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ABSTRACT: Sub-100 nm ferromagnetic/antiferromagnetic nano-
disks present enhanced magnetic properties with respect to their
thin film counterparts. Co/CoO disks were fabricated over large
areas by a transferring process of an anodic aluminum oxide
membrane, electron beam evaporation of Co, and subsequent
oxidation to CoO. This method reveals exchange bias fields up to 4
times larger than that in thin films and higher blocking
temperatures for the same oxidation protocol. The significant
improvement of the magnetic properties is attributed to finite-size
effects in nanostructures and might be exploited in diverse areas
such as the magnetic stabilization of ultradense arrays or the
scalability process of patterned heterostructures in spintronic
phenomena.

Co/Co0 nanodisks & films

800

o 600

o

=

& 400
T

200

Annealing time (min)

KEYWORDS: exchange bias, magnetic nanostructures, anodic aluminum oxide, exchange interactions, blocking temperature

B INTRODUCTION

The scalability of the physical properties of materials is
commonly used to improve or develop new technological
applications. Performance of magnetic-based devices may
change when reducing the size of magnetic elements.' > For
instance, materials exhibiting perpendicular magnetic aniso-
tropy in thin films cannot preserve this property below a
critical size,” or vice versa, reorientation from in-plane to out-
of-plane magnetization might occur upon shrinking the lateral
dimension of the sample.’ A critical case is the super-
paramagnetic limit at which the material loses long-range order
(i.e, ferromagnetism) with the consequent loss of techno-
logical interest.” Conversely, size changes can lead to new and
appealing properties as the material dimensions compare to
magnetic length scales. Vortex state and onion spin
configurations are only possible in nanodisks and nanorings
with specific dimensions.”® Nanomagnets with unique spin
configurations have recently attracted much attention for their
high capabilities in storage media, logic and communication
applications, and novel biomedical practices.g_14

Exchange bias (EB) is an important ingredient in the design
of magnetic sensors, nonvolatile memories, and electronic and
spintronic devices.">™"” It takes place at the interface between
ferromagnetic (FM) and antiferromagnetic (AFM) materials
and is characterized by a shift of the magnetization curve along
the field axis.'® Other phenomena such as an increase of the
coercive field, asymmetric hysteresis loops, and training effects
are distinctive features of the EB and strongly dependent on

© XXXX American Chemical Society
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the properties of the FM and AFM.""~*' The structure of the
FM/AFM interface, roughness, chemical inhomogeneity, grain
boundaries, and crystallographic order determine the strength
of the exchange bias field (Hgg) and the blocking temperature
(Tg), above which the exchange bias disappears.””*

The EB phenomenon is also affected by scaling effects.
Studies in thin films demonstrated the dependence of EB on
the FM and AFM thickness’ > and a minimum AFM
thickness for the onset of EB.**** Lateral confinement can
strongly influence the properties of magnetic nanostruc-
tures. 7>~*" The low coordination of AFM spins at the
surface, and a small AFM volume in nanostructures produces a
drop of the T} and a reduction of the Hyy as compared to the
FM/AEM thin film.>*"*" Although some authors claimed
enhancement of the Hgy in magnetic nanostructures,*"**
improvement of both magnetic parameters, Ty and Hgg, has
not been reported in FM/AFM nanostructures.

In this article, we show enhanced thermal stability (Tg) and
larger exchange bias fields (Hgg) of sub-100 nm Co/CoO
nanodisks compared to continuous thin films. The nano-
patterning process significantly improves the magnitude of the
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Figure 1. (a) Fabrication process of the Co nanodisks. (b) Hysteresis magnetization loops of the sample before and after the liftoff process. The
50% reduction in the saturation magnetization accounts for the Co on top of the AAO membrane, which is removed during liftoff. (c) Nanodisks
after liftoff. This image is representative of the total (3 mm X 25 mm) area of the sample. In the inset, the AAO was partially removed to show the

fabrication process.

67 exchange bias field by a factor of up to 4 and increases by 25%
68 the blocking temperature of the Co/CoO system. Moreover,
69 this enhancement was achieved in ultradense arrays of disks
70 (Tb/in.?). These findings have a positive impact on the
71 stabilization of Co nanomagnets and their use in spintronic
72 designs, as lateral giant magneto-resistance,43 current-induced
73 spin—orbit torque, * tunneling anisotropic ma§neto-resistance
74 with CoO barrier,” or magneto-ionic devices.™

75 Cobalt is a FM widely used in magnetic recording media,
76 and CoO is an AFM which exhibits high magneto-crystalline
77 anisotropy and a moderate Néel temperature (Ty = 290
K).">*’7>* In the case of Co nanostructures, the formation of a
79 few nanometer thick CoO layer on the surface due to oxygen
80 exposure promotes the appearance of an EB field (Hgg) that
81 significantly modifies the magnetic behavior of the system. For
82 this reason, Co/CoO nanostructures have been a subject of
83 intense research.'***3757

84 EB nanostructures are typically fabricated by using litho-
85 graphic techniques. However, there has been a strong interest
86 in the development of alternative fabrication routes to fulfill
87 the continued scalability of spintronic devices and the need for
88 increasing their magnetic recording density. Anodic aluminum
89 oxide (AAO) nanoporous templates have emerged as a strong
90 contender among several nonlithographic techniques because
91 it overcomes the costs, minimum size, and area limitations of
92 photo and electron beam lithography techniques.

o3 l FABRICATION AND CHARACTERIZATION

94 Ultradense (Tb/in.%) arrays of Co nanodisks were grown onto
95 a Si (100) substrate by using anodic aluminum oxide (AAO)
96 membranes as a shadow mask (Figure 1a). The AAO masks
97 (300 nm thick, 92 nm pore diameter) were transferred onto
98 the substrate following the procedure described in ref 58. A 15
99 nm thick Co layer was deposited on the Si/AAO substrate by
100 electron beam evaporation in a high-vacuum chamber with a

base pressure of 1077 Torr. Continuous thin films were
simultaneously deposited on Si (100) wafers for comparison.
After codeposition, the AAO membrane was removed by using
low power sonication for 30 min by submerging the sample in
a beaker with methanol. The successful liftoff of the membrane
was verified by scanning electron microscopy (SEM) and
magnetic measurements. Figure 1b shows the hysteresis
magnetization loops of the sample before and after liftoff.
The observed 50% reduction in the saturation moment after
liftoff corresponds to the amount of Co deposited on top of the
AAO. This perforated Co film was removed during liftoff, and
its amount correlates with the porosity of the AAO
membrane™ (i.e., 0.907(D,/D.)* X 100 ~ 60%, where D, =
92 nm and D, = 110 nm are the pore diameter and center-to-
center inter pore distance, respectively). The final hysteresis
loop (red) is also consistent with the total removal of the
perforated Co film that exhibits a large coercivity in the initial
curve (black).

Figure lc shows the SEM image of the array of Co
nanodisks after liftoff. Microscopy image segmentation analysis
(MIST)®® of SEM images shows that the disks are
monodisperse with a mean diameter of 92 + 5 nm and a
center-to-center distance of 110 + 7 nm. In the inset of Figure
lc, we performed a partial removal of the AAO template to
illustrate the sample fabrication process.

Figure 2 compares the hysteresis loops of disks and film of
“as grown” and annealed samples. All the hysteresis loops were
measured up to H, = 10 kOe to saturate the sample. To
ensure reproducibility, film and disks samples were annealed
side-by-side at 250 °C in air, in incremental times as follows: 1
min, + 1 min (accumulated 2 min), + 2 min (accumulated 4
min), + 6 min (accumulated 10 min), and +10 min
(accumulated 20 min). After each annealing, the magnetization
curves were measured in the whole temperature range.
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Figure 2. Exchange bias and training effect in disks (upper panels)
and reference film (lower panels) at 50 K of “as grown” and annealed
samples. No magnetic field was applied during annealing, but the Co
was magnetically oriented at remanence. The Hgy values in each panel
correspond to the third loop. AMg represents the change of the
magnetic moment after annealing, and it is used to determine the
reduction of the Co thickness.

Magnetic hysteresis loops were performed in a vibrating
sample magnetometer (VSM) with the applied field parallel to
the substrate. In all the cases, measurements started at 50 K
after cooling the samples in the remnant state after a previous
saturation at 3 T. Because the normalized remanence of disks

and films is close to 1, similar results were observed when the
samples were cooled with a 3 T applied field.

Two main features are observable in Figure 2. On the one
hand, the hysteresis loops show a magnetic moment Am;
reduction in annealed samples. This reduction can be used to
estimate the amount of Co remaining in the samples after
oxidation. Thus, the CoO layer increases with longer annealing
times. Moreover, Co disks oxidize faster than thin films, since
Amy, is more pronounced in the nanodisks hysteresis loops. On
the other hand, nanodisks show a higher exchange bias field,
Hgp = (H, + H.,)/2, than the thin film; H., and H, are the
left and right coercive fields, respectively. Both systems show
training effects, but magnetization curves overlap after the third
cycle, so the Hyy was calculated from the third hysteresis loops.

The temperature dependence of the Hpy for the three
consecutive hysteresis loops recorded at each temperature is
plotted in Figure 3. Starting at 50 K, the temperature was
increased in 25 K increments up to 300 K. The blocking
temperature of the EB system can be estimated from these data
as the temperature at which the Hyy vanishes (red arrow). The
same temperature and field scales in the four panels reveal a
striking training effect in both nanodisks and films, although
“as grown” samples did not undergo thermal annealing. This
effect is due to a thin native CoO layer that promotes EB
below a low blocking temperature (T < 85 K). The
temperature dependence of training effects in annealed disks
and films is very similar and reveals the intrinsic nature of
metastable states in the antiferromagnetic CoO.

Both relevant parameters, Hgg and Tj, are shaped by the
microstructure created during the oxidation process and,
consequently, affected by the annealing time as shown in
Figure 4. The magnitude of the Hgy increases faster in
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Figure 3. Training effect and blocking temperature as a function of temperature and oxidation time for disks and films. Black, red, and blue circles

represent the first, second, and third loop, respectively.
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Figure 4. Exchange bias and blocking temperature for disks and films
as a function of the oxidation time. The Hgg values are obtained from
the third loop recorded at each oxidation time.

172 patterned structures than in thin films (Figure 4a). Nanodisks
173 reach a maximum after 10 min of oxidation, whereas it takes
174 more than 20 min for the film. Most importantly, the
175 magnitude of the Hgp at 50 K is almost up to 4 times larger
176 for nanodisks for short annealing times. This is a highlighted
177 finding of the patterning process and scalability feature of the
178 presented Co/CoO system, with an enhancement factor
179 superior to other equivalent nanostructures.””*"

180  The blocking temperature as a function of the oxidation time
181 is plotted in Figure 4b. Interestingly, the nanodisks reach the
182 maximum T = 250 °C after only 4 min of oxidation. It takes
183 20 min for the films to achieve a similar value. The Ty of the
184 nanomagnets is always higher than that of the film for any
185 annealing time. This is a surprising result since the thermal
186 stability of an EB system usually decreases with the volume of
187 the AFM material due to a dimensionality effect on the
188 magnetic anisotropy energy of AFM pinned spins.” Previous
189 works on nanostructured EB films present such a reduc-

o

® 0o

B DISCUSSION

To account for the significant difference between nanodisks 192
and films and shed light on the intrinsic or structural origin of 193
the enhanced properties of the nanostructures, two geometrical 194
models were investigated (Figure Sa). 195 f5
Model 1 illustrates a simple approach for a straightforward 196
comparison with thin films. Starting with the ideal disk shape 197
before any oxidation, model 1 assumes that the oxidation only 198
occurs on the top surface of the disk, equivalent to the 199
oxidation process in a thin film. Thus, Figure Sa allows us to 200
calculate the remaining Co thickness after oxidation from the 201
final and initial magnetic moments measured at saturation in 202
Figure 2 (Am, = m! — mJ). Hence, the final Co thickness is 203
given by teoh = (mf/md)tc,l. The same formula can be applied 204
to thin films and model 1 nanodisk. However, the measured 205
reduction of m is different for films and nanostructures (Figure 206
2). Consequently, the remaining fc, follows a different 207
dependence with the annealing time (Figure Sb). Amy is 208
larger for nanostructures for each oxidation time, and fc, is 209
thinner than the remaining Co layer of thin films. 210
The thickness of the FM layer is a required parameter to 211
calculate the exchange energy density (o) at the FM/AFM 212
interface. o was estimated with the known values of Hgy and 213
tc, plotted in Figures 4a and Sb, and the Co metal 214
magnetization, Mg, = 1440 emu/ cm?3,'? 215

(1) 216

Figure Sc reveals that the exchange energy density is around 217
2.5 times larger in nanodisks than in films for oxidation times 218
shorter than S min. Although this difference tends to decrease 219
with annealing time, the value of 6 remains higher in patterned 220
structures. The exchange energy density is an intrinsic 221
magnitude directly related to the density of pinned 222
uncompensated AFM spins at the FM/AFM interface, the 223
crystalline quality of the AFM, and its interface with the FM 224
layer. Thus, it is surprising that following the same annealing 225

191

o= MCotCoHEB

process, disks and films present quite different exchange 226
interactions. 227
To discard a geometrical origin, model 2 considers a more 228

realistic case taking into account lateral oxidation of nanodisks. 229
In this case, the same CoO thickness covers the top surface of 230
the dot and the lateral area with a cylindrical shell surrounding 231
the Co core (see cross section in Figure Sa). The remaining Co 232
thickness was calculated for this geometrical model from the 233
variation of the magnetic moment before and after the 234

190 tion,*” %! annealing (Figure 2). The dependence with the oxidation time 235
a) Ideal disk shape b) C) 20
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Figure S. (a) Conceptual description of the Models. (b) Estimated Co thickness reduction upon oxidation (annealing) time obtained by the
relative reduction of saturation magnetization (AMj) for different models. (c) Comparative exchange energy density for each geometrical model.
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236 is plotted in Figure Sb. Now, the metallic Co layer is thicker
237 than the f¢, in model 1. It is an expected result given that the
238 lateral dimension of the Co disk is now smaller, so it must be
239 thicker to preserve the same magnetic moment. The
240 consequence is an increase of the exchange energy density
241 calculated with formula 1 (Figure Sc). Model 2 also points out
242 that to account for the experimental values of EB, the exchange
243 energy density at the Co/CoO interface must be different in
244 core—shell nanodisks and thin films. Thus, the enhancement of
245 the EB phenomenon in Co/CoO nanostructures has an
246 intrinsic origin and is not a structural/geometrical issue.
247 Although such a dense array might be affected by dipolar
248 interaction among dots, there is no clear evidence on the
249 magnetization reversal curves of their effect on the EB field.
250 Dipolar coupling in Co/CoO nanostructures might lead to
251 asymmetrical branches of the hysteresis loop and smaller
252 values of Hgp.*”

253 The o plotted for model 2 in Figure Sc was calculated
254 considering the top Co/CoO interface of the dot. No lateral
255 EB effects were taken into account. Although the Co/CoO
256 interface of the shell covers all angles, from 0 to 2z, with
257 respect to the unidirectional anisotropy of the system, it can
258 contribute to the total EB with laterally pinned uncompensated
2590 AFM spins. Monte Carlo simulations corroborated this
260 contribution in Au/Co/Au disks with lateral oxidation
261 only.”> However, reduced values of EB were obtained. Most
262 of the uncompensated spins of the CoO lateral shell reverse
263 with the Co magnetization and do not produce EB, which is
264 dominated by pinned spins at the top CoO surface.”
265 Therefore, the lateral mechanism is not enough to account
266 for Hgp values 4 times larger in nanodisks than in continuous
267 films.

268 A plausible scenario that leads to a higher interfacial
269 exchange energy density is a finite-size effect in the AFM
270 material. Malozemoff demonstrated that the interface energy
271 goes inversely with the AFM domain size.”> Thus, Co/CoO
272 nanodisks with feature size smaller than CoO domains in thin
273 films yield larger exchange energy densities, in agreement with
274 the results in Figure Sc. The dot diameter, 92 nm, is much
275 smaller than the micrometer size domains observed in Co/
276 CoO bilayers by photoemission electron microscopy and the
277 magneto-optical Kerr effect.”*~%° Moreover, intrinsic CoO
278 domains in continuous films can exhibit an averaging effect
279 that is not present in sub-100 nm nanostructures. In this
280 regime, the reversal of FM domains larger than the AFM ones
281 reduces the EB field due to the average of the unidirectional
282 anisotropies experienced by the FM domain.””~"" The Co/
283 CoO films oxidized in the annealing process at 250 °C present
284 an exchange energy density around 0.97 erg/ cm? at 50 K,
285 which is similar or even higher than other values in the
286 literature measured at a much lower temperature.”"”” As a
287 scalability effect, the exchange energy density of nanodisks
288 increases up to 1.80 erg/cm* at SO K, which is also above the
289 magnitude estimated in other equivalent nanostructures. Thus,
200 the simple procedure described in this work provides a
291 validated approach to fabricate high-quality Co/CoO inter-
292 faces in both thin films and nanodisks.

203 It is worth noting that although patterned and nonpatterned
2904 samples were simultaneously annealed, both geometrical
295 models estimate thicker CoO layers in nanodisks than in
296 thin films for the same annealing time (Figure Sb). The
297 thickness of the CoO layer determines the blocking temper-
298 ature of the antiferromagnet. Oxidation times shorter than 2

an

—

-

=

—

min create a very thin AFM layer in the continuous film with 299
Ty below 160 K (Figure 4b). However, 1 min oxidation of 300
nanodisks produces a CoO thickness equivalent to 4 min 301
oxidation of the film (model 2 in Figure Sb). 302

Consequently, both Ty’s should be similar for both systems, 303
which is in agreement with the experimental result, Ty = 200 K 304
in Figure 4b. The same equivalence can be established for 2 30s
min oxidation of nanodisks and 20 min in thin films. Thus, 306
there is a correlation between the remaining tc, of films and 307
model 2 (Figure 4b) and the Ty of the two systems (Figure 3os
Sb). Annealing times above 4 min generate a CoO layer in 309
nanostructures thick enough to thermally stabilize pinned 310
AFM spins up to 240 K. This Ty remains constant for longer 311
oxidation times. The same trend was observed with EB 312
dependence that saturates upon 4 min annealing (Figure 4a). 313
Therefore, the performance of sub-100 nm Co/CoO nanodisks 314
can be optimized with oxidation times between 4 and 10 min. 315

B CONCLUSIONS 316

We have successfully used a simple fabrication technique for 317
the synthesis of ultradense Co/CoO sub-100 nm nanodisks 318
with a packaging density of Tb/in.%. This technique uses AAO 319
nanoporous membranes as shadow masks in combination with 320
electron beam deposition of a metallic Co thin film. An 321
antiferromagnetic CoO layer was generated by thermal 322
oxidation in air, and the thickness of the CoO layer was 323
controlled by the oxidation time. The procedure allows us to 324
regulate the magnitude of the exchange bias and the blocking 325
temperature of the system. 326

Most importantly, nanodisks present a superior performance 327
than Co/CoO thin films, exhibiting stronger EB fields and 328
higher blocking temperatures. Besides, the simple fabrication 329
process yields high exchange energy densities at the Co/CoO 330
interface in both cases, films, and nanodisks. This enhancement 331
is attributed to confinement effects in the antiferromagnet that 332
limit the AFM domain size. To get a deeper insight into the 333
microscopic origin of these results, further studies should be 334
performed using nanometer-scale sensitive techniques. In 335
short, this work takes relevance because it provides a successful 336
fabrication route to synthesize large areas of multifunctional 337
nanostructures with improved magnetic properties. The 338
enhancement of exchange interactions in these nanostructures 339
might be useful in CoO spintronic phenomena, such as giant 340

or tunneling magneto-resistance and magneto-ionic effects. 341
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