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Single spin-torque vortex oscillator using combined bottom-up approach

and e-beam lithography
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A combined bottom-up assembly of electrodeposited nanowires and electron beam lithography
technique has been developed to investigate the spin transfer torque and microwave emission on
specially designed nanowires containing a single Co/Cu/Co pseudo spin valve. Microwave signals
have been obtained even at zero magnetic field. Interestingly, high frequency vs. magnetic field
tunability was demonstrated, in the range 0.4-2MHz/Oe, depending on the orientation of the
applied magnetic field relative to the magnetic layers of the pseudo spin valve. The frequency
values and the emitted signal frequency as a function of the external magnetic field are in good
quantitative agreement with the analytical vortex model as well as with micromagnetic
simulations. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808451]

The spin torque effect predicted by Slonczewski' and
Berger” has been demonstrated to be suitable for generating
microwave signals from the injection of dc current through
magnetic multilayer structures. In the last decade, several ex-
perimental works have shown the feasibility of the efficient
generation of microwave oscillations of magnetization of
single-domain ferromagnetic nanostructures® ° in the so-
called spin-torque nano-oscillator (STNO). More recently,
the vortex magnetic states have been considered to improve
the signal coherence’'® and to obtain a larger power out-
put'®'*17 than previously with uniform mode oscillations. In
the conditions of vortex based STNO, the STNO under study
becomes the so called spin-torque vortex oscillator (STVO).

Various experimental approaches, materials and device
configurations, were explored for the implementation of suit-
able magnetic structures for microwave signal generation.
Still, the spectral purity and the power of the generated
microwave signal should be greatly enhanced to reach the
required values for future tunable microwave generators. To
this aim, Dussaux et al."” have recently shown that MgO
based magnetic tunnel junctions (MTJs) can generate a much
higher level of power than metallic systems while keeping a
reasonable spectral linewidth.

It has been recently demonstrated'>'® that STVOs based
on nanowire (NW) spin valves (SVs) can be elaborated by
electrodeposition, using anodic aluminum oxide (AAQO) as
templates.'®° This bottom-up approach is a low cost and
simple method to produce spin-transfer devices without com-
plex processing. Amongst promising solutions envisaged to
increase the generated power in STNOs (or STVOs) is a syn-
chronization scheme with STNOs connected in parallel and/
or in series as it is expected to increase the generated micro-
wave power.”' Nevertheless, the synchronization of large
arrays of STNOs is a technical issue that has not been solved
so far. Indeed, experimental evidence for the coherent
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emission was recently reported using four STVOs.'” In this
respect, spin valve nanowires embedded in AAO templates
present a high potential for obtaining an assembly of
synchronized STNOs. Beyond its complementary metal-
oxide semiconductor (CMOS) compatibility, excellent ther-
mal and mechanical properties, tunable pore diameter, and
inter-pore distance, AAO templates supported on Si sub-
strates exhibit a high pore density (~10'° pores/cm?) which
can be filled electrochemically to produce multilayered
NWs, each NW consisting in N SVs connected in series with
N ~ 1 —10. Till now, the approach based on atomic force
microscope (AFM) nanoindentation of a thin insulating layer
was used to contact single NWs embedded in such AAO
templates.”>** In this work, we use a simple electron beam
lithography (EBL)—based process suitable for a parallel
connection of a well defined number of SV nanowires.
Unlike nanopillars lithographically patterned, our method is
able to connect STNOs in parallel as well as in series. While
the ability to connect electrically one to ten NWs in parallel
has been demonstrated by means of anisotropic magneto-
resistance (AMR) measurements on pure ferromagnetic NWs
during the preliminary transport measurements, here we
report on the microwave emission from a single NW.
Moreover, each NW in the array contains a single (Co/Cu/Co)
SV located at the bottom edge of the NW (see Fig. 1(d)).

The sample fabrication process starts with the anodiza-
tion of about 1-um-thick Al layer sputtered onto the Si/
Nb(30 nm)/Au(50 nm)/Ti(6) 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 60 V, followed by a chemical widening process of
the pores in a 0.5M H,SO, solution for about 2 h at 40 °C.
The pore length and pore diameter at the bottom region are
about 1.35 um and 140 nm, respectively. The Au layer at the
bottom of the pores serves as a working electrode for subse-
quent electrodeposition. NWs containing one spin valve
Co(22 nm)/Cu(12 nm)/Co(6 nm) have been electrochemically
synthesized in a single bath using pulsed chronoamperometry.
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FIG. 1. (a) Top view scanning electron microscopy (SEM) image of the SV
nanowire array embedded in the AAO template. (b) Schematic showing a
resist pattern from an assembly of circular apertures of different sizes. (c)
SEM images for 3 different openings showing the extremities of the nano-
wires at the surface of the template. (d) Illustration of the completely struc-
tured device with single SVs located at the bottom of each NW.

The composition of the aqueous electrolytic solution is as fol-
lows: CoSO,4-7H,0 (1 M), CuSOy4-5H,0 (15 mM), and H3;BO;
(0.5M). Then, the pores were filled electrochemically with Cu
(see Fig. 1(a)). More details about the fabrication process and
material characterization can be found elsewhere.”*

Subsequently, electrical nanocontacts on a single or
small number of wires were established using an EBL-based
contacting technique. To this aim, the filled template was
first thinned by mechanical polishing in such a way that the
electrodeposited NWs end at the template surface and then
thoroughly rinsed in order to obtain a very flat and clean top
surface (see Fig. 1(a)) required for further EBL processing.
The next step consists in covering the entire surface of the
filled AAO template with a 300nm thick silicon nitride
(Si3N4) mask deposited by plasma enhanced chemical vapor
deposition (PECVD) at low temperature 7=150°C. A
200nm thick polymethyl methacrylate (PMMA) layer is
then spin-coated from 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 30 keV with
an intensity of few tens of pA. The exposed pattern is devel-
oped in a mixture of methyl-isobutyl-ketone/isopropanol
(IPA), rinsed in IPA and de-ionized water, and then blow
dried with nitrogen. The pattern realized in PMMA is then
transferred to the SizN, mask by reactive ion etching (RIE).
By adjusting the exposure dose (see Figs. 1(b) and 1(c)), a
resolution better than 40 nm is achieved. Finally, electrical
contact with the nanowires is made with 150 um wide Au
pads defined by EBL followed by Ti/Au metallization (see
Fig. 1(d)). By this method, we were able to contact single
wire of a dense NW forest.

Electric transport measurements were then performed to
characterize the resistance and magnetic configuration of the
single NW. Magnetoresistance curves obtained for a positive
current of 4.0mA are shown in Fig. 2. The single NW resist-
ance is about 18 Q. The giant magneto-resistance (GMR) value
is AR = 21 mQ while sweeping the in-plane applied magnetic
field and AR = 12mQ in out of plane field (see inset of Fig.
2). These results indicate that an antiparallel magnetization
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FIG. 2. GMR curves measured by contacting a single NW (made of a single
Co(22 nm)/Cu(12nm)/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).

configuration can be more easily obtained when the field is ori-
ented 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.

Microwave emission measurements are performed with
a spectrum analyzer after a 42-dBm amplification of the out-
put oscillating GMR signal. Selected experimental results of
spin-transfer-driven vortex excitation obtained by measuring
a single SV are displayed in Figures 3 and 4.

To stabilize the magnetic vortex state, a saturating per-
pendicular magnetic field is first applied to the sample before
a decreasing ramp of magnetic field. Experimental evidence
for the presence of vortex states in the Co layers has been
demonstrated by Wong et al.*> on the same type of electro-
deposited multilayered NWs.

The results reported for the measured STVO are related
to the two-vortex state with vortices of opposite polarity
present in both the magnetic layers of the SV. The two
possible magnetic configurations are V1 /V | and
VI/V1.V1/V | (resp. V| /V 1) refers to a vortex with
up (resp. down) polarity in the thin magnetic layer and a
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FIG. 3. Evolution of the emitted signal frequency as a function of the per-
pendicular applied magnetic field for the two magnetization configurations
V| /V 1 (inblue) and V 1 /V | (in red). The signal was obtained by inject-
ing a positive dc current of 6.0 mA. The inset shows the linewidth vs. mag-
netic field for both magnetization configurations.
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FIG. 4. Evolution of the emitted signal frequency as a function of the per-
pendicular (in red — top axis) and parallel (in green — bottom axis) applied
magnetic field for the V 1 /V | magnetization configuration. The signal was
obtained by injecting a positive dc current of 6.0 mA.

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. Figures 3 and 4
display the frequency vs magnetic field features for a posi-
tive injected dc current of 6.0 mA. The current is defined as
positive when the electrons flow from the thick magnetic
layer to the thin magnetic layer in the Co(22 nm)/Cu(12 nm)/
Co(6nm) SV.

Compared to our previous results,'® the field range of
emission has been increased. Indeed, the noise generated by
the dipolar interaction between neighboring NWs in such a
dense array is lowered as each NW contains only one SV
(instead of 6 in the previous work). However, even if only
one NW is contacted electrically, the dipolar interaction
between adjacent NWs destabilizes the magnetic configura-
tion as the magnitude of the magnetic field increases.

The sign of the slope of the frequency-field features (see
Fig. 3) is directly related to the relative 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 | /V | as reported by De
Loubens et al.*® and Locatelli et al.,14 and as shown in our
previous work by means of micromagnetic simulations.'® As
the magnetization dynamics is essentially governed by the
vortex located in the thick magnetic layer of the SV, the
microwave signal frequency is compared with the analytical
model. Extracting the vortex eigenfrequency and the contri-
bution of the DC current to the vortex core oscillation fre-
quency (assuming df/dl =40 MHz/mA, as extracted from
micromagnetic simulations) from Refs. 27 and 28, respec-
tively, one obtains a vortex gyrotropic frequency of about
1390 MHz. This value is nicely close to the experimental
one, about 1400 MHz at zero field.
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Thanks to the two-vortex states with opposite polarity,
the microwave emission appears even without any bias mag-
netic field and the frequency-field characteristics are linear.
As shown in the inset of Fig. 3, signal quality improvement
is also obtained at zero field, i.e., the linewidth decreases. In
contrast, when using a lithographically defined nanopillar
SV, the minimum of the linewidth is shifted and is obtained
at a relatively large magnetic field, around 600 Oe as shown
in Ref. 14.

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 corrob-
orate the nucleation of a two-vortex state for positive cur-
rents as obtained in the micromagnetic study'® thus giving
rise to a better spectral quality of the signal (i.e., lower line-
width and larger peak height). One should notice that the
current used for the measurements was limited to 6.0 mA to
prevent from heating due to Joule effect, so that current den-
sities as large as ~6 x 10’ A/cm? were injected on a single
NW without deterioration.

Another remarkable property of our electrodeposited
STVO is the large field-frequency tunability. It approxi-
mates 0.4 MHz/Oe for an out of plane field sweep (see red
curve in Fig. 4), but is even larger for an in plane field
sweep. As shown in Fig. 4 (see green curve), the field-
frequency tunability reaches 2 MHz/Oe. From these results,
it appears that it is possible to produce a 300 MHz variation
by sweeping the in plane magnetic field over a small range
of 150 Oe.

As far as applications of STVOs are concerned, that
kind of STVOs is very promising. Indeed, the microwave
signals originating from the combined spin-transfer torque
(STT) and GMR effects can be obtained without 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
non-vortex 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 com-
patibility to the standard CMOS processes.

F.A.A. acknowledges the Research Science Foundation
of Belgium (FRS-FNRS) for financial support (FRIA grant).

. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996).

2L. Berger, Phys. Rev. B 54, 9353 (1996).

3S. L Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Emley, R. J.
Schoelkopf, R. A. Buhrman, and D. C. Ralph, Nature 425, 380 (2003).

4J. Katine and E. E. Fullerton, J. Magn. Magn. Mater. 320, 1217 (2008).

ST. Silva and W. Rippard, J. Magn. Magn. Mater. 320, 1260 (2008).

°D. Berkov and J. Miltat, J. Magn. Magn. Mater. 320, 1238 (2008).

M. R. Pufall, W. H. Rippard, M. L. Schneider, and S. E. Russek, Phys.
Rev. B 75, 140404 (2007).

8V. S. Pribiag, I. N. Krivorotov, G. D. Fuchs, P. M. Braganca, O. Ozatay,
J. C. Sankey, D. C. Ralph, and R. A. Buhrman, Nat. Phys. 3, 498 (2007).
9Q. Mistral, M. van Kampen, G. Hrkac, J.-V. Kim, T. Devolder, P. Crozat,
C. Chappert, L. Lagae, and T. Schrefl, Phys. Rev. Lett. 100, 257201
(2008).


http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1038/nature01967
http://dx.doi.org/10.1016/j.jmmm.2007.12.013
http://dx.doi.org/10.1016/j.jmmm.2007.12.022
http://dx.doi.org/10.1016/j.jmmm.2007.12.023
http://dx.doi.org/10.1103/PhysRevB.75.140404
http://dx.doi.org/10.1103/PhysRevB.75.140404
http://dx.doi.org/10.1038/nphys619
http://dx.doi.org/10.1103/PhysRevLett.100.257201

222402-4 Abreu Araujo et al.

104 Ruotolo, V. Cros, B. Georges, A. Dussaux, J. Grollier, C. Deranlot, R.
Guillemet, K. Bouzehouane, S. Fusil, and A. Fert, Nat. Nanotechnol. 4,
528 (2009).

HR. Lehndorff, D. E. Burgler, C. M. Schneider, and Z. Celinski, Appl. Phys.
Lett. 97, 142503 (2010).

2A. Dussaux, A. V. Khvalkovskiy, J. Grollier, V. Cros, A. Fukushima, M.
Konoto, H. Kubota, K. Yakushiji, S. Yuasa, K. Ando, and A. Fert, Appl.
Phys. Lett. 98, 132506 (2011).

X, W. Yu, V. S. Pribiag, Y. Acremann, A. A. Tulapurkar, T. Tyliszczak,
K. W. Chou, B. Briuer, Z.-P. Li, O. J. Lee, P. G. Gowtham, D. C. Ralph,
R. A. Buhrman, and J. Stohr, Phys. Rev. Lett. 106, 167202 (2011).

“N. Locatelli, V. V. Naletov, J. Grollier, G. de Loubens, V. Cros, C.
Deranlot, C. Ulysse, G. Faini, O. Klein, and A. Fert, Appl. Phys. Lett. 98,
062501 (2011).

SM. Darques, A. Dussaux, A. V. Khvalkovskiy, J. De la Torre Medina, F.
Abreu Araujo, R. Guillemet, R. Bouzehouane, S. Fusil, J. Grollier, G. G.
Avanesyan, K. A. Zvezdin, V. Cros, and L. Piraux, J. Phys. D: Appl. Phys.
44, 105003 (2011).

16F. Abreu Araujo, M. Darques, K. A. Zvezdin, A. V. Khvalkovskiy, N.
Locatelli, K. Bouzehouane, V. Cros, and L. Piraux, Phys. Rev. B 86,
064424 (2012).

7A. Dussaux, B. Georges, J. Grollier, V. Cros, A. V. Khvalkovskiy, A.
Fukushima, M. Konoto, H. Kubota, K. Yakushiji, S. Yuasa, K. A.
Zvezdin, K. Ando, and A. Fert, Nat. Commun. 1, 8 (2010).

184, Mourachkine, O. V. Yazyev, C. Ducati, and J. P. Ansermet, Nano Lett.
8, 3683 (2008).

Appl. Phys. Lett. 102, 222402 (2013)

19T Blon, M. Matéfi-Tempfli, S. Matéfi-Tempfli, L. Piraux, S. Fusil, R.
Guillemet, K. Bouzehouane, C. Deranlot, and V. Cros, J. Appl. Phys. 102,
103906 (2007).

205 E. Wegrowe, A. Fabian, P. Guittienne, X. Hoffer, D. Kelly, J.-P.
Ansermet, and E. Olive, Appl. Phys. Lett. 80, 3775 (2002).

2B, Georges, J. Grollier, V. Cros, and A. Fert, Appl. Phys. Lett. 92, 232504
(2008).

228. Fusil, L. Piraux, S. Matéfi-Tempfli, M. Matéfi-Tempfli, S. Michotte,
C. K. Saul, L. G. Pereira, K. Bouzehouane, V. Cros, C. Deranlot, and
J.-M. George, Nanotechnology 16, 2936 (2005).

23L. Piraux, K. Renard, R. Guillemet, S. Matéfi-Tempfli, M. Matéfi-Tempfli,
V. A. Antohe, S. Fusil, K. Bouzehouane, and V. Cros, Nano Lett. 7, 2563
(2007).

24M. Darques, A.-S. Bogaert, F. Elhoussine, S. Michotte, J. de la Torre
Medina, A. Encinas, and L. Piraux, J. Phys. D: Appl. Phys. 39, 5025
(2006).

25]. Wong, P. Greene, R. K. Dumas, and K. Liu, Appl. Phys. Lett. 94,
032504 (2009).

2G. de Loubens, A. Riegler, B. Pigeau, F. Lochner, F. Boust, K. Y.
Guslienko, H. Hurdequint, L. W. Molenkamp, G. Schmidt, A. N. Slavin,
V. S. Tiberkevich, N. Vukadinovic, and O. Klein, Phys. Rev. Lett. 102,
177602 (2009).

7K. Y. Guslienko, B. A. Ivanov, V. Novosad, Y. Otani, H. Shima, and K.
Fukamichi, J. Appl. Phys. 91, 8037 (2002).

28Y -S. Choi, S.-K. Kim, K.-S. Lee, and Y.-S. Yu, Appl. Phys. Lett. 93,
182508 (2008).


http://dx.doi.org/10.1038/nnano.2009.143
http://dx.doi.org/10.1063/1.3498009
http://dx.doi.org/10.1063/1.3498009
http://dx.doi.org/10.1063/1.3565159
http://dx.doi.org/10.1063/1.3565159
http://dx.doi.org/10.1103/PhysRevLett.106.167202
http://dx.doi.org/10.1063/1.3553771
http://dx.doi.org/10.1088/0022-3727/44/10/105003
http://dx.doi.org/10.1103/PhysRevB.86.064424
http://dx.doi.org/10.1038/ncomms1006
http://dx.doi.org/10.1021/nl801820h
http://dx.doi.org/10.1063/1.2812677
http://dx.doi.org/10.1063/1.1476065
http://dx.doi.org/10.1063/1.2945636
http://dx.doi.org/10.1088/0957-4484/16/12/036
http://dx.doi.org/10.1021/nl070263s
http://dx.doi.org/10.1088/0022-3727/39/23/019
http://dx.doi.org/10.1063/1.3073740
http://dx.doi.org/10.1103/PhysRevLett.102.177602
http://dx.doi.org/10.1063/1.1450816
http://dx.doi.org/10.1063/1.3012380



