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ABSTRACT

The exchange bias properties of Co/CoO coaxial/slel nanowires have been investigated
with cooling and applied fields perpendicular t@ thire axis. This configuration leads to
unexpected exchange-bias effects. Firstly, the mi@ation value at high fields is found to
depend on the field-cooling conditions. This effagses from the competition between the
magnetic anisotropy and the Zeeman energies foingpéields perpendicular to the wire
axis. This allows imprinting pre-defined magneti@aatstates to the AFM, as corroborated by
micromagnetic simulations. Secondly, the system ibi#teéh a high-field magnetic
irreversibility, leading to open hysteresis looatributed to the AFM easy-axis reorientation
during the reversal (effect similar to athermalmnirzg). A distinct way to manipulate the
high-field magnetization in exchange-biased systdrmagond the archetypical effects, is thus

experimentally and theoretically demonstrated.
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1. INTRODUCTION
Partially oxidized Co(CoO) particles (with no padiar anisotropic shapes) exhibit hysteresis
loops shifted along the magnetic field axis afteolmg in the presence of a magnetic field
(i.e., exchange bi4d8). This is ascribed to the exchange interactionswéen the
ferromagnetic (FM) core and the antiferromagne®ENI) shell. Since this effect has been
technologically exploited to implement the so-adlépin-valves or magnetic tunnel junctions
in spintronic devices, most of the studies on exchanged biased systaws éssentially
focused on how to maximize this shift, as well ashow to tune the associated coercivity
enhancement in thin filnfs’
It is worth mentioning that due to its large exaparroupling the Co/CoO system has been
used as a reference material in exchange biasestudihin films, lithographed structures or
core/shell nanoparticle or nanowires’*3
Remarkably, compared to the existing literature exthange biased thin filfi$ and
isotropic bi-magnetic core/shell nanoparticié$, the amount of studies dealing with
exchange biased anisotropic nanostructures (bels, manowires) is relatively scarce”’
Nonetheless, interesting new phenomena arising ftben competition between shape
anisotropy and exchange bias may be anticipatédeise structures, thus providing an extra
degree of freedom to enhance the current funcikesbf these materials while adding large
potential for novel, unforeseen, applications.
Actually, the study of one dimensional (1D) strwesi (e.g., nanowires, nanorods, or
nanotubes), has attracted ample attention duriadas$t few years, not only from the basic
science point of view, i.e., as an intermediateechstween films (2D structures) and
nanoparticles (OD structures), but also for thepesior properties. The interest on such type

of nanostructures is actually not restricted to nedigm. Their unique performance in areas



like electronics, optics, mechanical engineeringatalysis has boosted their prospective use
in diverse types of advanced and innovative naricdst?2°

Magnetic nanowires are being proposed in applinatlike high density magnetic recording,
permanent magnets, sensors, magneto-optic deviwrspopower, microwave absorbers or
in biomedicine’®>! More specifically, bi-magnetic coaxial nanowires appealing for field
sensors? microwave absorber§** magnetic recordify®’ or water treatmenf Even
though there exist some studies of bi-magnetic iebarnowires where the core and the shell
are grown independently [thus allowing differentrdmnations of FM, ferrimagnetic (FiM)
or AFM cores and shel§}?434%3"%the partial oxidation of FM transition metal narimes
(Fe, Co, Ni and their alloys) offers a fast and@amprocess to obtain bi-magnetic coaxial
nanowires in a controlled manner. In this casective is FM and the corresponding shell is
either AFM or FiM>1736:384239rha exchange coupling between the FM core and\Eid

or FiM shell gives rise to phenomena similar to thees observed in thin films and
nanoparticles, e.g., loop shifts and coercivity amtement>*"3¢342-9However, new
effects could emerge if the exchange coupling duaed in such a way that it directly
competes with the shape anisotropy.

So far, there have been very few systematic stunfiebe core/shell exchange coupling in
freestanding, template-synthesized core/shell narew°°**%lt is precisely this lack of in-
depth studies, particularly for measuring fieldplegal perpendicular to the wire axis, which
has so far precluded the discovery of previouslyemvisaged exchange bias effects in this
particular geometry.

In this article we present the foremost demonsmatif the possibility to manipulate the high-
field magnetization states in freestanding Co/Co@refshell nanowires, along the
perpendicular-to-the-wires axis, by using exchamges. Namely, the strong FM/AFM

coupling results in striking differences betweee field cooled and zero field cooled (ZFC)



loops at high fields and a high-field irreversityiliat large fields in ZFC loops. This
previously unreported exchange bias effect (whibthsato the extensively studied loop shift
and coercivity enhancement) arises from the coripeti between the
shape/magnetocrystalline anisotropies (along thie)veind the cooling and measuring fields

(perpendicular to the wire).

2. EXPERIMENTAL METHODS
2.1 Alumina anodization. Pure aluminum (99.999%) foils with a thicknessl80 um were
used as starting materials. Prior to anodizatiba,aluminum was annealed under air at 480
°C for 1 h. The aluminum foils were degreased siirécally in acetone for 10 minutes, then
etched in 240 mM N£&O; at 80 °C for 1 min and neutralized in 36 vol% HND 20 °C for
20 s. Foils, 1825 mnf in size, were electrochemically polished (£/8 of ethanol/HCIQ)
and then mounted as the anode with graphite a®datin the electrochemical cell. The
anodization of the aluminum pieces was carriedumgter 300 mM oxalic acid at 40 V at 10
°C for 5 h. The anodic oxide cap layer was remauead mixture of 6 wt% BPO, and 1.8
wt% chromic acid at 60 °C for 12 h. The thus testuufoil was anodized further under
identical conditions to those of the first anodizii®®® This process leads to a hexagonal
array of holes with and average distance betwetsod about 10610 nm (Fig. S7).
2.2 Cobalt deposition. The cobalt was deposited by pulsed electrodepasifiom an
agueous solution consisting of 4 wt% cobalt sulphatd 4 wt% boric acid, using 20 V
pulses at 200 Hz at 20 °C. A voltage reduction sege technique was implemented to
facilitate deposition of cobalt where each stepdied the voltage by 10 %. Each subsequent
step was initiated once the current was recovevea new steady state value following the
previous decremefif, the voltage reduction sequence procedure wasattmtrmanually to

achieve 16 V.



Although potentiostatic electrodeposition mightiaveroblems associated with the growth of
mixed phase® pulse electrodeposition was employed in order iimize variations of pH
and metal ion concentration inside the pores ofdlueina template during the course of
electrodeposition, which would have been made thewtlp of the nanowires more
inhomogeneou®'®® Pulse electrodeposition offers an additional athga with respect to
electrodeposition at a constant potential. Namdlying potentiostatic electrodeposition,
hydrogen evolves continuously and could eventualbgk the central part of the pores, thus
shielding the deposition from the pore center. Urilese conditions, nanotubes (instead of
nanowires) might be formed. Conversely, in pulseptal mode, the evolved hydrogen has
enough time to withdraw out of the pore during 'hause time" between consecutive pulses,
and the metal can fill up the whole volume of tleeep thus resulting in the growth of fully
dense nanowires.

It is worth mentioning that the nanowires were sabject to an annealing treatment while
stil embedded in the alumina template. It is wklown that the hcp-to-fcc phase
transformation in Co is not fully reversible. Namedlthough at high temperature, pure fcc-
phase can indeed be formed, the fcc phase is yqatially retained when cooling back to
room temperature (particularly in nanoparticles nanocrystalline samples), as it often
encountered in martensitic transformati6hé. is therefore unlikely that 100% single phase
hcp nanowires could be obtained by annealing. Gn dther hand, annealing at high
temperature could cause crystallization of the asabalumina template, which would then
prevent the subsequent chemical etching to relélasenanowiré® For these reasons,
annealing treatments were not attempted in thikwor

The aluminum substrate was eliminated by electnoate etching in 20 wt% HCI solution,



with an operating voltage of 1-5 V. The aluminanfivas removed by dissolving it with a
2:5 M NaOH aqueous solution for 20 min at 45 °Ce Wires were washed from the reaction

media by rinsing with water followed by centrifuget and finally rinsing with ethanol.

Concomitant to the dissolution of the alumina shebkposure of the metallic cobalt
nanowires to aqueous NaOH results in the formatfam (hydrated) CoO surface layer on the
cobalt nanowire&’ Note that under these conditions the CoO layer lmarconsidered a
passivation layer, thus any further oxidation oé twires in ambient conditions is not
energetically favorable. Consequently, the nanawvaed their magnetic properties are very

stable over time.

3. RESULTS AND DISCUSSION
From the analysis of the transmission electron osiopy (TEM) images (see Supporting
Information), the diameter of the wires was estadab be D = 384 nm (see Figs. 1 and S1)
with an average length of 5 pum, whereas the cabadte shell was measured to et 4+1
nm (see Figs. S1 and S2). Note that, compared t& oiemically synthesized core-shell
nanowires, these template-grown nanowires exhddiher smooth surfaces with a fairly
homogeneous oxide layer. This could be advantagémugertain types of applications
where, for example, further functionalization oedattical contacts may be needed. Selected
areaelectron diffraction and high resolution imaginglicate that the cobalt cores consist of
hcp phase and that they exhibit a c-axis oriemiattmughly along the wire axis (see Fig. 1).
However, the wires present some defects alongethgth, such as stacking faults and small
regions consisting of, predominantly, fcc phasey.(l83); in concordance with the x-fly
results (see Fig. S6). The occurrence of mixedafat hcp phases in Co nanowires, as well as
variations in crystallographic texture, have besgported by several authors depending on the

electrodeposition parametérs’? The electron microscopy analysis indicates that@hO
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Figure 1 (a) Montage of low magnification TEM micrographs shiogva single wire. k)
TEM micrograph of several nanowires where the ist@iws CoO crystallites that compose
the shell. ¢, d TEM micrograph of a single nanowire displayingcsiing faults and its
respective electron diffraction pattern. The arrowmms the diffractogram indicate the
crystallographic directions of hcp-Co phase takemfthe [010] zone axis. The encircled

spots correspond to the {220} interplanar distarafeSo0.

shell is polycrystalline with a small crystallitzs (< D >,0 ~ 4 nm —Fig. S4-). Quantitative
analysis of the electron energy loss spectra (EEES, Fig. S5) confirms that the shell is
CoO.

The magnetic measurements (see Supporting Infanjatvidence that the nanowires
embedded in the alumina templates exhibit propetiipical for this type of wire§.?4232>73
Namely, the magnetic behavior is mainly dominatgdthie shape and magnetocrystalline
anisotropies of Co, where the c-axis lies alongwire. Thus, when measuring along the
wire, high coercivity |(1ng = 150 mT) and square-type loops are obtained @asy axis

behavior), while when measuring perpendicular te wires a sheared loop with much

smaller coercivity (,H; = 60 mT) is observed, characteristic of a hard ésée Fig. 2a).



However, the rounding of the easy-axis loop indisahat other effects, such as interactions
between wires, non-perfect alignment of the c-avits the wire axi€>"* or the presence of
defects, e.g., stacking faults, can also play &df?*% Due to the random in-plane
distribution of the wires, the net effect of dipolateractions should be practically negligible
so we do not expect these to significantly afféet out-of-plane magnetic behavior of our
system. Remarkably, no loop shift is observed eméimbedded wires after FC, indicating the
absence of any significant oxidation of the wif&his is in contrast to nanowires embedded
in polymeric templates which tend to slowly oxidizih time®>*

The hysteresis loop of the freestanding wires & IBC and measured perpendicular to their
long axis, Fig. 2b) exhibits a somewhat roundedpsh&consistent with a hard-axis
measurement), a remarkably large loop shifHgi= 120 mT), and an enhanced coercivity
(MLoHc = 120 mT) compared to the hard axis measurementheofnanowires inside the
template. These properties arise from the preseheeFM-AFM coupling between the FM
Co core and the AFM CoO shefBimilarly, the presence of a strong asymmetry behntbe
increasing and decreasing field branches of the I@®e top inset in Fig. 2b) is also a
distinctive signature of exchange bfds’ Interestingly, the interface exchange energy figki
into account the cylindrical symmefjy AE = 0.94 erg/c is considerably large These
values are much greater than most literature amesdaxial Co/CoO wires [except Co/CoO
nanotubes, WitlAE = 1.14 erg/cr(ref. 58,59)] and in concordance with high quality-
CoO thin films, Co nanoparticles embedded in CoO Nd© matrices, lithographed
nanostructures or Co-CoO core-shell nanopartictes>’>"°

Notably, in thin films it has been shown that nelenge bias can be induced when they are
FC perpendicular to the either FM or AFM easy aX&8In contrast, in systematic studies of
lithographically patterned FM-AFM lines it has be@emonstrated that although the

exchange bias depends strongly on the cooling-fiettion, loop shifts are induced even



10+ 110
[ = il il —_
sl ., |5 B
E > i', i ) E
< : el
= L o
e U I 1%
E _5 § T -—ﬂ—o—qgt{r_&'é .U—'L‘ 1 _5 S
g S
-10+ 2 0 2 q-10
-6 -4 -2 0 2 4 6
#,H (T)
1,0+ L~ T —
i, <o\
Nf—\os_ _",/;/ ‘/{&l ( J\o\gljos ?
E ) o1 : \sp Vs E
< e, o W .
= L3020 00 61 wp(T) - m
%y 0,0 . = &
T(’ > i : 50}(: :__\: JJ‘ ;
2-0,5 after ZFC F| Foee, ik w\ -0.5
--"—o-_o__,:::.w;ﬁ | 300K ‘ 1\
-Lap :_.._.m-r. wllR R E0) -1,0
6 4 -2 0 2 4 6
u 1 (T)

Figure 2. (a) Hysteresis loops of the aligned cobalt wires ethdled in the anodised alumina
membrane measured at 10 K (after field coolingpler (—-o—) and perpendicular(-) to

the nanowire axis, respectivelyb)( Out-of-plane hysteresis loops for free-standirfg o
Co|CoO core-shell nanowires traced at 10 K staftioigp +7 T after either ZFC-(-) or FC

in 5T (=) from 300 K. The top inset shows a magnificatidrine low field region of the
loops. The bottom inset shows the high field magagbon measured at 50, 150 and 300 K,
after ZFC. No diamagnetic correction has been perdd to any of the loops. The lines are
guides to the eye. The ellipse in (b) highlights ltigh-field irreversibility. Panels) and ¢)
show schematically the direction of the measurielgifand the arrangement of the wires for
the ones embedded in the alumina template andhéoifree-standing ones deposited on a

Colodion membrane, respectively.
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when cooling perpendicular to the wire aXi8*in agreement with our results in coaxial Co-
CoO nanowires. In fact, coherent rotation modetdjat the existence of gHeven though
with Hc = 0 (Refs. 79,80)[he fact that the Co-CoO nanowires exhibit a maeérdarge H
implies that the reversal occurs probably not tgloaoherent rotation but by more complex
reversal modes as reported in non-oxidized wirediftdrent sizeg®2%32>73

As can be seen in Fig. 2b, the FC and FZC loopgbefree-standing wires show strikingly
different behaviors at high fields. The large difiece in the high-field magnetization
between the FC and ZFC curves can be attributatigceffect of the imprinted magnetic
states in the AFM shell by the FM core during tbeling procedure (see Figs. 3 aZdj? At
low temperatures, the strong exchange coupling detwhe imprinted AFM magnetic states
and the FM magnetization controls the magnetizapoocess. At room temperature, the
AFM part of the wires is paramagnetic; thus, it glawt contribute to the magnetization
orientation of the core. At this temperature thedion of the Co moments is dictated mainly
by the magnetocrystalline and shape anisotropieth aligned along the nanowire length.
Consequently, at zero field most of the Co momeéatalong the wire (perpendicular to the
measuring field). However, the presence of stackandfs and fcc inclusions results in some
local misalignment of the magnetization (see F&). Ihe ZFC process, starting from 300 K,
does not change the direction of the FM magnetimards from their local easy axes. This
implies that during the cooling process the lodsl fagnetization directions are imprinted
into the AFM shell (Fig. 3a). At low temperatur@ce the FM and AFM spins are strongly
coupled at the interface (as evidenced from thgelaalue of H), the FM moments prefer to
remain in the vicinities of their local easy-axisedtions pinned by the imprinted domains in
the AFM. Hence, +7 T magnetic field is far from rgisufficiently high to align all of the
FM moments along the out-of-plane direction (Fig). Ihis leads to a small high-field FM

signal. In contrast, when a strong field is appb¢doom temperature, the FM magnetization
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H= HMax
after ZFC

H= HMax
after FC
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Figure 3. Schematic representation of the AFM and FM spiancstire at H = 0 aftera ZFC
and p) FC perpendicular to the wire and afidd (where Hjax is the maximum measuring
field) after €) ZFC and ) FC perpendicular to the wiree)(Simulated low temperature
hysteresis loops after FC and ZFC treatments. Hjlgtdd by dashed ellipses in (c) and (d) is
the behavior of some representative spins in the emd the shell for the two cooling

procedures.
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is nearly saturated perpendicular to the wire aXisus, during the FC procedure the
perpendicular magnetization information is impreéhte the AFM (Fig. 3). Accordingly, due
to the interface coupling at low temperatures tive fRagnetizations prefer to be aligned
along the imprinted AFM domains (perpendicular bhe twire axis) and the high-field
magnetization value is large.

To corroborate this picture we have performed som@&@omagnetic simulations using an
“uncompensated spins” mof@(see Supporting Information). As can be seen in 8¢, as
expected, the simulated ZFC hysteresis loop sh@nsias and a vanishingds opposed to
the FC one. Importantly, the magnetization of tii&CAvire is more difficult to saturate than
the field-cooled one. This implies that for modehatlarge fields the magnetization of the
ZFC loop is smaller than that of the FC one, inlitaive agreement with the experimental
results (despite the simplicity of the model).

Note that the concept of competing anisotropiesall established in both exchange biased
thin films and lithographed FM/AFM structurs>#+%"However, the anisotropies involved
in these systems are usually much smaller tharC&@CoO nanowires, thus, the high-field
differences between FC and ZFC loops were not pusly observed.

Another unreported outstanding feature of the CQ@®@ares is the high-field irreversibility
observed at positive fields. Namely, at high fie{tés above the anisotropy field, i.e., where
the loop closes) the loop does not retrace itsek (ighlighting ellipse in Fig. 2b). Notably,
as the temperature is increased the effect becoraaker, disappearing at about 150 K (see
inset of Fig. 2b). This unusual effect is, mosthaioly, due to the field-induced reorientation
of the imprinted AFM magnetic information, whichals to a realignment of the FM
magnetization. That is, at low temperature andraftieC, each of the imprinted AFM
moments is oriented along its easy axis closestaalirection of the local FC magnetization.

During the loop trace, some of the AFM momentsdieggged by the FM ones. Since CoO

13



has a cubic magnetocrystalline anisotropy (with entihan one easy axis), after the
magnetization reversal some of the AFM moments hase found a more stable direction
(i.e., they settle in the vicinity a new, equivdlesasy axis). This process would be alike the
exchange-bias athermal trainfi§® effect proposed by Hoffmarifi,which, as it has been
shown, may even lead to a positive exchange *biase to this AFM reorientation and the
strong AFM/FM coupling, the FM realigns slightlyyitng to line up along the new local
AFM direction, leading to the observed irreversipillmportantly, retracing the loop at 10 K
results in a virtually closed high-field part oktloop, a result expected from a training-like
effect. Subsequent loops show no change at higdsfi€imilarly, H slightly decreases from
the first to the second loop, remaining nearly tamsfor higher number of loops. Given that
as the temperature is increased the AFM anisotdguyeases, the strength of the coupling

reduces and the AFM is progressively less effecgtiveorienting the FM.

4. CONCLUSIONS

To summarize, we have demonstrated two new exchhiageeffects in core/shell, coaxial
Co/CoO freestanding nanowires: (i) dependence eof high-field magnetization on the
cooling procedure and (ii) high-field irreversibjliin the ZFC loops. Both novel properties
are observed in measurements acquired perpendioulae wire axis. This geometry leads to
a competition between the intrinsic anisotropiethefCo core (shape and magnetocrystalline
— along the wire axis), the applied field, and thagnetic states imprinted in the CoO shell
by the cooling procedures. Micromagnetic simulaigualitatively confirm the critical role
played by the AFM in achieving the difference betwethe ZFC and FC high field
magnetizations. The tunability of the high-field gnatization by the exchange coupling

provides an additional degree of freedom for the&gieof spintronic devices.
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