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Exchange bias effect in cylindrical nanowires
with ferromagnetic core and polycrystalline antiferromagnetic shell
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Abstract

We study numerically the exchange bias effect in thin cyical nanowires composed of a ferromagnetic core and
an antiferromagnetic shell implementing a classical s@mitonian and Monte Carlo simulations. We address sys-
tematically the effect of shell polycrystallinity on theatfacteristic fields of the isothermal hysteresis loop (ciogy,
exchange-bias) and their angular dependence upon theiaiired the reversing and cooling fields. We relate the
observed trends to modifications of the underlying magagtia reversal mechanism. We fit our simulation results to
an extended Stoner-Wohlfarth model with effective offsaxmnidirectional anisotropy and demonstrate that shejl-pol
crystallinity leads to maximum exchange bias effect in draafs direction. Our results are in qualitative agreement
with recent experimental studies of Co/CoO nanowires.
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1. Introduction

Tailoring the magnetic properties at the nanoscale cuyrgathers a major research effort due to the plethora

of new phenomena and their prospective technological egmins[1]. In particular, advances in template-assisted
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eIectrodepositiomﬂ 3] and solution chemistry metthBMwave greatly facilitated the growth and study of quasi-
one dimensional magnetic nanostructures, such as narsomiie: nanotubes. These systems are characterized by
enhanced shape anisotropy of magnetostatic origin, wieiectlars them prominent candidate materials for advanced
technologies ranging from magnetic recordﬂ1g[6] to biommH,l}]. On the other hand, their quasi-one dimensional
geometry is ideal for efficient manipulation of magnetidtenlic excitations, such as domain walls, with potential ap
plications to 3D magnetic memog/[g]. The magnetizatiorersal process is a central issue of the research related to
magnetic nanowires and nanotubes. Their quasi one-diomadshape leads to a complex reversal mechanism, con-
sisted of domain wall (DW) nucleation, propagation and aiﬂutibn[B,B,lﬂ)]. Furthermore, it has been demonstrated
that the magnetic anisotropy of nanowires and the concainitagnetization reversal mechanism can be tailored by
homogeneous aIonin&Ill], by periodic chemical modum@] and by periodic morphological modulation, as in
diameter-modulated nanowires[13].

A promising alternative route to tailor made magnetic atnggny of nanostructures is offered by the exchange
bias (EB) effe5] that has been extensively studieeikchange-coupled nanostructures with a ferromagnetic
(FM) core - antiferromagnetic (AF) shell morpholo@[@].llﬂysteresis loops of such systems exhibit a character-
istic shift after been field-cooled, usually accompaniedragnetic hardening. Materials presenting these progertie
are currently implemented in spintronics applicatiorie kpin-valves and magnetic tunnel juncti [18]. Eloadat
nanostructures with FM core - AF shell morphology such awwims 1] and nanotub@[ 23] have been
studied less, however these structures also showed exettgasg)and the accompanying effects. Most interestingly,
magnetic FM-AF core-shell nanowires offer an ideal test-testudy the competition between shape and unidirec-
tional anisotropies, the latter been induced by a fieldioggbrocess. Salazar-Alvarez etJ;l[24] demonstrated the
possibility to manipulate the high field magnetization imface oxidized cobalt nanowires in the the normal to the
wire axis direction, using the exchange-bias effect. Inadefor optimum applied field direction for enhancement
of the EB effect, Tripathyet al[20] investigated the angular dependence of the EB fieldtbbdjraphically grown
Co/Co0O nanowires and demonstrated the increase of the EBiffi@ff-axis directions. Gandhet al[21] reported
giant EB effect in chemically-grown Co/CoO nanowires amther enhancement of the EB effect in an off-axis direc-
tion relative to the nanowire axis. The competition betwamisotropies of different strength and symmetry has been
theoretically investigated within the coherent rotatioodal of Stoner-WohIfart@&G] and discontinuous jumps o
the exchange bias field and the coercivity were predictegettiic angles related to the internal easy axis.

Due to the crucial role played by the FM-AF interface spinisture in the EB effe(Jﬂs] a realistic description of
the structure and dynamics of the AF layer that goes beyom@daherent rotation model is required. In a previous
Work], we studied numerically the exchange bias effaationocrystalline Co/CoO nanowires and showed the
suppression of the coercivity due to the presence of the orgstal CoO shell that acts as a sequence of nucleation
centers for magnetization revergl[EI, 19]. However, ©@@@anowires prepared by controlled surface oxidation of
chemically synthesized cobalt nanowires develop a po$tatine shel ], which is anticipated to modify the dhel
magnetization dynamics and the reversal mechanism of ttee dde effect of shell granularity in Co/CoO bilayers
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has been recently studied experiment&{/[ZB] and it wasgho cause enhancement of the EB field. However, to the
best of our knowledge, the issue of the effect of shell granityl on the the coercivity, the EB field and their angular
dependence in the case of FM-AF core-shell nanowires hasesot addressed yet.

In the present work, we implement the Monte Carlo method udysthe effects of shell granularity on the EB
behavior of cylindrical nanowires composed of a monoctlstaCo core and polycrystalline CoO shell. Shell gran-
ularity is shown to soften the magnetic anisotropy of thdldbading to enhancement of coercivity and suppression
of the EB field. Additionally, shell granularity is shown togoluce a monotonous drop of the coercive field and a
non-monotonous drop of the EB field. The appearance of amaopti EB value is interpreted as an effective off-axis
uniaxial anisotropy in the framework of a mesoscopic Stafehlfarth (SW) modelé)g]. Finally, a-.comparison is

made between our model predictions and recently reportesgunements of the EB effectin Co/CoO nanow@s[Zl].

2. Model and Simulation M ethod

Nanowires are generated by cutting a cylinder along theizaith radiusR and lengthZ from an auxiliary
simple cubic lattice with constamt For the core-shell morphology we define an internal honadaxilinder with
radiusR. = R — t and lengthL. = L — ¢ , wheret is the shell thickness. We approximate the shell polychysits
(granularity) by dividing the shell iV, cylindrical slices along the z-axis and each slicévincircular sectors. Thus,
the shell is divided inV, = N, N, identical crystallites (grains) with widtly, = L/N, as seen in Figl1. The total
energy of the magnetic systemAs= ) . F;, where the single-site energy term reads

Ei = _%@. Y IS = KilSi - @)’
<j>

—~ A~ 1 ~ ~
~H(Sy- H) = 595 - > Dy; - 8. (1)
J

In Eq.[d, hats indicate unit vectors and bold symlSols3 matrices in Cartesian coordinates. T prefactor in the
first and fourth terms in E@J 1 accounts for the double-cagnaf the energy contribution from each site-pair (bond).
The first term in Eq 1 isthe exchange energy between firseseaeighbors (1nn) sites. The exchange constgnt
takes the valuedg,,, Jar andJ;,, depending on whether sitésand j belong to the FM, the AF or the interface
region, respectively. The latter contains the sites of tre ¢shell) having exchange bonds with sites in the shell
(core). For 1nn exchange couplings, the interface regisnhidth 2a and consists of the core-interface layer and the
shell-interface layer. The second term in Ely. 1 is the umlaamisotropy energy. The easy axeof the core sites
are taken along the cylinder axis. Shell sites belongingecsme grain have a common easy axis, which, however,
varies at random between different grains. The anisotromgtant/’; takes the value&r), and K 4 depending

on the location of sité. The third term in Eq.]1 is the Zeeman energy due to the apfibéi /7 and the fourth term

is the dipolar energy with strength For computational efficiency, the dipolar energy termésted in an embedded

cluster approximation with a cluster raditis= 3a[21].
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Figure 1: (Color online) Cutting planes (top) and shell srssctions (bottom) of cylindrical core/shell nanowireswit. = 5a, L. = 50a and

s, = 3a. The nanowire shell is (a) monocrystalline and (b) polyaliste with Ny = 60 (N. = 10, Ny = 6) grains of widthw, ~ 5.6a.

To observe the EB effect the nanowires are field-cooled (F@yfa high temperaturél’ >> T.) to a low
temperaturdT << Ty) under a field well below the saturation value of the AF ph@de,,; << Hs.). At the
end of the FC process the external field is swepk ..., < H < +H.,,) at a constant rate to obtain the isothermal
hysteresis loop. The effective coercivity of the systemhentdefined asf. = |H.; — H.2|/2 and the EB field as
H., = |H. + Heo|/2, whereH,., and H,.» are the coercive fields corresponding to the descendinggainst the
cooling field direction) and the ascending branch of the Joegpectively.

The FC process is simulated using the Metropolis Monte Gdglorithm with single-spin updates and a temperature-
dependent spin-cone aperture that accelerates the appmwilibriumléb] . The isothermal hysteresis is simeitht
using the same algorithm, but with a fixed spin-cone apefturez 3°) Thermal relaxation at eadtH, T')-point is
done with5 - 10> Monte Carlo steps per spin (MCSS) for thermalization foolby 10* MCSS for calculations
of thermodynamic quantities. The latter are calculatedyev8 MCSS to minimize statistical correlations of the
sampling points. The results at eadH, 7')-point are averaged ovéf — 40 independent relaxation sequences. For
systems with structural disorder, as the nanowires withea shells, an average ov&r— 50 samples with different
realizations of disorder is performed.

In Eq.[d we use dimensionless energy parameters scaleff-lpy which is arbitrarily taken as’ry; = 10,

and JAF/JFM = -0.5, Jint/JFM = -0.5, KFM/JFM = 0.1, KAF/JFM =1.0 andg = 005/JFM These
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parameters capture the main features of the Co/CoO exclwmgxed system as previous studies of oxide-coated
cobalt nanoparticle:E[_ll[L%l] and nanowi[27] have shoemperaturd” and the magnetic field strengfih are
measured in units of ;. Field-cooling is performed from high temperatdrg = 2.00Jz,; to low temperature

Tr, = 0.01Jgy under an applied fieldl = 4.0Jzy; with constant cooling rater = 10~5Jr3,/MCSS. The field

sweep rate is also kept constantgt= 10~°.Jx,,/MCSS to exclude variation of results with sampling time.

3. Resultsand Discussion

3.1. Isothermal hysteresisloops

4 3 -2 1 0 1 2 3 4

Figure 2: (Color online) Isothermal hysteresis loops of FIA#anowires of the same nominal size and different number off gtaehs. Squares
(black): monocrystalline shellN, = 1). Circles (red): polycrystalline shellN; = 60). Triangles (blue): random shell\f; = 7098). Stars
(green): random frozen shell. Other parameters as in Table 1.

We study first the macroscopic magnetic behavior of the naesywby calculating the low-temperature hysteresis
loops and the characteristic fields of the loop, namely therataity (H.) and the exchange-biagi(;), when the
cooling and reversing fields are applied along the cylindés &-axis). Different structural models of the AF shell
are considered, as summarized in TdBle 1. In the limiting cdsa monocrystalline shell (MS) a single shell grain
(Ny = 1) exists; while«in the other extreme case of a random shell @8h shell grain contains a single site
(Ng = 7098). In the intermediate case of a polycrystalline shell (P5-@@e shell containgN, = 60) grains.
Correspondingly, the size of the shell grains is maximunherhonocrystalline sample and minimum in the random
sample.

In Fig.[2 we compare the loops of nanowires with the same kerdjameter and shell thickness, but different
degree of shell crystallinity. The loop of a random shelhaiibzen spins (RSf) during field sweep is also included. A
clear horizontal shift of the loops is observed in all saraple the outcome of the FC process. An overall feature seen
is the gradual shearing of the loop as the size of the graioedses, which is related to the fact that in nanowires

with many grains and many easy axes in the shell, there exisider distribution of energy barriers to the reversal
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Table 1: Structural parameters and results for core-shethwaies withR. = 5a, L. = 50a andtg;, = 3a.
System w,/a® H., Heg  Mapin® u®

ms? 56.0 1.82 -0.14 0.015 0.0140
PS-660 56 230 -0.11 0.052 0.0120
RS 1.0 254 -0.10 0.054 0.0085
RSH 1.0 218 -049 0.054 0.0099

@ shell grain size

@ shell-interface magnetization (per spin) at the FC state
® domain wall mobility (a/MCSS)

& monocrystalline shell

P polycrystalline shell withV, = 60 grains

¢ random shell V, = 7098)

4 random shell with frozen spins during field sweep.

of the core interface moments. Furthermore, it becomes blgaimple inspection of Fid.]2 that the loops widen
while their shift decreases with decreasing grain sizechvtdirectly implies an increase of coercivity and decredse o
the exchange-bias field in nanowires with small grains. Qumerical results for/, and H,,; for different structural
models used in the present work are summarized in Table 1.

The physical origin of the observed dependencélpfind H., on the grain size can be attributed to two distinct
physical factors, namely the response of the shell-interfaagnetization¥/ 4 .+ to the applied field and the actual
value of M 4 ;,,: at the FC state.

To explain this point further, we show first in F[d. 3 the maiigragion of the shell-interface layer as the applied
field is swept. The observed expansion of the hysteresis \tipdecreasing grain size indicates that the shell-
interface spins are dragged by the core spins, via their ahatxchange couplingJ(,,;). The magnetization drag
mechanism becomes more efficient as the size of the graineass. The exclusive impact of the drag mechanism
on H. andH,;, can be deduced by comparison of the RS and the RSf nanowaisate identical AF spin structures
at the FC state (i.e}/ 4 ;¢ Values), but for the latter the shell moments are held frazéhneir FC directions during
the field sweep. As seen in Talle 1 for these nanowitiess suppressed anl,, is dramatically enhanced when the
magnetization drag is switched off.

Second, the role af/ 4 ;,: is revealed if one compares the MS and RSf nanowires, that ety different FC
states (see Fi@l 4), however, for both these systems theistegface moments remain frozen during field sweep. In
the case of the MS nanowire, freezing of the shell-interfacenents is dictated by the strong uniaxial anisotropy of
the AF shell, as can be deduced from the insensitivity ofl shafnetization to the applied field (Fig. 3). For RSf
nanowires the shell moments are kept frozen during the sitionl. The relative data in Tallé 1 show increased value
of M ar n: for the RSf system which is accompanied by enhancement of Hptand H.,. We mention that this

6
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Figure 3: (Color online) Isothermal hysteresis loop of thellshterface layer, showing enhancement of AF drag effett decreasing shell grain
size. Structural parameters as in TdHle 1.
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Figure 4. Dependence of the shell interface magnetizatidtheaFC state on the shell grain size. Dashed line is a guideeteye. Structural

parameters as in Tadé 1.

result is in accordance to.the predictions of the Meiklej@®an model that the bias-field varies linearly with the AF
momeni[__3_|2]. Overall, we conclude that the AF magnetizadiay effect and the net interface moment of the AF shell
M arine actin synergy to'enhande,., while they act in competition to suppress;.

In Fig.[8 we show the dependence of the characteristic fiefldgrain size. In all cases the central angle of
the grains is kept constai$y ~ 60°) and only the width of the grains varies. We consider this iga@sonable
approximation, because the nanowires studied here aratitrsupport transverse walls with almost coherent in-
plane spin structurlg_dﬁ]. Thus, further reduction of thaigangle, leading to increase &f, values, did not modify
our results. A systematic trend is seen in all cases, namsehesgrain size is reducetl,. increases anél.;, decreases.
This trend can be understood in the framework of the randdsoaopy mode@:i], where reduction of the grain size
leads to an effective anisotropy of the AF shell that is arraye value over several grains within the range of the

exchange correlation length and thus reduced in magnitlide.gradual magnetic "softening” of the AF shell with
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Figure 5: (Color online) Dependence of coercivity and exgeabias field on shell grain size. Dashed lines are guiddset@ye. Structural

parameters as in Talé 1.

decreasing grain size, enhances the magnetization drag afterface moments and cases the observed behavior of

H.andH,.

3.2. Magnetization reversal mechanism

We discuss next, the impact of shell polycrystallinity or timderlying magnetization reversal mechanism. It is
well established that magnetization reversal in FM nanesvproceeds by propagation and annihilation of a pair of
domain walls that nucleate at the two free ends of the nam@i,]. The coupling to an AF shell modifies
the reversal mechanism, as previous experimQal[lg] anterical works have demonstra@[@l, 27]. In FM/AF
nanowires with a monocrystalline shell, the unsatisfieddsat the interface act as nucleation centers of a secondary
magnetization reversal mechanism,-which in synergy to tiraain wall propagation accelerate the reversal of the
core magnetizatio%?]. This behavior is'seen in Elg. 6alasaring of the core magnetization in the central region
between the two domain walls. As one can readily observedr@sithis secondary mechanism is absent in the PS
and the RS nanowires, where reversal proceeds by clear damadlipropagation. The reason for disappearance of
the secondary mechanism. is the effective magnetic sofjesfithe shell magnetization in the PS and RS nanowires,
which no longer acts as a collection of nucleation centersrfagnetization reversal. The magnetic softening of
the shell interface magnetization results in lower domadtl welocities in the core, as seen in Hig. 7 and also by
comparison of domain wall mobility values for the MS, PS arfsl ianowires in Tablgl1. The contribution of the
shell-interface magnetizatio 4 ;. in the modification of the wall velocities and mobility can &kso deduced
from Fig[Z. The RSf nanowire that has highef 7 ;,: value than the MS nanowire (see Fig. 4), exhibits a lower
mobiltity. On a microscopic level, this trend is explainedithe number of satisfied interface bonds is substantially
higher for the RSf nanowire. These bonds being in their [bwasrgy state oppose their reversal under the applied
field, acting as soft pinning centers for domain wall propisga

Thus, drag of the AF interface moments and increatkg: ;,,; magnitude due to polycrystallinity are the two

8



Figure 6: (Color online) Time-evolution of magnetization fileounder application of a reverse field = —4.0 of nanowires with different
shell granularity. Snapshots are taken evAty200 MCSS starting atp=200 MCSS. Horizontal arrows indicate the propagationatiioa of the

domain walls. Structural parameters as in Table 1.
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Figure 7: (Color online) Field-dependence of DW velocitynanowires with different shell granularity. Straight lnare linear fit to the data
showing a drop of the DW mobility (slope) with increasing styeainularity. Mobility values are reported in Tale 1. $tural parameters as in

Table[d.
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factors acting in synergy to suppress the domain wall mghiii polycrystalline samples. A systematic decrease of

wall mobility with decreasing grain size is shown in Hig. 8.
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Figure 8: (Color online) Dependence of DW mobility on sheHigrsize. Arrows indicate the structural- models reportedaibld. Dashed line

is a guide to the eye. Other parameters as in Tdble 1.

3.3. Angular dependence of H,. and H;,

In the present section, we study the changes introducecihytsteresis behavior of core-shell nanowires, when
the cooling field and the reversing field both lie at an arglewith respect to the nanowire axis. In Fig. 9 we show
the angular dependence of the hysteresis loop for samptleswainocrystalline and polycrystalline shells.

As the field angle relative to the nanowire axis increasesadugl shrinking and tilting of the loop is observed,
as both the crystallographic and shape anisotropies liggatloe nanowire axis. Shell granularity does not change
this trend. Analysis of the hysteresis loops at differedtifangles provides the angular dependence of the coercivity
and EB shown in Fid_10. A monotonous decreasé/pfwith field angle is seen for monocrystalline and granular
samples. However, the polycrystalline and random sampleibié higher coercivity values than the monocrystalline
sample at all angles. This behavior is due to AF drag efféstudsed previously (see Fig. 4).

A more complex behavior is seen in Hig] 10b in the angular degece offf,;,. In particular, the monocrystalline
nanowire exhibits a weak increaseldf;, at small angles with a broad peak aroufyd~ 10°. This peak is attributed
to the competition between two distinct factors, namely,ghsceptibility of the AF shell and the projection of theshia
field on'the applied field direction. First, we mention that &F shell of the MS nanowire is a hard antiferromagnet
with-anisotropy along the z-axis. So, the susceptibilitghaf shell increases when the field angle changes from the
parallel to the normal direction and consequently, thel siielrface magnetizatiom\{ 4 ;»+) increases too when the
cooling field rotates with respect to the z-axis. Indeednedr fitM 4 p ine ~ Mo + Ay, is seen in Fig_Jl0c. Second,
for fixed shell interface magnetization, the bias field dases adi., ~ cos¢y according to the Meiklejohn-Bean
description of the EB effei_t_[_JSZ]. Thus, an overall depemgefi., ~ (Mo + App) - cos(¢m) is expected for the
MS nanowire, which is characterized by an optimum field afigtenaximum H,;, values. The optimum angle is

10
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Figure 9: (Color online) Angular dependence of hysteresips$ of nanowires with monocrystalline shell (upper paned) polycrystalline shell

(lower panel). Parameters as in Tdble 1.

Gmaz ~ 10° within our model for the MS nanowire. When shell granulargypresent, as in PS and RS nanowires,
the shell becomes magnetically softer and fhg values drop. Furthermore, due to the random distributiotihef
easy axes of the shell grains, the susceptibility of the Adll ffecomes isotropic and the broad peakff at ~ 10°
vanishes. However, a sharp but weak increasé/gof is seen for the polycrystalline sample for slightly off-gxi
directions. This behavior, despite being weak within oudeias well understood within an effective SW model to

be discussed next.

3.4. Effective Soner Wohlfarth model

In this section, we fit our simulation results to an effect8& model. We define the SW model in dimensionless

units, as follows:

6(9) = =3 + k- c0s(6) — h- cos(6 — 61
—hy - cos(p — ¢p) — % ~kR~0052(¢—¢H) (2

11
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Figure 10: (Color online) Angular dependence of (a) codiciand (b) exchange bias field for different structural mediégscribed in Tablgl 1.
The solid line is a Stoner-Wohlfarth model fitted to the simedatlata with parameteks= 3.5, kg = 0.2 andh;, = 0.11 and¢, = 5°. Error
bars, when not indicated, are of the size of the marks. Ingb) is the enlarged angular region around the sharp peak pfor the polycrystalline
sample. (c) Linear dependence of the AF-interface magnitizéd/ 4 r ;) Of the monocrystalline nanowire (MS) on the angle of the &apl
field.

wherek is the anisotropy of the FM assumed along the z-axis,the applied field at an angliey, h, the bias field

at an anglep, andkg is an effective anisotropy that accounts for the coercigithancement due to drag of the AF
interface moments[29]. We obtain the values of the dimeness parameters in Egl. 2 from the simulation results
(Fig.[10), as follows[29]:kr = %HS"C)/K;;T\‘;) —1~0.2andh, = Hg”’“) ~ 0.11, where the superscriginc)

denotes values related to our Monte Carlo simulations. Heotopyk is not fitted to the coercivity vaILIQ_LIZQ], but

12
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is treated as an adjustable parameter. This is becauselibecod rotation mechanism, inherent to the SW model,
overestimates the coercivity for an applied field along thgyeaxis. The angle, is also treated as an adjustable
parameter. We perform numerical minimization of Ehy. 2, iegdor eachh value to one (reversible part) or two
(irreversible part) extreme points that correspond to thélibrium magnetization value(s). In Fig.]10a,b we congpar
the results of the SW model for the angular dependendé.afnd H.;, with the Monte Carlo data.

We find that the Monte Carlo simulation data for the angulgrethelence off., and H. can be satisfactorily
described by a SW model with an effective off-axis unidil@tal anisotropy making an angle, ~ 5° with the
nanowire axis. As previously, reported in the case of FM/idyers, an effective off-axis anisotropy arises from the
frustration of the AF interface moments due to interfacegtmess|[29]. In the case of core-shell nanowires studied
here, the source of magnetic frustration is the anisotrapgrder occurring at the core-shell interface due to shell
granularity.

As a final remark, we discuss briefly recent experiments ootreldeposited Co/CoO nanowi@[Zl], which
showed giant exchange bias and an effective off-axis wgtonal anisotropy at an angle, ~ 30° leading to
an~ 20% increase of the bias field when the cooling field is appliedat~ 30° relative to the wire axis. Our simu-
lations for Co/CoO nanowires, reproduce a similar behaniamely the appearance of an off-axis effective anisotropy
(¢p ~ 5°) and a weak+ 10%) increase of the bias field when the reversing field is apiean anglepy ~ 1°
relative to the nanowire axis. Most importantly, our sintiadas point to the shell polycrystallinity as a source of gen
erating effective off-axis anisotropy and optimum fieldeditions for maximizing the EB effect in magnetic core-shell
nanowires. However, the quantitative discrepancy betweeesimulations results and the experimental finds[21]
we believe that is caused by the relative strong EB effedi@se samples, which most probably stems from atomic
scale details of the interface structure leading to strar@pmpensation, as for example, crystallographic orientat

interface roughness, alloying, etc, which are not considlér the present model.

4. Summary

We have studied the isothermal magnetic hysteresis ofdtial Co/CoO nanowires with core-shell morphol-
ogy using a classical spin model and Monte Carlo simulatiéhie have demonstrated that polycrystallinity of the
CoO shell causes enhancement of coercivity and suppresbiexchange-bias field relative to the monocrystalline
shell. This behavior is mainly attributed to enhanced difdy@® AF interface spins during reversal of the core spins.
The same mechanism is responsible for reduction of domalihmwability. Additionally, Co/CoO nanowires with
monocrystalline shell, exhibit a weak:(10%) increase of their bias field when the reversing field is agupht a
small angle £ 10°) relative to the nanowire axis. On the other hand, shellgeaity introduces an effective off-axis
(¢» ~ 5°) unidirectional anisotropy due to frustration of the slimirface spins, leading to weak increasel(0%) of
the bias field in an off-axis direction. Our results are inlgative agreement with recent experimental observations

Co/Co0O nanowire@l], and point to shell polycrystalljras a source of generating off-axis unidirectional anggmtr
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in FM core - AF shell nanowires and exchange bias enhancemefftaxis directions.
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