 10 uW, respectively.

[Fig. 3(a)]. The line shape associated with this peak in volt-
age can be fitted by a sum of symmetric and antisymmet-
ric Lorentzian functions, as discussed in previous studies
[19-21,29,30]. The origin of the asymmetric line shape is
related to the voltage-controlled interfacial perpendicular
magnetic anisotropy effect [21], estimated as 0.57 kOe/V
for this device (See Supplementary Fig. 2 [27]).

(b) Broadband detection: For larger input rf power,
an alternative type of broadband response is achieved.
Figure 3(b) displays an example with a rf input power
of P,y=10 uW, showing that the NSD rectifies a nearly
constant voltage across a 100 to 550 MHz range. Other
fabricated NSDs showed qualitatively similar results with
different bandwidths and output voltages, with the widest
bandwidth approaching 1.2 GHz (see Supplementary Note
2 [27]). We have also found that the broadband detection
is achieved mainly for devices having an equilibrium angle
(6) at zero field between 45° and 55°.

D R S I e i R

D e S R e I S

Crrrrr T e e
e I I R

VIDEO 1. Spatial distribution of the magnetization as obtained
from micromagnetic simulations when the input power is
Piy=0.1 uW. The colors refer to the z component of the mag-
netization, as indicated by the color bar.

The transition from resonant detection to broadband
detection can be understood in terms of the evolution of the
precession orbit [12]. At low P,f, a small-amplitude mag-
netization precession is excited where the magnetization
oscillates in a circular trajectory confined in the potential
well near the equilibrium axis as shown in Fig. 3(c) [see
also Video 1]. When Py is sufficiently large, the free layer
oscillation becomes a large-amplitude magnetization pre-
cession [Fig. 3(d) and Video 2], and as such, results in a
large rectified voltage. In the broadband region, a change
of input frequency does not change the magnetization pre-
cession amplitude in the x direction, thus the rectification
voltage remains nearly independent of the input frequency
[Fig. 3(b)]. Similarly, the rectification voltages are approx-
imately independent of the P, value after it exceeds a
threshold [12], because the x component of the magne-
tization oscillates near the maximum amplitude [see the
projection in the x-y plane in Fig. 3(d)], whereas additional
input power is then converted to the excitation of higher
nonlinear modes and does not contribute to the rectified
voltage. This transition is qualitatively different from the
one already observed in other spintronics diodes where, as
the input power increases, only a nonlinear FMR with a
strongly asymmetric line shape is excited [for an exam-
ple, see Fig. 3(a) in Ref. [18]]. A quantitative comparison
of our data with the model of Ref. [12] cannot be done
because the trajectory of the magnetization is not circular
as shown by micromagnetic simulations [see Fig. 3(d)].

Figure 4(a) displays the rectification curves under the
different in-plane bias magnetic field at P,r=3.2 uW for
the device presented in the main text. The application
of a large enough magnetic field can result in a quali-
tative change of the rectification response by destroying
the canted equilibrium state. However, there exists a field
region where the response only changes quantitatively. For
example, it can be seen that a large enough positive mag-
netic field (i.e., 50 to 75 Oe) applied along the opposite
direction of the in-plane direction of the tilted state can lead
to a qualitative change of the rectification response that is
then characterized by a low-frequency tail. Micromagnetic

VIDEO 2. Spatial distribution of the magnetization as obtained
from micromagnetic simulations when the input power is
P,s=10 uW. The colors refer to the z component of the mag-
netization, as indicated by the color bar.
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FIG. 4. (a) The rectification curve under various in-plane mag-

netic fields at rf input of 3.2 uW. The magnetic field is applied
along the long axis of the elliptical nanopillar (positive fields
are parallel to the in-plane component of the magnetization of
the canted equilibrium state). (b) The amplitude of the rectified
voltage as a function of the in-plane field fields at an incident rf
power of 3.2 uW with 250 MHz.

simulations show that this qualitative change occurs when
the equilibrium configuration of the magnetization is along
the field direction. In other words, the tilted state is no
longer stable. For negative fields, the broadband frequency
detection exhibits only quantitative changes as compared
with the one near the zero magnetic field. In particular, at
25 Oe, the detection conversion is also better than the one
at zero field, but the frequency band of detection is nar-
rower. These data show that that the field can play a role in
the optimization of the broadband detection properties.
Figure 4(b) shows that the rectified voltage has a mono-
tonic trend as a function of the in-plane field amplitude.
Predictions from the theory developed in Ref. [12] of the
main text show that the larger the angle (near the device
plane), the larger is the trajectory that the magnetization
can achieve, and hence, the larger is the rectified volt-
age. Micromagnetic simulations, as well as experimental
data, confirm this trend. In other words, when the equi-
librium axis is far from the out-of-plane axis, but still

> ¢
> 10+ O Exp. data at 250 MHz
\° 1o @ Exp. data at 500 MHz
1o —/— Simulation data at 250 MHz
14
0.1 T T T T T T T T T
0 5 10 15 20
P (uW)
FIG. 5. A comparison of experimental and simulated data of

the rectification voltage as a function of input power. The circles
are the experimental data obtained at input frequencies f;. = 250
and 500 MHz, respectively. The triangles are the simulation data
at an input frequency f;,. =250 MHz.

tilted, a more circular trajectory is excited. Therefore, the
energy transferred to the higher harmonics is smaller, but
the large-amplitude dynamics can follow the input up to
smaller frequency values. The broadband response is more
sensitive to the field applied along the out-of-plane direc-
tion because the angle of the canted state is more sensitive
to this field.

Figure 5 shows the experimental performance of the
device at two frequencies, 250 and 500 MHz, with the
input rf power varied across a considerable energy range.
The nonresonant character emerges from input powers
larger than 0.53 uW, however, the generated voltages
are almost constant when the input power P is above
8 uW. This saturation mechanism is analogous to the
one observed in ST oscillators at a large enough bias
current [31,32]. However, those measurements clearly
demonstrate that spintronic electromagnetic energy har-
vesters are already able to work at input powers below
1 uW.

The experimentally observed behavior is well repro-
duced by micromagnetic computations [33—38] (see Sup-
plementary Note 1 [27]) as shown in Fig. 5. In conclusion,
in the broadband detection scheme, the NSD operates
as a nonresonant broadband microwave detector for low-
frequency rf signals. The NSD is expected to be used for
ultralow power detection (<10 «W) [17], hence we need
to compare the NSD performance with that of the low
Schottky barrier diodes [17].

D. A comparison with Schottky diodes

Supplementary Note 3 [27] shows the measurements
for characterization of the state of the Schottky diode.
We believe that the best metrics for this comparison are
the conversion efficiency and the conversion efficiency
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density [15], defined as the ratio between the conversion
efficiency 1¢ (%) [16] and the area occupancy (AO) of the
device, which is around 7.5 x 1073 zm? for the NSD and
larger than 10 um? for the Schottky diode (SMS7630). We
compute the n¢ as the ratio between the dc power (Pgc)
and the input rf power (Pyf), where Py is approximately
given by Vgc /RzBr (V4 18 the rectified dc voltage and Rzpr
is the zero-bias resistance, 770 2 for the broadband spin-
tronic diode and approximately 5000 2 for the SMS7630
Schottky diode, respectively).

Figure 6(a) shows a comparison of the performance of
a single device in terms of n¢. It can be seen that the sin-
gle device performance of the broadband spintronic diode
(input power larger than 0.53 W) has a smaller conversion
efficiency than do the Schottky diodes (SMS7630). On the
other hand, if we consider the resonant response of a single
spintronic diode, the conversion efficiency turns out to be
higher than that of the Schottky diode for an input power
level down to nW [17].

These results are shown in Fig. 6(a), which includes
the conversion efficiency at the FMR frequency of (i) a
NSD used in our previous work exhibiting a large sensi-
tivity of about 1 kV/W at zero dc bias [10], and (ii) the
device studied in this work for input powers smaller than
0.53 uW. Those data, together with the fact that the theo-
retically predicted 7¢ can be as large as 3.5% [12], suggest
that there is room to further improve the conversion effi-
ciency for the broadband detection. In particular, the two
challenges to face are the reduction of the threshold power
toward the nW level and the increasing of the conversion
efficiency for a single device. Figure 6(b) summarizes the
conversion efficiency density calculated for the Schottky
diode and the NSD working in the broadband region at an
input frequency of 500 MHz. As can be clearly observed,
the spintronic energy harvester already exhibits a better
performance in terms of nc(%)/AO as compared to the
Schottky diodes. For example, this areal scaling could be
important if the devices are used in a radiation-coupled
(cavity or antenna at a focal point) configuration, or if the
rectification occurs with an array of NSDs connected in
parallel (where the dc output voltage remains the same
while the equivalent resistance is reduced, thus permit-
ting better impedance matching with the antenna and larger
delivered power over a load).

Moreover, there are two more technical advantages of
the NSDs: (i) they can work in a broader range of temper-
ature and (ii) they are radiation hardened, hence, they can
be used for aerospace applications.

ITI. NANOSCALE SPINTRONIC DIODES AS A
POWER SOURCE

We now prove that the NSD can deliver a large enough
power to work as a power source for a real-world cir-
cuit. Figure 7(a) shows the measurement setup. The NSD

@
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FIG. 6. (a) A comparison of rf-to-dc conversion efficiency for
Schottky diodes and spintronic diodes. The efficiencies in the
Schottky diodes are calculated from the rectified dc voltages
at 500 MHz. The efficiency in the resonant spintronic diode
(Ref. [10]) is calculated from the rectified dc voltages at the
resonant frequency of 1.2 GHz. The efficiency of spintronic
diode (this work) is calculated from the rectified dc voltages
at 500 MHz. Below 0.53 uW, the broadband response is con-
verted into a resonant response and the empty squares represent
the conversion efficiency computed at the resonant frequency
(1 GHz) for that region. The theoretically estimated efficiency
of the broadband spintronic diode is adapted from Ref. [12].
(b) A comparison of the power conversion efficiency density
between the Schottky diode and the NSD. The values are cal-
culated as conversion efficiency divided by the AO of the device.
The AOs of Schottky diodes and spintronic diodes are 10 and
7.5 x 1073 um?, respectively.

energy harvester is connected to the drain of a high-
performance few-layers BP nanodevice, chosen for its
low-power operating capability [39,40]. The NSD supplies
the voltage (V4s) by converting energy that it receives from
rf sources through an antenna. Three different rf sources are
used in the experiment: (i) a signal generator, (ii) a walkie-
talkie, and (iii) a radiophone. Figure 7(b) shows the current
145 as a function of Vg5 where rf energy is harvested by the
NSD from the signal generator. The linear /45-V4s curve
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shows that the NSD can be used to bias the nanodevice.
Our results are now extended to consider different sources
that can give rise to ambient background rf energy. We
have found that a rectified dc voltage is observed when
a walkie-talkie (462 MHz) or a radiophone (923 MHz) is
turned on near the antenna connected to the NSD. As an
example, as displayed in Fig. 7(c) for sample no. S2 (See

Supplementary Fig. 2 [27]), for a 6.3-uW walkie-talkie
and a 4.0-uW radiophone input rf power received through
the antenna, voltages of 150 and 100 xV are measured,
respectively.

Another key benefit of this NSD is that it provides rec-
tification of more rf sources, which act simultaneously.
Figure 7(d) shows an example under two rf sources. A key

(a) Receiving antenna rf source

€
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FIG. 7. (a) Schematic diagram of the self-powered circuit: the drain-source supply for the BP nanodevice is provided by the NSD
power generator. The left shows the optical image of the spintronic generator with a SEM image of the MTJ nanopillar, while the
right shows the AFM image of the fabricated few-layers BP nanodevice where d stands for the distance between the antenna and the
rf source. (b) Powering the drain-source terminal of the BP nanodevice with the NSD device [27] (sample no. S2 in Supplementary
Fig. 4) under rf energy (500 MHz) provided by a signal generator. The graph shows the current-voltage characteristics. (c) Rectified
dc voltages generated by rf signals that are produced by the walkie-talkie and the radiophone, respectively. (d) Rectified dc voltages as
a function of time under the simultaneous action of two signals produced by the external rf sources: rf signal no. 1 (signal generator)
with a frequency of 650 MHz and a power of 3.2 uW; rf signal no. 2 (radiophone) with a frequency of 923 MHz and a power of 4.0 uW
(receiving antenna terminal). The data clearly demonstrate that the broadband frequency response of the NSD device allows one to
accumulate power from different rf energy sources. (e) Photoresponse of the BP transistor under light illumination at a voltage bias of
100 uV produced by the NSD that received the rf energy from the radiophone.
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finding here is that the rectified dc voltage when the two
external rf sources of different frequencies are acting on
the NSD device simultaneously is comparable to the sum
of'the rectified dc voltage achieved when only one rf source
is applied.

Furthermore, we consider an example of how an NSD
can be used as a power supply for a BP device acting as
a photosensor. The NSD provides the bias voltage while
the BP acts as a sensor of photons and can be triggered
by a typical light source. Figure 7(e) shows the response
of this BP sensor to a modulated light when the sen-
sor is biased by a voltage of 100 x4V produced by the
NSD that is harvesting the radiophone rf energy. When
the light turns on, the BP enters the on-state and the resis-
tance drops, allowing /4 to increase to 5 nA. On the other
hand, when the light turns off, the BP enters the off-state
and the resistance increases, lowering /45 to 1 nA. This
phenomenon is consistent with a previous report on BP
photodetection [41].

IV. SUMMARY AND CONCLUSIONS

In summary, we have experimentally demonstrated that
spintronic diodes based on MTJs with canted free layers
can act as nanoscale electromagnetic energy harvesters,
opening a new direction for research in nanoscale spin-
tronic energy harvesters. Our results also demonstrate that
the power generated by NSDs is sufficient to drive active
devices, such as BP nanosized photosensors, for use in
low-power electronic systems, showing their potential as
building blocks of self-powering devices for applications
in biomedical applications [42], in wireless sensing, and
portable electronics in the emerging era of the “internet of
things.”
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