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A bottom-up approach for the fabrication of an assembly of electrodeposited nanowires has been
combined to single nanowire electrical connection techniques to investigate the spin-transfer-
torque and microwave emission of specially designed nanowires containing Co/Cu/Co pseudo
spin-valves (SVs). Porous alumina templates are used for the growth by electrodeposition of
metallic in-series connected SVs. Under specific magnetic field and injected current conditions,
emission of microwave current is detected with frequency in the GHz range and linewidth as low
as 1.8 MHz. Microwave signals have been obtained even at zero magnetic field and high frequency
versus magnetic field tunability was demonstrated. Our findings are in good agreement with
micromagnetic simulations. In addition, it appears that in our particular geometry, the micro-
wave emission is generated by the vortex gyrotropic motion which occurs in, at least, one of the

two magnetic layers of our SV structures.
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1. Introduction

It has been shown'™ that the spin-transfer-torque
(STT) effect predicted by Slonczewski® and Berger®
can be used to overcome the Gilbert damping in
such a way that it is possible to obtain coherent
magnetization oscillation in magnetic spin-valve
(SV) nanostructures. In these conditions, the nano-
scale SVs under study became the so-called spin-torque

*Corresponding author.

nano-oscillators (STNO) that have been the subject of
intensive experimental and theoretical investigations
during the last decade.

Theoretical and experimental studies have repor-
ted the strong influence of the nonlinear character of
the microwave properties of STNOs, namely spectral
coherence,”® tunability,” frequency modulation,'%-!!
or ability to synchronize to an external signal.'?!3
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Initially,”* the STNOs used single-domain-like
magnetization distribution for the free magnetic
layer of the SV. Recently,'* >’ focus has been
directed to another very promising and naturally
stable magnetization distribution in nano-scale
magnetic layers with adequate aspect ratio: the
magnetic vortex state.

Contrary to uniformly magnetized STNOs, it has
been highlighted that the vortex case (STVOs) has
the ability to conserve large frequency tunability
with current through the Oersted field influence.'”

The vortex state constitutes one of the possible
ground magnetic states of soft ferromagnetic sub-
micrometer elements. Such a topological magneti-
zation distribution originates from the interplay
between the magneto-static and exchange energy
and is characterized by an in-plane closed flux
domain structure with a vortex core at the center
where the magnetization turns out of plane to
minimize the high energetic configuration of anti-
aligned moments.

For suitable current and magnetic field condi-
tions and even without'>'"?%2%27 any magnetic
field, the vortex state can be excited by the injection
of a dc current through a SV stack. The vortex
dynamical excitation of interest is the gyrotropic
motion of the vortex core driven by the spin-trans-
fer-torque effect. Using both the gyrotropic vortex
motion and the giant magnetoresistance (GMR) or
tunnel magnetoresistance (TMR) electrical measure-
ments, it was possible to obtain more coherent!'®*?
and larger power output'”???! microwave signals
than previously with uniform mode oscillations.

When vortex-based spin-torque oscillators are
considered, zero field emission can be achieved by
using a special configuration of the vortex magnetic
states. Indeed, it happens when each magnetic layer
of the SV contains one vortex and their polarities are
opposite as predicted by micromagnetic simulations
and measured in electrodeposited spin-valves®*?”
and in lithographed nanopillars.??

However, these microwave emission linewidth
and output power must still be improved in order to
reach the values required for the targeted telecom-
munication applications. A commonly believed so-
lution to overcome this issue is to synchronize
several STNOs as it is expected to increase the
generated microwave power.*> Although coherent
emission of a small number has been observed in a
few studies involving a parallel connection of
STNOs, 712633 the extension of such synchronization

to large arrays of STNOs implies both fundamental®*
as well as important technical challenges. Also, a series
connection of STNOs**#7%" is very desirable, which is
difficult to achieve using standard lithographically
defined STNOs because of the relatively large aspect
ratio that is required. This last issue may be tackled
using a bottom-up template-based approach for the
fabrication of STNOs.?*?7%%39 By successive electro-
deposition of metallic SVs into the pores of anodized
aluminum oxide (AAO) template, each of them being
separated by a nonmagnetic spacer, STNO stacks
connected in series can be obtained. This technique has
a real potential to fabricate, in an extremely cheap, fast
and easy way, a dense array of long nanowires.
Beyond its complementary metal-oxide semicon-
ductor (CMOS) compatibility, excellent thermal
and mechanical properties, tunable pore diameter
and inter-pore distance, AAO templates supported
on Si substrates exhibit a high pore density
(~10'9 pores/cm?) which can be filled electrochemi-
cally to produce multilayered NWs, each NW con-
sisting IV SVs connected in series with NV ~ 1—10.

2. Experimental Methods

2.1. Fabrication of supported nanoporous
anodized aluminum oxide templates

The process starts with a Physical Vapor Deposition
(PVD: e-beam or sputtering) of a conducting
underlayer on a carefully cleaned substrate, like Si,
SiO,, sapphire, glass, etc. This conducting layer has
a double role, first to serve as anodization barrier
during anodization of Al layer deposited on it and
then to be a contact electrode both during anodi-
zation and further electrochemical growth of NWs
inside the pores of the AAQO. This conducting layer
should also not oxidize under electrochemical con-
ditions usually being a layer of Au or Pt. Interme-
diate adherence layers (i.e., Ti or Cr) are used
between the substrate and the conducting layer.
The next step is the Al layer deposition [see
Fig. 1(a)] which is a critical procedure in the sense
that small thicknesses (up to few hundreds nm) are
easy to realize but thicker ones need special depo-
sition conditions. The substrate temperature and
deposition rate are key factors for obtaining com-
pact Al layers without hillock and pitting defects.*’
When substrate temperature is kept constant at
about 300K for deposition rates larger than 300 A/
min., e-beam deposited Al layers are compact and
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Fig. 1. (a)—(d) Schematic representation of the various steps
for the fabrication of the supported nanoporous alumina tem-
plates. Adapted from Ref. 42.

without defects. The deposit is polycrystalline with
grain sizes (and surface roughness) decreasing with
increasing the deposition rate. Experimental inves-
tigations showed that high rates (up to 6000 A /min.
at room temperature) allowed the realization of
e-beam deposited Al layers with thicknesses up to
10 pm. On the other hand, using sputtering deposi-
tion, the Al thickness could reach up to 2 um for
deposition rates of ~1000A /min. and at low sub-
strate temperatures (around 5-7°C).*' The Al
adherence is also crucial, since during alumina
processing, a strong internal stress is involved.
Soft plasma etching (PE) surface treatments
coupled with the use of thin Ti intermediate layers
are carried out. Ti is particularly preferred, since
it acts also as an oxidation brake during the anodi-
zation process.

The anodization at constant voltages of the
supported Al layer is then performed in similar
conditions as for the case of classical Al foils anod-
ization using sulfuric, oxalic or phosphoric acid
solutions. In order to decrease the reaction speed of
the oxidation and for a better control over thin
layers anodization, a low working temperature of
about 0°C is used. By limiting the current at the end
of the process, when no more metallic Al remains on
the substrate, a nearly defect free structure with
nanopores down to the conducting underlayer is
obtained [see Figs. 1(b) and 1(c)]. A subsequent pore
enlargement step eliminates the remaining barrier
oxide layer at the bottom of the pores and tunes
the pore diameters correspondingly [see Fig. 1(d)].

The widening process is a chemical attack using
mainly sulfuric or phosphoric acid solutions at tem-
peratures ranging between 30°C and 40°C. The
obtained template is well suited for the growth of
NWs inside its nanopores by using electrochemical
routes (see Sec. 2.2). By using adequate substrates
and underlayers, the entire assembly resists to high
temperatures of more than 1000°C allowing further
thermal treatments. By controlling the preparation
conditions, the geometrical properties of the entire
template can be easily controlled. When using thicker
Al layers, a two-step anodization can be performed in
applications requiring a highly-ordered arrangement
of the nanopores.*?

In our particular case, the sample fabrication
process begins with the anodization of about 1 pm
thick Al layer sputtered onto a Si/Nb(30nm)/Au
(50nm)/Ti(6 nm) substrate. The nanopores in the
template are formed by complete anodic oxidation
of the Al layer in 0.3 M oxalic acid solution at 2°C
under a constant voltage of 60V, followed by a
chemical widening process of the pores in a 0.5 M
H,SO, solution for about 2h at 40°C. The pore
length and pore diameter at the bottom region are
about 1.35 ym and 100 nm, respectively.

2.2. Electrodeposition of arrays of
Co/Cu/Co nanowire spin-valves

The NW array fabrication process begins with an
empty supported alumina nanoporous membrane
as illustrated in Fig. 2(a) (see Sec. 2.1). The Au
layer at the bottom of the pores serves as a work-
ing electrode for subsequent -electrodeposition.
The final thickness of the alumina template is
about 1.3 um, and the pore density can be as high
as 5 x 10% cm 2.

Electrodeposition into the pores is carried out in a
conventional three-electrode cell with a platinum
(Pt) counter electrode and a Ag/AgCl reference
electrode [see Fig. 2(b)]. An array of NWs each
containing a stack of several in series connected
pseudo SVs Co(7nm)/Cu(13nm)/Co(24nm) [see
Fig. 2(c)] is then electrochemically synthesized in a
single bath using a pulse potential deposition tech-
nique,?*?7#%3943 i o | by switching between the de-
position potentials of the two constituents (—0.5V
and —0.95V for Cu and Co deposition, respectively).

The composition of the aqueous electrolytic solu-
tion is as follows: CoSO,-7TH,O (1M), CuSO,4-5H,0
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Fig. 2. (a) Empty nanoporous alumina template. (b) Sche-

matic of the electrochemical cell for the electrodeposition of Cu/
Co nanowires. (c) Schematic of the resulting array of SV
nanowires.

(15mM) and H3BOs (0.5M). Then, the pores are
filled electrochemically with Cu. Each SV is sepa-
rated from the former by a 100 nm thick Cu spacer
layer. Then, the pores are filled electrochemically
with Cu and the filled template is thinned by me-
chanical polishing. The latter can have a resolution of
a few tens of nm using colloidal silica (Syton®) and
is performed to expose most of the nanowire
extremities at the surface of the AAO template
[see Fig. 3(a)].

At the end of the electrodeposition and after the
mechanical polishing of the filled AAO templates, a
high density of NWs end up at the template surface
as seen in Fig. 3(a).

2.3. Nanoscale electrical contacts made
using e-beam lithography

In a recent work,?” the use of electron beam lithog-
raphy (EBL) for parallel connection of a limited
number of SV nanowires (typically less than 5) was
demonstrated.

Once a high density of NWs slightly emerges
from the AAO pore openings [see Fig. 3(a) and
schematic illustration in Fig. 4(a)], the next step

“:\alumina

(A,05)

Fig. 3. (a) Top view scanning electron microscopy (SEM)
image of the SV nanowire array embedded in the AAO tem-
plate. (b) Schematic showing a resist pattern from an assembly
of circular apertures of different sizes. (c) SEM images for three
different openings showing the extremities of the nanowires at
the surface of the template. (d) Illustration of the completely
structured device with single SVs located at the bottom of each NW.

consists in covering the entire surface of the filled
AAO template with a 300nm thick silicon nitride
(Si3N,4) mask deposited by plasma enhanced chem-
ical vapor deposition (PECVD) at low temperature
T = 150°C [see Fig. 4(b)]. A 200 nm thick polymethyl
methacrylate (PMMA) layer is then spin-coated from

Alumina Template SisN4 Layer Deposition
nanowires
.pottom electrode
(a) (b)
E-beam Lithography SizsN4 Plasma Etching (RIE)
ebeam resist . _
I

(c) (d)
Contact Pads Definition
[ ] |

Cleaning & Metal Deposition

I

() (f)

Fig. 4. Schematic illustration of the EBL-based electrical
contacting technique.
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a diluted solution 4% in anisole (Microchemicals
GmbH) and baked in an oven at 150°C for 5 min. The
electron beam exposure was done at 30keV with an
intensity of few tens of pA. The exposed pattern is
developed in a mixture of methyl-isobutyl-ketone/
isopropanol (IPA), rinsed in IPA and de-ionized water,
and then blow dried with nitrogen [see Fig. 4(c)]. The
pattern realized in PMMA is then transferred to the
SizN, mask by reactive ion etching [RIE, see Fig. 4(d)].
By adjusting the exposure dose [see Figs. 3(b), 3(c)
and 4(e)], a resolution better than 40 nm is achieved.
Finally, electrical contact with the nanowires is made
with 150 pm wide Au pads defined by EBL followed
by Ti/Au metalization [see Figs. 3(d) and 4(f)]. By this
method, we were able to contact a single wire from a
dense NW forest.

2.4. Set-up for the measurement of
STT driven microwave emission

Our experimental set-up is schematically shown in
Fig. 5. The sample is placed inside an electromagnet
capable of applying static magnetic fields up to H =
9 kOe and thus also able to sweep the magnetic field
from —9 to +9 kOe. A DC current Ipc delivered by a
DC current source flows through the sample and
a nanovoltmeter records the subsequent voltage
for magneto-transport measurements purposes. A
bias-T is placed in between the DC circuit and
the sample, so that the AC signal produced by the
sample can be captured, amplified by a Low Noise
Amplifier (LNA) and recorded by a high perfor-
mance spectrum analyzer.

A data acquisition system for measuring GMR
signal and microwave emission was developed using
LabView®. First, magneto-transport measurements

DR DR
Bias-T Current source
DC+AC _ (WI)

SAMPLE

Spectrum analyser

Nanovoltmeter
-

Fig. 5. Schematic illustration of the set-up used for the
magneto-transport and microwave emission measurements.

Amplifier
-

are performed using a small DC current. Then, a
higher density of current is injected into the nano-
wire, optionally in the presence of an external
magnetic field for exploring combined GMR and
STT effects responsible for microwave emission as
discussed in the next section. The current used for
the measurements was limited to 6.0 mA to prevent
from heating due to Joule effect, so that current
densities as large as ~ 6 x 107 A/ cm? were injected
on a single NW without deterioration.

The acquisition of microwave signals is performed
using a spectrum analyzer after amplification (30—
40dBm). For that purpose, a high performance
spectrum analyzer measuring signals up to a fre-
quency of 7.5 GHz was used.

When the conditions are fulfilled, the GMR signal
owing to the STT excitation of the magnetization of
the sample is materialized by an microwave emission
peak on the spectrum analyzer.

2.5. Micromagnetic simulation method
of the nanowire spin-valves

For the micromagnetic simulations, a circular
metallic SV nanopillar of 80nm in diameter is
considered. The studied SV consists of a Co
(7nm)/Cu(13nm)/Co(24 nm) stack as shown in
Fig. 6. The parameters for the magnetic properties
of Co are as follows: A=1.3x10"C%erg/cm,
ag = 0.011,* M, = 1200 emu/cm?,*® where 4, ag
and M, are respectively, the exchange stiffness
constant, the Gilbert damping parameter and
the saturation magnetization. The smaller value
of M, compared to M, = 1422 emu/cm?® for pure
Co as well as the absence of magneto-crystalline

Co

Cu
H;>0 |lgc>0

) i'y
It X

FM, =7 nm

NM =13 nm

FM, = 24 nm )

Fig. 6. Sketch of the SV stack used in the micromagnetic
simulations (FM; = FM, = cobalt; NM = copper). The thick
magnetic layer (FM;) is divided into five 4.8 nm thick sub-layers
and the thin magnetic layer is divided into two 3.5 nm thick sub-
layers. Spin torque acts only on the hatched sublayers. The
applied external magnetic field orientation and the convention
direction of positive current are also shown.
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anisotropy®” are chosen to reproduce the experi-
mental parameters known for electrodeposited
nanowires. Indeed, as both ions of Co and Cu are
present in the electrolyte solution the Co layers
contain atoms of Cu thus giving rise to a reduction
of the M, value and to the suppression of the mag-
neto-crystalline anisotropy.

The step of the computational mesh is
2nm x 2nm in the plane and 3.5nm (resp. 4.8 nm)
in the perpendicular direction for the thin (resp.
thick) magnetic layer. The in-plane dimensions
were taken to be below the exchange length

Lex = \/A/(27rM2) = 3.8nm to ensure proper be-

havior between two adjacent discretization cells
of the SV system with respect to the exchange
interaction.

In a CPP-GMR SV, the electrons of an injected
DC current acquire spin polarization (due to relax-
ation and spin accumulation), either by passing
through a so-called polarizer layer or by being
reflected from the latter. As shown hereafter and
unlike most of the micromagnetic simulations made
till now on such type of SVs, the magnetization of
the polarizer layer is not kept fixed. The conse-
quence is that both magnetic layers in the SV stack
can act simultaneously as a polarizer and as a free layer.

The aim of the micromagnetic calculations made
for the SV depicted in Fig. 6 is to identify both
magnetic ground states and magnetization dynam-
ics of the two magnetic layers (FM; and FM,) that
made up the SV. The resulting information is
studied as a function of the injected current and for
different magnetic field intensities applied along the
rod axis of the SV.

The dynamics of the magnetization is investi-
gated using the micromagnetic solver SpinPM®.*
In this code, the magnetization is resolved by nu-
merical integration of the Landau—Lifshitz—Gilbert
(LLG) equation taking into account the spin-
transfer-torque effect.”® The LLG equation with
STT is written as follows:

86_1\75/1 = —7M X Heg +aﬁiM X aa—l\;l—i‘ Lsrr, (1)
where v = g7, is the Gilbert gyromagnetic ratio
with v, = g.ug/h, the electron gyromagnetic ratio
(y=1.76 x 107 (Oe-s)~! in CGS units, g, is the
electron g-factor, up is the Bohr magneton, # is the

reduced Plank constant) and Hg is the effective
field. The latter is the sum of the magnetostatic
field, the exchange field, the Oersted field, and the
anisotropy field. I'gypp is the spin-transfer torque
contribution to the LLG equation. It originates from
the spin transfer effect between the polarized elec-
trons from the injected dc current and the electrons
responsible for the magnetization in a free magnetic
layer. I'gpr is divided into two components, i.e.,
Tgrr = Cepp + Tppp- Tepp refers to the Slonc-
zewski torque and I'ppp refers to the field-like tor-
que. Knowing that in our CPP-SV the current flows
perpendicularly to the layer’s plane, the I'prr term
is neglected’”*® (in metallic spin-valves, CPP ge-
ometry, I'pp 7 is typically less than 5% of I'cpp) and
the I'cpp torque is given by

v

s

FCPP = —ay M x (M X mref), (2)
where M, is the saturation magnetization, m, is
unit vector along the magnetization direction of the
polarizing magnetic layer (the reference layer re-
sponsible for the polarized current), and a; is the
STT amplitude term:

h J

P— — 3
2le| Md’ 3)

ajy =
where P is the current polarization, J is the current
density, |e| is the charge of the electron, and d is the
free magnetic layer thickness.

Before choosing the cell size for the simulations,
different tests were performed using vertical and
horizontal cell dimensions much smaller than L.,.
The in-plane (x-y) cell dimensions were kept much
smaller than L., (2nm x 2nm) for two reasons.
First, to properly capture the spin-texture of the
vortex cores and second to promote our vortex-core-
center-tracker algorithm to achieve better resolution
on the vortex core position used for further oscilla-
tion frequency evaluation. However, the vertical
dimension of the cells has been increased to enhance
the rate of calculations. As will be shown later on, an
important result of our study is that magnetic vor-
tex ground state is always found in the thick layer
(FM;). As the vertical vortex texture is not modified
even in the dynamical regime, we chose to subdivide
the 24 nm thick layer into five 4.8 nm thick sub-layers
(slightly larger than L.). In contrast, since the

aSpinPM is a micromagnetic code developed by the Istituto P. M. srl (Torino, Italy — www.istituto-pm.it) based on a forth order
Runge-Kutta numerical scheme with an adaptative time-step control for the time integration.
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ground state in the FM, layer is not always the
vortex configuration, we preferred to keep the sub-
layers smaller than L., with a thickness of 3.5 nm.

As shown in Fig. 6, only the magnetic sub-layers
in contact with the nonmagnetic spacer (hatched
sub-layers) are relevant for the STT phenomenon.
These sub-layers act as time varying polarizers and
feel the polarized current from each other. As a
consequence, only a reduced thickness d in Eq. (3) is
considered for each magnetic layer, 3.5nm and
4.8nm for FM, and FM; respectively. This artifi-
cially increases the spin-torque effect acting on the
two layers while ensuring the asymmetry of the STT
effect between them.

3. Results

3.1. Micromagnetic simulations

In the micromagnetic simulations, a bias magnetic
field (H,) and a dc current (Ipc) are applied si-
multaneously in the out-of-plane direction. The spin
torque efficiency is enclosed in the polarization pa-
rameter P with a typical value of 0.3. In our con-
vention, the current is positive when the electrons
flow from the thick magnetic layer (FM,;) to the thin
magnetic layer (FM,). The calculations start with
magnetizations m = (1,1,0) in FM, and m =
(—=1,—1,0) in FM;, and the magnetization then relax
to its equilibrium state. The obtained configuration

»

is identified as the most stable one associated with
the (Ipc, H,) couple. The same calculations are made
for different combinations of H, and Ipc (for Ipc
from —7mA to 8 mA every 0.5 mA and for H, from
0kOe to 5kOe for every 0.5kOe), and the equilibri-
um states are summarized in the phase diagram
shown in Fig. 7.

For any (H,,I) combination, a magnetic vortex
state appears in the thick magnetic layer (FMj;),
thus confirming the stability of the vortex state in
that thick FM layer. In contrast, for the thin mag-
netic layer (FM,), a vortex state, a quasi-uniform
state, or a C-like” state, is obtained. Figure 7 splits
into two distinct regions as far as the ground mag-
netic state is concerned. The first one refers to the
one-vortex states (U/V7T and C/V7) and the second
one to the two-vortex states (V1/VT1, V1/V] and
VI/V).

The asymmetric response for positive and nega-
tive injected currents (see Fig. 7) is due to the fact
that FM; is thicker than FM, and thus constitutes a
better polarizer. So for a positive (resp. negative)
current, i.e., when electrons flow from FM; to FM,
(resp. from FM, to FM,;), the STT effect tends to
align (resp. anti-align) the magnetic moments.

The STVOs in Phase B; require larger threshold
currents than the C-like/V7 states of Phase A but
have the remarkable property of exhibiting sus-
tained oscillation even without any bias magnetic
field H,. The latter feature refers to the particular

@ 5.0+

g \

g ' \A

< 40+ K Al

= )

2 .

g 304 %, two-vortex

) C A (/\T} states

€0l vi one-vortex °,

&8~ states Sel

=3 Y

S -—

g 1.0+ u

g V1

[

& 004 | : | : | : | : : ;
-70 -60 -50 -40 -3.0 -2.0 -1.0 0.0 1.0 20 3.0

DC current (mA)

Fig. 7. Phase diagram of the sustained vortex core oscillations driven by the STT effect obtained by micromagnetic simulations. For
negative currents, Phase A (blue) refers to one vortex in FM; and to a C-like state in FM,. For positive currents, Phase B refers to
two vortices, one in each magnetic layer with the same chirality and with opposite polarities (Phase By, dark yellow) or with the same
polarity (Phase B,, yellow). In the other regions, the vortex core oscillations are not maintained steadily. The notations are as
follows: U = quasi-uniform magnetic state, C = C-like quasi-uniform magnetic state, V1 = vortex with up polarity, and V| = vortex
with down polarity (color online).

bThe C-like state is a quasi-uniform state with a small variation of successive momenta in the whole volume in such a way to show a C
(or banana) curvature in the magnetization distribution.
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Fig. 8.

Magnetic field dependence of the vortex oscillation frequency for a full sweep in field starting from 0kOe to +5kOe and a

positive injected dc current of 6 mA (Phases B; and B, STVOs in Fig. 7).

case where the vortex polarities of the two FM layers
are opposite as also reported by Locatelli et al.??

Phase B in Fig. 7 refers to the steady oscillating
two-vortex state configurations such as V1 /V71, V1/
V|, V]/V1, and V|/V|. The configuration V|/V|
is not shown in phase diagram of Fig. 7 as it requires
a negatively applied magnetic field. Nevertheless, as
will be shown in the following study, if the V|/V|
configuration is first stabilized, it is still stable for a
weak positive magnetic field. The two-vortex state
oscillates in a sustained mode driven by spin-trans-
fer once the injected positive current reaches a
critical current value, depending on the H, value.

Furthermore, the different magnetic configura-
tions of Phase B can be reached by applying mag-
netic field for a full cycle to the two-vortex state.
To illustrate this, starting from Phase B; STVO
configuration V|/V7 for Ipc = 6mA and at zero
magnetic field, successive linear magnetic field
ramps are applied as follows: from 0kOe to 5kOe,
then from 5 kOe to —5kOe, and finally from —5 kOe
to 5 kOe. The resulting frequency versus field feature
is reported in Fig. 8.

In Fig. 8, one can see the different switch in po-
larity between states V1 and V| for the two FM
layers of the STVO (at £4.2kOe for FM, and at
+0.7kOe for FM;). The switch is marked by an
abrupt jump in the frequency feature and this jump is
larger when the switch refers to FM;. Another re-
markable property exhibited by Fig. 8 is that the-
thick magnetic layer drives the dynamics as the slope
of the frequency versus magnetic field characteristics
is dictated by the thick layer vortex polarity.

Considering the states V| /VT and V1/V| shown
in Phase By, it is possible to obtain the complete
frequency versus magnetic field curves (see Fig. 9).
Indeed, starting from a magnetic field of about 4 kOe
(i.e., a field just below the switching field of the FM,
vortex polarity) and thus considering the V|/V1
magnetic state, a decreasing magnetic field sweep is
applied to the STVO. The field sweep is stopped as
soon as the switching field of FM; vortex polarity is
reached (at about —3.8kOe). A similar magnetic
field sweep is applied to the magnetic state V1/V|
starting from about —4kOe up to 3.8kOe (which
corresponds to the switching field of the FM; vortex
polarity).

As shown in Fig. 9, the two curves (the blue one
with positive slope for state V| /V1 and the red one

5.0
Starting point Starting point

4.0 4 N
S oy = > |
< 3.01- - R
> =1l
[
il IS <
o
g J
w

1.0f

0.0

5 4 3 2 1 0 1 2 3 4 5
Applied magnetic field (kOe)
Fig. 9. Evolution of the vortex core frequency as a function of

the applied magnetic field (along z-axis) for a positive injected
dc current of 6 mA (Phase B; STVOs in Fig. 7).
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with negative slope for state V1 /V]) are symmetric
and cross each other at zero bias magnetic field.
Furthermore, the oscillating frequency versus mag-
netic field features obtained are linear and their
slopes are directly related to the vortex polarity of
the thick magnetic layer that composes the STVO.

3.2. M:icrowave emission from single
nanowire spin-torque oscillator

As detailed in Sec. 3.1, micromagnetic simulations
were performed to predict and characterize the
ground magnetic states of metallic SVs. Further-
more, simulations also offer the opportunity to
identify the current and magnetic field conditions
for the observations of steady state oscillations. As
shown hereafter, microwave signals have been ob-
served experimentally on single Co/Cu/Co nano-
wire SVs even at zero magnetic field. Interestingly,
high frequency versus magnetic field tunability
was demonstrated, in the range 0.4-2MHz/Oe,
depending on the orientation of the applied mag-
netic field relative to the magnetic layers of the
pseudo spin-valve. However, it is stressed that the
individual layer thicknesses and wire diameter in the
simulations (24/13/7nm thickness for the spin-
valves and 80 nm wire diameter) differ slightly from
the experimental STVOs (22/12/6 nm thickness and
100nm diameter). The difficulties in controlling
precisely the individual layer thicknesses and wire
diameter while fabricating the porous alumina
template and electrodeposited spin-valve nanowires
are responsible for these differences. However, de-
spite these small disagreement, the frequency values
and the variation of the emitted signal as a function
of the external magnetic field are in good agreement
with micromagnetic simulations.

Electric transport measurements were then per-
formed to characterize the resistance and magnetic
configuration of the single NW. Magnetoresistance
curves obtained for a positive current of 4.0 mA are
shown in Fig. 10. The single NW resistance is about
18 Q2. The GMR value is AR = 21 mS) while sweep-
ing the in-plane applied magnetic field and AR =12
m¢? in out of plane field (see inset of Fig. 10). These
results indicate that an anti-parallel magnetization
configuration can be more easily obtained when the
field is oriented in the plane of the layers. Also, as
expected, the easy axis of the nanomagnet was set
by the shape anisotropy to be perpendicular to the
wire axis, i.e., in the plane of the layers.

Sweep (HT)\ Sweep (HY) ‘

v

[ AR
4mQ
AR
5mQ

-6 -4 -2 0 2 4 6
Out of plane field (kOe)

In plane field (kOe)

Fig. 10. GMR curves measured by contacting a single NW
(made of a single Co(22 nm)/Cu(12 nm)/Co(6 nm) SV) with the
magnetic field applied in the plane of the layers (IP field). The
inset shows the GMR curve obtained by sweeping the external
field along the wire axis (out of plane (OOP) field).

Microwave emission measurements are performed
with a spectrum analyzer after a 42-dBm amplifi-
cation of the output oscillating GMR signal.
Selected experimental results of spin-transfer-driven
vortex excitation obtained by measuring a single SV
are displayed in Fig. 11.

To stabilize the magnetic vortex state, a satu-
rating perpendicular magnetic field is first applied to

1.50

145}

140+

Frequency (GHz)

1.30¢

30

20

10

Linewidth (MHz)

0 1 1 1 1 1 1 1
400 -300 -200 -100 O 100 200 300 400
Out of plane magnetic field (Oe)

(b)

Fig. 11. (a) Evolution of the emitted signal frequency as a
function of the perpendicular applied magnetic field for the two
magnetization configurations V| /V1 (in blue) and V1/V| (in
red). The signal was obtained by injecting a positive dc current
of 6.0mA. (b) The linewidth versus magnetic field for both
magnetization configurations in the corresponding colors
[Corresponds to Phase B; in Fig. 7] (color online).
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the sample before a decreasing ramp of magnetic
field. Experimental evidence for the presence of
vortex states in the Co layers has been demon-
strated by Wong et al.*” on the same type of elec-
trodeposited multilayered NWs.

The results reported for the measured STVO are
related to the two-vortex state with vortices of op-
posite polarity present in both the magnetic layers
of the SV. The two possible magnetic configurations
are V1/V| and V| /V1.V1/V| (resp. V] /VT) refers
to a vortex with up (resp. down) polarity in the thin
magnetic layer and a vortex with down (resp. up)
polarity in the thick magnetic layer. The magnetic
states responsible for the microwave emission are
also consistent with micromagnetic simulations.??

By applying a perpendicular magnetic field and
passing a dc current through the single SV, narrow
peaks are observed in the recorded emission spectra.
Figure 11(a) displays the frequency versus magnetic
field features for a positive injected dc current of
6.0mA. The current is defined as positive when the
electrons flow from the thick magnetic layer to the
thin magnetic layer in the Co(22nm)/Cu(12nm)/
Co(6nm) SV.

The sign of the slope of the frequency-field fea-
tures [see Fig. 11(a)| is directly related to the rela-
tive alignment between the polarity of the vortex in
the thick magnetic layer of the SV and the magnetic
field direction. The experimental data are consistent
with the remarkable properties of the magnetic
configurations V1/V| and V|/V7 as reported by
Ref. 22, and as shown by our micromagnetic simu-
lations (see Fig. 9). Indeed, when comparing the
data shown in Figs. 9 and 11(a) and despite a zero
field frequency shift of about 1 GHz between exper-
iment and simulations, there is a satisfactory overall
agreement.

Thanks to the two-vortex states with opposite
polarity, the microwave emission appears even
without any bias magnetic field and the frequency-
field characteristics are linear. The slopes of the
curves are similar to the ones obtained using
micromagnetic simulations (see Fig. 9), about
0.37 GHz/kOe. As shown in Fig. 11(b), signal
quality improvement is also obtained at zero field,
i.e., the linewidth decreases. In contrast, when using
a lithographically defined nanopillar SV, the mini-
mum of the linewidth is shifted and is obtained at a
relatively large magnetic field,”” around 600 Oe.

Moreover, the relatively low linewidth observed
in all the emission spectra is consistent with the

vortex gyrotropic motion. Indeed, the measured
linewidth was as low as 1.8 MHz for a positive dc
current of 6.0 mA. The maximum power obtained is
about 99 fW/mA?. The results also corroborate the
nucleation of a two-vortex state for positive currents
as obtained in the micromagnetic study?® thus
giving rise to a better spectral quality of the signal
(i.e., lower linewidth and larger peak height).

Another remarkable property of our electro-
deposited STVO is the large field-frequency tun-
ability. It approximates 0.4 MHz/Oe for an out of
plane field sweep, but is even larger and reaches
2 MHz/Oe for an in plane field sweep.*’

4. Conclusion

As far as applications of STVOs is concerned, that
kind of STVOs based on the spin transfer driven
dynamics of two coupled vortices in template grown
spin-valve nanopillars are very promising. Indeed,
the microwave signals originating from the com-
bined SST and GMR effects can be obtained with-
out any static bias magnetic field when the two-
vortex states with opposite polarity are used. In
addition, the vortex-based nano-oscillators exhibit
improved spectral quality compared to nonvortex
ones. Furthermore, the electron beam lithography is
a versatile tool capable of connecting a single or a
desired number of spin-torque vortex oscillators
from the dense forest-like structure of nanowires
embedded in nanoporous AAO templates integrated
onto Si wafers with better compatibility to the
standard CMOS processes.
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