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Observation of out-of-plane unidirectional anisotropy in MgO-capped
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We report on the effect of cap layer material on the magnetic properties and aging of the Fe-NW
(nanowire) arrays grown on oxidized vicinal Si (111) templates using atomic terrace low angle
shadowing technique. We find that the Fe-NW arrays capped with metallic (Ag) layers do not show
any sign of degradation with aging, whereas NW arrays capped with insulating dielectric (MgO)
layers show degradation of the saturation magnetization and an out-of-plane unidirectional
anisotropy. We find that this out-of-plane unidirectional anisotropy competes with the shape
anisotropy which is still the dominant anisotropy. The origin of this additional anisotropy is
explained on the basis of oxidation of Fe due to the presence of MgO that leads to the formation of
an oxide interlayer. This oxide interlayer forms at the expense of NW materials, leading to
reduction in the thickness of some of the Fe-NWs within the array, and orients their magnetic
moments out-of-plane. The reduction in NW thickness and the presence of Fe-O interlayer
facilitates stabilization of this anisotropy. Our model is supported by x-ray absorption spectroscopy
studies performed as a function of aging, which suggests that the oxide interlayer thickness

increases with aging. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823514]

. INTRODUCTION

Unidirectional anisotropy (also known as exchange bias)
in magnetically coupled bilayer system of ferromagnetic
(FM) and antiferromagnetic (AFM) materials has been a
topic of great research interest owing to the controversy
related to the possible mechanisms which govern this effect
and its application potential in spin electronic devices, e.g.,
magnetic memory and sensing applications.'™ In under-
standing the origin of this unidirectional anisotropy, deter-
mining the magnetic properties of the AFM layer and
FM-AFM interface is crucial. This is a challenging task as
the volume of the material at the interface is small, and prob-
ing magnetic property of an AFM material is not simple due
to their vanishingly small magnetic moments. However,
recent advances in the x-ray and neutron scattering techni-
ques have enabled exploration of the magnetic response of
interfaces and improved understanding of the phenomena.
Our understanding of the domain states and the behavior of
interface magnetism has advanced considerably using these
new techniques, allowing us to better analyze the nature of
the exchange bias mechanism.®™®

Most studies devoted to understanding the mechanism of
exchange bias have been performed in systems with in-plane
anisotropy of the FM.'™ For applications, however, systems
with perpendicular unidirectional anisotropy are more
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desirable due to the advantage of greater thermal stability of
spin transfer torque devices. Recently, perpendicular exchange
bias has been demonstrated in CoFeB/MgO bilayer, Pt/Co
multilater, SmGdAI/SmAI bilayers, and DyCo/Ta/FeGd spin
valve structures.”"!

The main indication of the existence of unidirectional
anisotropy is the shift of the hysteresis loop along the field
axis after field cooling from above the Neel temperature, Ty,
of the AFM (and below the Curie temperature, Tc, of the
FM) in materials characterized by presence of FM-AFM
interfaces.! An increase of the coercivity, Hc, is also
observed below Ty. The presence of exchange bias or unidir-
ectional anisotropy, however, can also be detected by per-
forming ferromagnetic resonance (FMR) measurement of the
effective anisotropy field.'™ In FM films the anisotropy field
is symmetric with respect to 180° rotations of the magnetiza-
tion. Exchange bias breaks this symmetry, resulting in a uni-
directional anisotropy field. From the resonance position and
line shape information about the exchange bias and anisotro-
pies can be obtained. Exchange coupled structures exhibit
the unidirectional anisotropy with a K,qcos 0 angular de-
pendence of the magnetic torque, rather than K, sin 26, as
the common uniaxial anisotropy, where 0 is the angle
between the magnetization and the anisotropy axis and K4
and K, are the unidirectional and FM uniaxial anisotropy
constants, respectively.

Recent advances in nanofabrication techniques have
propelled a renewed interest in nanostructures in general and
exchange biased ones in particular. It is well known that the
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magnetic properties (e.g., coercivity or remanence) of low
dimensional magnetic structures depend strongly on their size,
aspect ratio, or shape."'*™'* Such effects could become even
more complex in exchange biased nanostructures. There are
very few reports that address the effects of miniaturization on
the exchange bias properties of such systems.'>!'5!8
Exchange bias has been studied in FM-AFM wires with aver-
age widths of 100400 nm, and the results seem to be contra-
dictory for the wires having different composition but the
same structure type.”> ' An increase in the exchange bias
field (Hg) was observed (Hg o 1/w) as the lateral size was
reduced from continuous films to submicron dimensions,'>"'®
while Fraune er al.'® reported that Hy is insensitive to the wire
width w. Some studies (see, for example, Refs. 19 and 20)
even reported decrease in Hg with w (Hg o< w).

One of the important material systems is Fe-MgO based
bilayer and related structures, whose magnetic and spin trans-
port properties are intensely investigated.””2° Magnetic and
electronic properties of these heterostructures are affected by
the nature of interface, which depends upon the nature of
defects and disorder in constituent layers, and to the extent of
intermixing at the Fe-MgO interface. Oh et al.** note that the
formation of FeO cannot be avoided and suggest that FeO and
MgO coexist at the interface in an entropically stabilized
phase. It has also been found that the non-collinear spin struc-
ture of the Fe-MgO interface facilitates in stabilization of per-
pendicular magnetic anisotropy in ultrathin structures.”® Most
of previous studies in this material system were focused on
2-D bilayer system and did not address the influence of
reduced dimensions, i.e., the case of nanowires (NWs).

In this report, we present a systematic study on the evo-
lution of unidirectional anisotropy in planar Fe-NW arrays
and role of the cap layer material in determining its extent.
We further show that for MgO capped Fe-NWs, this unidir-
ectional anisotropy is related to the presence of an interfacial
oxide layer whose thickness increases at the expense of
NW’s material with aging. The effect becomes more pro-
nounced as the aging progresses and leads to an enhanced
unidirectional anisotropy. Our conclusions are further sup-
ported by the x-ray absorption spectroscopy measurements
which exhibit an enhanced Fe-3d and O-2p hybridization.

Il. EXPERIMENTAL

Planar NW arrays of Fe (25nm average wire width)
used in the present study were fabricated on highly regular
step-bunched templates of oxidized vicinal Si (111) by
employing a shallow angle deposition technique named
ATLAS (atomic terrace low angle shadowing). Two sets of
Fe-NW arrays were grown under identical conditions at
room temperature by depositing Fe at an angle of 3° in an
ascending step direction. The templates used in the present
study were highly regular step-bunched surfaces of vicinal Si
with 140nm average periodicity (miscut of 3° along the
(11=2) crystallographic direction). Details of the template
preparation method and ATLAS deposition technique are
given elsewhere.'*%’

The two sets of samples used for FMR studies differ
from one another only by the cap layer material. For Set 1,
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NWs were capped with 10nm Ag layer. For Set 2, a 20 nm
MgO cap layer was deposited on top of the NW array. The
cap layers were deposited at normal incidence angle for all
samples. The average width and thickness of the Fe-NWs
were determined from the analysis of atomic force micros-
copy scans taken over various locations on the NW array
samples deposited without a capping layer. The average
width and thickness of Fe NWs, as well as the sample desig-
nations used in this work, are shown in Table I.

FMR studies were carried out at room temperature with
the use of an X-band ELEXSYS ES00 spectrometer
equipped with an automatic goniometer. The operating fre-
quency was v =9.44 GHz (X-band). For the FMR investiga-
tion the samples were cut into samples of smaller size with
dimensions of 3 x 3 x 0.5 mm>. The geometry of FMR meas-
urements relative to a Fe NWs array is shown in Fig. 1(a).
The zero value of theta (0, =0°) was set to the angle where
the resonance field H,., reached maximum. The angular
dependences were studied in the range of 6, from 0° to 360°.

Element specific x-ray absorption (XAS) and x-ray mag-
netic circular dichroism (XMCD) experiments were carried
out in total electron yield (TEY) mode at the IDO8 beam-line
of the European Synchrotron Radiation Facility, ESRF. To
study the depth dependence of XMCD signal, the MgO
capped Fe-NWs samples were subjected to Ar" ion
sputtering.

lll. RESULTS AND DISCUSSIONS

Typical FMR spectra for an array of Fe NWs at various
field angles (0,) are presented in Fig. 1(b). Signal from the
NWs can be reliably distinguished against the background at
0,=0°, and its position can be traced as the angle 0, devi-
ates from 0°. The low-field background features, which are
almost independent of 0, originate from impurities inside
the substrate and are excluded from further considera-
tion.”®?° The angle dependences of the resonance field for
1A and 2A samples are shown in Fig. 2. Because the line
widths of FMR spectra for these samples are broad, there is a
finite uncertainty in determining the resonance field, which
is shown as an error bar in the figure for each data point. The
measurements were performed within 2 weeks of sample
preparation. H,.(0,) dependence displays behavior expected
for an oblate cylindrical ferromagnet characterized by shape
anisotropy; that is, H,.; reaches a maximum when the mag-
netic field is directed along the short axis of the cylinder and
diminishes as its direction deviates from this direction.*®
However, the maximal and minimal values of H,., are differ-
ent for samples 1A and 2A, which implies that they differ ei-
ther in magnetization or in shape. It should be noted that

TABLE 1. Width, thickness, and cap layer materials for the samples studied
by FMR.

Sample 1A 1B 2A 2B
Cap layer Ag (10nm) MgO (20 nm)
NW width (nm) 25

NW thickness (nm) 4.5 7 4.5 7
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FIG. 1. (a) Schematic illustration of an array of NWs on a step-bunched oxi-
dized vicinal Si (111) substrates and the experimental geometry used for
FMR measurements. (b) Typical FMR spectra measured at 300 K for sample
1A at various 0, values. Upper curve is the original FMR spectrum for
0,=0°. FMR spectra at other 6, values are normalized difference between
the spectra with successive values of 6;,.

such a behavior is also characteristic of the H,.,(0,) depend-
ences for 1B and 2B samples (not shown). The difference
between the angular dependence of Hy for Set 1 and Set 2
are linked to the cap layer material and nature of the inter-
face formed with the NWs. For MgO capped NW arrays (Set
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FIG. 2. Angular dependence of the resonance field measured at 300K for
the as-prepared samples 1A and 2A. Open and solid circles show experimen-
tal data corresponding to samples 1A and 2A, respectively. Solid lines
curves are the angular dependencies calculated using Eq. (3). Error bar in
obtaining the resonance field values for respective samples is also shown in
the figure.
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2), it is expected that an oxide interlayer would be formed
between the Fe NWs and MgO, which reduces the effective
magnetic volume (thickness of the NWs). Indeed, this is the
case as will be shown later in the discussion.

In order to investigate the influence of the aging on the
magnetic properties of the Fe-NW arrays, we present their
FMR spectra at 300 K measured 2 and 5 months after the first
measurement. Figure 3 shows the FMR spectra for both sam-
ples of Set 2 measured at different times. The effect of aging
was also investigated for the Set 1 samples. We did not find
any noticeable changes in the magnetic and resonance
parameters with aging for the Set 1. From the angular depen-
dence of the resonance fields for the samples of Set 2 (Fig.
3), we find that the resonance fields at 0,=0° and 180°
decrease after two months of aging, and most remarkably a
difference appears between H,,,(0°) and H,,,(180°) for both
samples. The latter fact, clearly visible in the sample 2A and
less noticeable in sample 2B, is a signature of a unidirec-
tional anisotropy along the short axis of the nanowires.”'
The magnitude of unidirectional anisotropy is linked to the
thickness of the interfacial oxide layer which acts as a bias
layer to pin the magnetization of the Fe-NWs. The thickness
of this oxide interface layer for sample 2B is not large
enough to pin the whole volume of the Fe NWs. With further
increase in aging time (five months) the strength of unidirec-
tional anisotropy is decreased for sample 2A and further
enhanced for sample 2B. For the thinner sample 2A, the
reduction in the strength of unidirectional anisotropy with
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FIG. 3. Angular dependence of the resonance field measured at 300K for
(a) sample 2A and (b) sample 2B as a function of aging, that is, as prepared,
and after 2 and 5 months aging under ambient conditions. Solid lines curves
are the angular dependencies calculated using Eq. (3). Error bar in obtaining
the resonance field values are also shown in the figure.
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extended aging is attributed to extensive oxidation of the
NWs, resulting in a greatly reduced magnetization. A mar-
ginal increase in the strength of unidirectional anisotropy for
sample 2B for 5 month aged sample as opposed to the 2
months old sample suggests that the greater fraction of the
NWs in the array have reduced thickness and contribute to
enhancement of the unidirectional anisotropy strength. The
thickness of the oxide interface layer is not enough to pin the
whole volume of the NWs.

In order to obtain the magnetization parameters and
understand the observed unidirectional anisotropy and its
correlation with effective interface layer thickness (formed
at the expense of FM volume), we analyze the FMR data
using the Smit-Beljers®™** approach. The resonance condi-
tions for the uniformly magnetized ferromagnetic ellipsoid
can be written in the form

G
<"/> -~ M2sin’(0)
U oU

0~ g

)

FUFU (U N}
dp* 90* 200

0, 0, ey
where U is the free energy, o is the resonance frequency, y is
the gyromagnetic ratio, and M is the sample magnetization.

In spherical coordinates, H = (H cos ¢;,sin0;, H sin ¢,
sinf,, Hcosf,) and M= (Mcos@sinf, Msinesinb,
M cos 0). Thus, for our particular case, the expression for the
free energy U reads

U=Uz;+Ur+ Uy = —MH][sin 0sin 0, cos(p — ¢,,)
1
+ cos O cos 0;] + EMZ(N,I sin 0 cos? @
+ Ny sin” 0sin? ¢ + N, cos® 0) + MH,4 cos 0, 2)

where Uy is the Zeeman energy, Ur is the demagnetizing
energy for the ellipsoid with principal axes a, b, ¢, and
demagnetizing factors N,, N;, and N, respectively. The last
term, U,,, is the unidirectional anisotropy energy due to the
unidirectional anisotropy field H,.>!

The characteristic feature of the NWs under investiga-
tion is the large ratio of the NW’s length to width, which
makes it possible to consider the shape of these objects as
highly elongated ellipsoids with b > a > ¢ (see Fig. 1 for
explanation of notations). This, in turn, means that N, =0
and N,, N.#0. Since N,+N,+N.=4n, we can write
N,=4n — N.. Having substituted the expression for the free
energy (2) in a system (1), one obtains the system of equa-
tions for the calculation of the out-of-plane resonance field
for the case where ;=@ =0°

o\ 2
(;) = [Hyescos(0 — 0y) + (4n — 2N, )M cos(20) — H,,g cos 0]
X [Hyes(siny, /sin0) — (4 — N, )M],
(4 — 2N, )M sin(20) +2H ,4sin 0

Hyes= 2sin(6;, — 0) ’ 3

We used Eq. (3) to fit the experimental H,,,(0;) depend-
ences for the samples under study and calculate the M, N,
and H,,; parameters for each of the samples. As seen from
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Figs. 2 and 3, the fitted curves (solid lines) agree well with
the experimental ones, which imply that the above approach
describes quite well the behavior of the Fe NWs.

The analysis of the angle dependences of the resonance
field for the sample 2A shows that the effective magnetiza-
tion of the sample diminishes from 990 to 790 emu/cm® as a
result of 5 months of aging. Along with the magnetization
reduction, aging gives rise to the appearance of unidirectional
anisotropy, which manifests itself in the difference between
H,.40°) and H,,,(180°) (see Fig. 3). The calculated value of
the unidirectional anisotropy field, H,,, for the 2 and 5
months-aged sample 2A are 860 and 420 G, respectively.
Evidence of aging is also present in sample 2B, in spite of the
Fe NWs greater thickness. The effective magnetization, M, of
sample 2B reduces from 1100 to 970 emu/cm’, and there
appears a unidirectional anisotropy with H,,; ~ 380 G after
2-months-aging of the sample. The magnitude of the unidir-
ectional anisotropy increases marginally to 400 G after
5-months-aging. The results of the analysis are summarized
in Table II.

Next, we examine the influence of aging on the demag-
netization factors. One of the parameters of the system of
equations (3) is the demagnetizing factor N,. along the
Fe NW thickness (see Fig. 1). Within the approximation
(b > a, c), one can easily express the ratio of the NW width
w to thickness 7 as>>

= @)

As a result of sample aging (oxidation), the # and w parame-
ters can undergo some changes, and this change will give
rise to changes in N.. Assuming that the oxidation at the
interface between Fe and MgO affects only the thickness of
Fe NWs (i.e., the width w of the NWs remains constant), one
can calculate the ratio of the NW thicknesses before (7;) and
after (¢,) the sample aging

tp 4n/Neo —1
b _duNa -1 5)
hn 47Z/N01 —1

where N, and N, are the NW demagnetizing factors before
and after the sample aging, respectively.

The samples of Set 1 and Set 2 were fabricated with
the same nominal parameters w and ¢ and under the same
fabrication conditions. However, the FMR investigations
show that the demagnetizing factor is larger for sample 2A
as compared with the sample 1A (N ™' 2=95 and
N Sample 1A — g 1) Thijs points to the conclusion that the Fe

TABLE II. Magnetic parameters determined from the analysis of FMR data.

Sample Age (months) Ne M.sr (Gauss) H,q (Gauss)
2A 0 9.5 990 ..

2 9.3 840 860

5 9.1 790 420
2B 0 10.3 1100 ..

2 10.2 970 380

5 10.1 920 400
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NW thickness is smaller in the sample 2A as compared
with the sample 1A. The same relation also holds for sam-
ples 2B and 1B. Based on Eq. (5), one can calculate the dif-
ference between the thicknesses of the Fe NWs capped with
Ag and MgO. For both the thinner (group A) and thicker
(group B) Fe NWs, the reduction in NW thickness as a con-
sequence of the MgO capping is almost the same and is
about 1 nm (as compared with the as-prepared samples).

It is interesting to analyze the effect of aging on the
change in the demagnetizing factors for the MgO capped
samples of Set 2. For the sample with the thicker Fe NWs
(sample 2B), N, is almost constant with aging, which indi-
cates that the reduction in NW thickness is small in compari-
son with the NW thickness. For the sample with the thinner
Fe NWs (sample 2A), N. changed from 9.5 to 9.1 as a result
of the 5 months-aging. This implies the reduction in the w/t
ratio, which suggests that the oxidation occurs not only
across the NW thickness but also across the NW width.

From the analysis of the FMR data we infer that the Fe-
NWs capped with MgO layer exhibit a reduction in effective
volume of the NWs. All the results obtained can be reason-
ably explained assuming that the capping of the Fe NWs
with MgO layer induces the oxidation processes at the inter-
face between Fe and MgO. The appearance of the non-
stoichiometric iron oxide layer gives rise to reduction in the
Fe NW thickness (as a rule) and appearance of the unidirec-
tional anisotropy, where the latter reflects the exchange bias
between the interfacial antiferromagnetic iron oxide and fer-
romagnetic Fe NWs.* It appears that there are competing
anisotropies within the system, namely, shape anisotropy
and unidirectional anisotropy. This is further explained
below.

The origin of observed out-of-plane unidirectional ani-
sotropy in MgO capped Fe-NW arrays can be understood
from the finite size distribution of the step-bunched facets
heights and terrace width. Such a distribution is a result of
the self-assembled nature of the step bunched oxidized
Si(111) templates.lz’27 This induces variation in width and
thickness of the wires within the array. It suggests that with
the increased oxidation, effective thickness and width of the
NWs having smaller thickness and width than the average
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thickness and width of the NW array would reach a regime
that leads to a spin reorientation transition. As aging pro-
gresses, the proportion of wires exhibiting this behaviour
increases leading to an increasing prevalence of
perpendicularly-coupled regions. In previous studies, it has
been shown that Fe does exhibit a spin reorientation transi-
tion with Fe-thickness in the range of 4-8 monolayers.>*?” It
is well known that the materials with perpendicular easy axis
and in contact with a hard layer (AFM) exhibits an out-of
plane unidirectional anisotropy.®® Our case is very similar to
this, with Fe-NWs of reduced thickness exhibiting spin-
reorientation transition and proximity of the FeO interface
layer facilitates the observation of the out-of-plane unidirec-
tional anisotropy. This anisotropy competes with the shape
anisotropy, which is still the dominant one even after 5
months of aging. The above model also explains the shal-
lower dependence of this unidirectional anisotropy in the
thicker NW array (2B). In a recent report, Fan et al’’
showed that the Fe-MgO interface possess a non-collinear
spin structure leading to the observation of unidirectional
anisotropy in the interfacial region. They reported its
strength to be strongly dependent on the oxygen defects and
disorder in the interfacial region. Observation of unidirec-
tional anisotropy in our case at 300K is a curious observa-
tion considering the fact that the Neel temperature of Fe-O
phase is ~180 K. This suggests that the Fe-O formed at the
NW-MgO interfaces is likely to possess large concentration
of defects and disorder owing to the polycrystalline nature
of the wires. It leads to an enhanced Neel temperature as
the Fe-O phase shows an increase in Ty with increasing
defect concentration.®®

In order to support our model, we report XAS and
XMCD spectra measured on a Fe-NW array sample with
similar properties as sample 2A (10nm MgO capped with
~4 nm Fe thickness) but measured after three weeks and six
weeks of sample preparation. Fig. 4 shows the respective
XAS spectra for this sample measured at 300 K with positive
and negative helicity. The corresponding XMCD spectra are
shown in the bottom panels of the figure. The spectra
were normalized to the incident flux and pre-edge intensity.
The XAS line shape shows clear signature of oxidation

0.8
0.20

0.6
0.16

o
~

FIG. 4. X-ray absorption spectra
(upper panels) and corresponding
XMCD (u"-p) spectra (lower panels)
measured at 300 for the Fe L5, edge for
a Fe NW array sample with similar
wire dimensions to sample 2A and

capped with 10nm MgO after (a) 3
weeks and (b) 6 weeks of deposition.
The spectra were recorded in the TEY

Intensity (arb. units)
Intensity (a.u.)

mode with an incidence angle of 70°
relative to the surface normal for mag-
netization parallel and antiparallel to
the x-ray helicity (black and red
curves). The arrow indicates the absorp-
tion peak and magnetic circular dichro-
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133903-6 Arora et al.

compared to the metallic Fe (Ref. 39) owing to the presence
of oxidized interface with the cap layer of MgO and hybrid-
ization of O,,-Fesq states. From the XAS spectra (upper
panel), we notice that the oxide peak at 1.2eV above the Fe
L; edge is present in both cases. The oxide peak (marked
with arrow) could originate from various phases of iron ox-
ide that could form due to oxidation of the interfaces with
the MgO cap layer. The magnitude of this oxide peak is
found to increase with aging, suggesting that the thickness of
the interfacial oxide layer has increased with aging due to
the reaction between the Fe and MgO. The XMCD signal
determined from the XAS spectra are also shown in the
lower panels. Here, u" (1) refers to the absorption coeffi-
cient for the photon helicity parallel (antiparallel) to the Fe
3d majority spin direction. The XMCD sum rules***' were
applied to estimate the spin magnetic moments of the Fe.
The estimated values of Fe spin moment for 3 and 6 weeks
aged samples at 300K are found to be 1.95 and 1.80 ug/
atom. For the estimate of spin (mg) and orbital (m;) moment
contributions, we assumed n;, (number of holes in the 3d
states) to be 3.4 for iron*” and a negligible value of the spin
dipolar term. From the XMCD spectra one can clearly see
that presence of oxide induces a reduction of the magnetic
moment per Fe atom, due to the formation of Fe-O.

In order to check the oxide formed at the SiO,—Fe NW
interface, we etched the MgO cap layer of a thick Fe-NW
sample (7nm Fe thickness and 10 nm MgO thickness) using
the Ar™ ion etching and studied its XAS as a function of etch
depth. As shown in Fig. 5, after the first etch (Ar" ions etch-
ing for 15 min that corresponds to the etch thickness compa-
rable to MgO cap layer thickness), XAS spectra show a
much reduced signal corresponding to hybridization of oxy-
gen with Fe. In addition to the reduction in oxide peak inten-
sity, we also notice that the effective magnetic moment of Fe
is further reduced by 15% (corresponding XMCD spectra are
not shown). This is possibly related to the ion damage. With
a further Ar' ion etch step to reach the Fe-SiO, interface, we
find that after second etching thickness of the Fe-NWs is sig-
nificantly reduced (~1nm, ~escape depth of electrons) we
did not observe any enhancement in oxide signal arising
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FIG. 5. The XAS spectra of a Fe NW array sample with positive helicity
measured in the TEY mode at an incidence angle of 70° and recorded at
300K (a) after 3 weeks of deposition, and after two Ar" ion etching cycles
(curve b and c¢), leading to removal of MgO and oxidized Fe. The arrow indi-
cates the absorption peak related to oxidized Fe.
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[111] Fe bcc

FIG. 6. (a) Cross-sectional TEM image of a 5nm thick Fe-NW array on a
110 nm average periodicity oxidized Si template grown under similar depo-
sition conditions to Set 1 and Set 2, but with deposition flux directed towards
the descending step (downhill) direction. The average wire width of the
NWs varies between 90 and 120 nm. (b) High-resolution image showing the
lattice of a Fe-NW crystallite. (c) Corresponding Fast Fourier Transform
(FFT) of the region shown in (b) showing the Fe bce-crystal structure pro-
jected on its [111] zone axis.

from the Fe-SiO, interface. Only a weak oxide peak in the
form of a small hump is present (curve c in Fig. 5). This sug-
gests that the reaction rate of the Fe with SiO, is significantly
smaller as compared with MgO. This is also evident from
the cross-section TEM studies performed on a MgO capped
Fe-NW array within 6 weeks of deposition which showed
that an oxide interlayer is formed between the Fe NWs and
MgO cap layer due to oxidation reaction of Fe with MgO
(Fig. 6). From the TEM analysis we infer that the Fe-NWs
possess polycrystalline nature, and its crystal structure is bcc
(Figs. 6(b) and 6(c)). The structure of the oxide layer crystal
structure is fcc and resembles the FeO structure (fcc with
rock-salt symmetry). This further corroborates our model
that the presence of MgO cap layer facilitates formation of
the oxide interlayer.

Fig. 7 shows the magnetic hysteresis loop (HL) deter-
mined from the XMCD spectra measured after six weeks of
deposition at 300K for the Fe-L; edge with x-rays incident
at an angle of 0 and 70° (0° and 70° loops corresponds to
out-of plane and in-plane magnetic field directions) and
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FIG. 7. The XMCD hysteresis loops measured at 300 K with x-rays incident
at an angle of 0° and 70° (0° and 70° loops correspond to out-of plane and
in-plane magnetic field directions) for a Fe-NW array sample. Spin moments
are derived from the asymmetry found between the Fe-L; edge for positive
and negative helicity using sum rules.
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measured at 300K for the second sample. The analysis sug-
gests that the in-plane uniaxial anisotropy is the dominant
anisotropy. This further supports our suggestion that the out
of plane unidirectional component observed in Fe-NWs with
aging is related to the formation of an oxide interface and
areas of reduced thickness within the Fe NW arrays that
facilitates stabilization of the out-of-plane unidirectional ani-
sotropy component. The magnitude of this anisotropy
increases with the aging as more and more regions within the
NW arrays with reduced thickness are formed leading to an
enhanced out of plane unidirectional component.

IV. CONCLUSIONS

In summary, with the use of FMR technique, we studied
the effects of aging on the magnetic parameters of the thin
Fe NWs arrays. Aging did not result in any noticeable
changes of the parameters of the samples of the Set 1
(Ag-capped Fe NW arrays) but strongly affected the mag-
netic parameters of the samples of the Set 2 (MgO capped
NW arrays). For the latter, the effective magnetization
reduced by about 200 emu/cm®, and there appeared changes
in demagnetizing factors, with both of these effects pointing
to the fact that the presence of the MgO layer induced (accel-
erated) oxidation processes at the interface between a Fe
NW and MgO cap layer. At the same time, the unidirectional
anisotropy along the normal to the sample plane was
revealed in the samples of group 2. This phenomenon is
strongly expressed in the sample with the Fe NWs nominal
thickness r=4.5nm (the difference between H,,,(0°) and
H,.(180°) is AH,.;~ 1500 0¢) and less pronounced in the
sample with r=7nm (the above difference is near 400 Oe).
Our results highlight some of the unusual features of unidir-
ectional anisotropy in ferromagnetic-oxide interfaces in
magnetic nanostructures. These results are relevant to other
magnetic nano-structures in which the elemental constituents
are likely to form an antiferromagnetic oxide (for example,
FeO, CoO, MnO, NiO), as is the case of numerous magnetic
or multiferroic oxide heterostructures.
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