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We present a combined magnetooptic and ferromagnetic resonance study of a series of arrays of

single-crystalline Fe stripes fabricated by electron beam lithography on epitaxial Au(001)/Fe(001)/

MgO(001) films grown by pulsed laser deposition. The analysis of the films revealed a clear four-

fold magnetocrystalline anisotropy, with no significant presence of other anisotropy sources. The

use of a large series of arrays, with stripe widths between 140 and 1000 nm and separation between

them of either 200 nm or 500 nm, allowed studying their magnetization processes and resonance

modes as well as the effects of the dipolar interactions on both. The magnetization processes of the

stripes were interpreted in terms of a macrospin approximation, with a good agreement between

experiments and calculations and negligible influence of the dipolar interactions. The ferromagnetic

resonance spectra evidenced two types of resonances linked to bulk oscillation modes, essentially

insensitive to the dipolar interactions, and a third one associated with edge-localized oscillations,

whose resonance field is strongly dependent on the dipolar interactions. The ability to produce a

high quality, controlled series of stripes provided a good opportunity to achieve an agreement

between the experiments and calculations, carried out by taking into account just the Fe intrinsic

properties and the morphology of the arrays, thus evidencing the relatively small role of other

extrinsic factors. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730136]

I. INTRODUCTION

Magnetic nanostructures are quite relevant for technolog-

ical applications related with magnetoelectronics, radiofre-

quency devices, and magnetic storage.1–3 In order to

implement actual devices, an excellent control of their static

magnetization processes and of the high frequency magnet-

ization dynamics is necessary, which, in turn, requires a good

control of the magnetic anisotropy and of the internal effec-

tive fields. Nanoelements based on epitaxial Fe thin films,

usually grown on insulators and semiconductors, such as

MgO, GaAs, InAs, ZnSe, or Si, are among the most widely

studied due to their high magnetization and to the possibility

of choosing the relative orientation of the crystallographic

axes with respect to the axes defining the shape of the nano-

elements, which provides an easy way to control two of the

main contributions to the anisotropy.4–7 However, the cou-

pling of the magnetization to structural features or defects

usually gives rise to other non-negligible extrinsic sources of

anisotropy. In most cases, such a coupling occurs due to spe-

cificities of the deposition or lithography processes, to the

interface between the substrate and the film, and even to

the capping layer commonly used to avoid the oxidation of

the latter. The presence of steps or structures with two-fold

symmetry on the reconstructed surfaces of the substrates usu-

ally gives rise to a uniaxial component of the anisotropy of

the Fe film, which in some cases is significant even for films

tens of nanometers thick.8,9 The roughness or intermixing of

chemical species at the film-substrate interface and the mag-

netoeleastic interactions due to the lattice mismatch may also

become important sources of anisotropy.10,11 Last but not

least, the interface between the capping layer and the film has

also proven to provide an extra contribution, which may mod-

ify the magnetization processes.12

Ferromagnetic resonance (FMR) is based on the preces-

sion of the magnetization around an effective field. The reso-

nance absorption is induced by an rf field typically in the

range of gigahertz, and the measurements are usually carried

out by sweeping the polarizing magnetic field applied to a

sample located inside a resonance cavity. FMR measure-

ments in saturation conditions (uniform mode of magnetiza-

tion precession) are highly sensitive to the effective field

inside nanoscaled samples, which allows studying different

contributions to the magnetic anisotropy. Under these condi-

tions, the resonance linewidth yields information about the

relaxation processes arising from the intrinsic damping and

extrinsic factors due to structural features such as surface

roughness and mosaicity.13 Finally, the FMR techniques

may also provide information about different types of spin

excitations that can occur in nanoelements, basically quan-

tized spin waves due to confinement effects14 or localized

modes generated by nonuniform internal fields.15–18

In this work, we report on the static and dynamic magnet-

ization of a series of epitaxial Fe(001)/MgO(001) films and

arrays of stripes with submicron width and separation. By
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means of a combination of magnetooptic and FMR techni-

ques, we have been able to separate different contributions to

the magnetic anisotropy and resonances to which they are

linked, as well as to reveal the influence of dipolar interac-

tions between the stripes. Good agreement between calcula-

tions and experiments has evidenced the negligible influence

of extrinsic anisotropy sources related to the interfaces or to

the lithography processes on the magnetic behaviour, which is

a consequence of the high crystalline quality of the samples.

II. SAMPLES AND EXPERIMENTAL CONDITIONS

A series of Fe(001) films were deposited on MgO(001)

substrates under UHV conditions by pulsed laser deposition

(PLD). Prior to deposition, the substrates were thermally

treated at 200 �C for 25 min for water desorption. After depo-

sition, the films were annealed at 400 �C for 25 min in order

to improve their crystalline quality and to decrease the sur-

face roughness. A 5 nm thick Au(001) oxidation-protection

capping layer was subsequently deposited on top of the films

at room temperature (RT) by molecular beam epitaxy.

The crystallinity, structure, and quality of the interfaces

between the different layers of the samples were studied by

means of the x-ray diffraction and reflectivity (XRD and

XRR, respectively) using both conventional (Brucker D8

Advance diffractometer with Cu-Ka radiation, k¼ 1.5418 Å)

and synchrotron (BM25 beamline of the European Synchro-

tron Radiation Facility, ESRF, 14 keV, k¼ 0.8857 Å) radia-

tion sources. The x-ray characterization, already published,4

evidenced a strong texture, with the (001) direction of both

the Fe and Au layers perpendicular to the plane of the films,

as well as the existence of a single Fe crystalline domain

with the Fe lattice rotated 45� with respect to that of the

MgO substrate, the epitaxial relation thus being

Fe(001)[100]//MgO(001)[110]. The thicknesses of the Fe

and Au layers, calculated from the oscillation periods of the

XRR scans, are 24 nm and 3 nm, respectively. The surface

morphology of the samples was analysed by atomic force

microscopy (AFM), which evidenced very smooth surfaces

with a mean roughness under 5 Å.

Arrays of 100 lm long stripes, having widths (w) in the

range between 140 nm and 1000 nm and separations (d)

between the wires of either 200 nm or 500 nm, were fabri-

cated on the Fe/Au films by means of electron beam lithogra-

phy (EBL) at the Nano-Bio Center of the Technical

University of Kaiserslautern. All the arrays were fabricated

with the [100] and [010] axes of the Fe layer oriented paral-

lel and perpendicular to the long axis of the stripes,

respectively.

Magnetooptic Kerr effect (MOKE) and FMR techniques

were employed to characterize the magnetic behaviour of the

continuous films and stripe arrays. A MOKE device simulta-

neously operated in both transverse and longitudinal configu-

rations allowed to study the angular dependence of the

hysteretic processes, yielding both the parallel- and trans-

verse-to-the-field components of the magnetization, in

applied fields of up to 5 kOe at RT. FMR measurements

were done, also at RT, in a Bruker ESP 300 E X-band

(�9.85 GHz) electron paramagnetic resonance spectrometer

using a TE102 resonant cavity and magnetic fields up to

1.5 T. The microwave magnetic field was always oriented

normally to the static magnetic field. The samples were

driven through the resonance by sweeping and modulating

the latter field, so that the FMR signal, measured via lock-in

techniques, was proportional to the first derivative of the

imaginary part of the susceptibility. A goniometer with 0.25�

resolution allowed rotating the sample around an axis per-

pendicular to its plane in order to study the in-plane angular

dependence of the resonance field Br.

III. RESULTS

Fig. 1 shows the hysteresis loops measured along the

easy [100] and in-plane hard axis [110] in one of the continu-

ous films as well as a loop measured with the field applied at

30� from the easy axis. A very square loop is obtained for the

easy axis, with a coercivity value of approximately 47 Oe and

remanence indistinguishable from the saturation magnetiza-

tion MS. The magnetization switches from þMS to �MS in a

single high-susceptibility reversal process. In contrast, the

hard-axis loop presents a single jump at about 32 Oe, fol-

lowed by a low-susceptibility, reversible magnetization

increase up to saturation that is reached at a field near

550 Oe. When measured along any direction intermediate

between the easy and hard axes, the hysteresis loops present

either one or two magnetization jumps. The inset in Fig. 1

presents the evolution with the angle h between the applied

field and the easy axis [100] of the switching field associated

with these high susceptibility processes: a single switching

field HS1 exists for loops measured at angles smaller than 10�

from an easy axis, whereas two switching fields, HS1 and

HS2, appear for loops measured at 10�< h< 45�, as is the

case of the loop measured at 30� from the easy axis in the fig-

ure. The angular dependences of the switching fields and of

the remanence corresponding to fields rotating 360� in the

sample plane were measured in order to check the biaxial ani-

sotropy of the films. As can be seen in the azimuthal plots of

Fig. 2, both the remanence and HS1 exhibit a pronounced
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FIG. 1. Hysteresis loops of a continuous Au/Fe/MgO film measured along

an easy [100] and hard in-plane [110] axis, respectively, and also with the

field applied at 30� from the easy axis. Inset: angular evolution of the

switching fields.
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four-fold symmetry with slight differences of the coercivity

values measured along orthogonal directions. The basic char-

acterization of the rf response was carried out by studying the

in-plane angular dependence of the FMR spectra. The spectra

were taken by rotating the sample around an axis perpendicu-

lar to the sample plane in 5� steps, as depicted in Fig. 3(a)

which shows that resonance peaks appear with a 90� perio-

dicity, just around the hard magnetocrystalline axes. The line

sextet observed between 310 and 380 mT is angle independ-

ent and was proven to be due to the paramagnetic signal of

the substrate, obviously associated with Mn2þ ions in MgO.19

The angular dispersion of the resonance around the hard axis

was then resolved using 1� steps, as can be seen in Fig. 3(b).

The individual spectra consisted of a single resonance peak,

as shown in the inset to this figure, which corresponds to the

spectrum taken with the static field parallel to the [110] axis.

The angular evolution of the resonance field Br around a full

360� turn was studied by fitting the spectra using Dyson

curves20 evidencing the clear four-fold symmetry of the films,

as can be seen in Fig. 3(c). The detailed analysis of the

resonances shows that the field matching the resonance con-

dition around the hard axis direction is 106 mT.

After the characterization of the films, six arrays of

0.5� 0.5 mm2 were fabricated on the Au/Fe/MgO films

containing 100 lm long stripes, with the widths w and sepa-

rations d as indicated in Table I. The study of the angular de-

pendence of the hysteresis processes revealed two types of

magnetization mechanisms depending on the (in-plane)

angle a between the long axis and the applied field. For

angles up to about 60�, the magnetization reversal is based

on a steep irreversible magnetization increase followed by a

slow approach to saturation, with the coercivity following a

1/cosa law.4 A different scenario occurs for large angles

between the applied field and the axis of the stripes. Fig. 4

shows the hysteresis loops corresponding to an array of

200 nm wide stripes, measured with the applied field perpen-

dicular to the long axis and also with the field 7� off the per-

pendicular. When the applied field is perpendicular, the

magnetization increases reversibly, until a jump up to satura-

tion occurs at approximately 1.8 kOe, with some hysteresis

around it. These features were common to all arrays, with

the field required for saturation increasing from about

0.5 kOe for the stripes 1000 nm wide to almost 2.5 kOe, for

those 140 nm wide. A more complicated loop appears when

the field is slightly off the perpendicular, typically for

70�< a< 90�. In this case, the magnetization also increases

slowly and suddenly drops giving rise to a hump, at approxi-

mately 1.4 kOe, for the array with w¼ 200 nm, followed by

a smooth approach to saturation (Fig. 4).

The study of the in-plane angular evolution of the FMR

evidenced three types of resonances appearing along differ-

ent directions and at different field ranges. As an example,

Fig. 5 shows the spectra corresponding to an array with

w¼ d¼ 200 nm. A resonance with four-fold symmetry

occurs at fields of �108 mT, the peaks appearing along the

in-plane hard magnetocrystalline axes. The most intense and

complex resonance appears when the field is applied along

the ½�100� and [100] directions, i.e., perpendicular to the axis

of the stripes, between approximately 150 and 200 mT.

Finally, a very weak resonance can be observed at higher

FIG. 2. Angular evolution of the switching field HS1 (a) and of the rema-

nence-to-saturation ratio (b) of a continuous Au/Fe/MgO film.

FIG. 3. (a) In-plane angular dependence

of the FMR spectra of an Au/Fe/MgO

film showing the 90� periodicity of the

resonances. (b) Detailed resolution of

the spectra around the hard in-plane axis

and an individual spectrum measured

with the field applied parallel to the hard

axis (inset). (c) Angular dependence of

the resonance field Br. The narrow lines

between 300 and 400 mT appear due to

the electron paramagnetic resonance

(EPR) of impurities incorporated in the

substrate.
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fields, around 400 mT, also for the spectra measured along

the ½�100� and [100] directions and partially overlapped with

the substrate signal. All arrays exhibit a similar structure for

the angular evolution of the spectra.

The low field resonances which appear along the ½�110�
and [110] directions and at the same field value for all arrays

are clearly coincident with those present in the continuous

films. The hysteresis loops measured along these directions4

showed that, even in the case of the narrowest stripes, a field

of 108 mT is enough to drive the magnetization to saturation

or very close to it and, as a consequence, we can consider

that the low-field resonances correspond to a saturated mode,

with the magnetization precessing around the applied field.

The intermediate field resonances appear at fields and

angular ranges centred around 90� and 270�, which corre-

spond to the direction perpendicular to the axis of the wires.

Figs. 6(a)–6(f) show a fragment of these resonances for all

arrays. The resonances are angularly spread over a region

that increases with the width of the stripes (Fig. 7) and are

characterized by a complex structure, each spectrum having

several peaks. The colour plots of Fig. 6 allow to observe the

angular width of the resonances while the dots in the plots

indicate the value of the resonance fields measured at each

field orientation. The widest stripes present the widest reso-

nance region as well as the most complex structure: the spec-

tra of the array with w¼ 1000 nm cover a region that spreads

over 90�, thus overlapping with the peaks centred around the

hard magnetocrystalline axes and include up to six resonance

peaks (some of them very weak) for some angles. On the

contrary, the intermediate field resonances of the stripes

140 nm and 200 nm wide roughly extend over a 10� range,

with just two resonance peaks for most angles. In the case of

the two arrays with identical stripe width w but different

interstripe separations d, the structure of the intermediate

resonance region is the same, with just an asymmetry around

the perpendicular direction, probably due to a slight mis-

alignment of the axis of the stripes with respect to the crys-

talline [100] axis. The individual spectra measured along the

short axis of the stripes for all arrays can be seen in Fig. 8, in

which the vertical dotted lines indicate the field required to

saturate each array. All spectra have two or more peaks,

although just one of them in each scan is above the onset of

saturation. In the case of the two arrays with w¼ 200 nm but

with different separations between the stripes, the spectra are

essentially the same, with the two main peaks appearing at

the same field value and with the same relative intensity and

just a slight difference in the weakest one, which is hardly

visible for the array with d¼ 200 nm. By plotting the highest

resonance field of each spectra, Br, it can be seen that it

increases with decreasing width (Fig. 9), following a 1/w2

law (see inset) irrespectively of the separation between the

stripes.

The features of the high-field resonances, which were

observed with the applied field around the perpendicular to

the long axis of the stripes, are strikingly different from those

at low and intermediate fields. Figs. 10(a)–10(e) show the

angular dependence of the spectra and the angular width of

the resonance fields, whereas Fig. 11 exhibits the spectra

along the perpendicular of the four arrays with stripes of dif-

ferent widths but identical separation between them,

d¼ 500 nm. Table II summarizes the correlation between the

resonance parameters of these arrays (resonance field, peak

amplitude and width, as well as angular width of the reso-

nance region) and their morphology. The Fe coverage, which

represents the percentage of the area of the array covered

with Fe and scales as w/wþ d, is proportional to the total

amount of Fe in the array since all arrays have the same

lithographed area. The density of the lateral surfaces, calcu-

lated as 2/wþ d, represents the number of sides of the stripes

per unit length measured along the (in-plane) direction

TABLE I. Width w of the stripes and separation d between them in the

arrays.

Width w (nm) 140 200 300 500 1000

d¼ 200 nm x x

d¼ 500 nm x x x x
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FIG. 4. Hysteresis loop of an array of 200 nm wide stripes, with the field

applied in the film plane along the perpendicular to the long axis (a¼ 90�)
and also 7� off the perpendicular (a¼ 83�). Inset: loops calculated using the

macrospin approximation.

FIG. 5. In-plane angular evolution of the FMR spectra of an array with

w¼ d¼ 200 nm showing three resonance regions at low (LF), intermediate

(IF), and high (HF) fields. In this figure, the angles 0� and 180� correspond

to the long axis of the stripes, whereas 90� and 270� correspond to the (in-

plane) perpendicular direction.
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perpendicular to the long axis. The angular width of the

region, in which the high-field resonances can be observed,

is almost the same for all arrays, viz., about 7�. The reso-

nance field Br lies in a narrow band for all the arrays with

d¼ 500 nm, between 470 and 535 mT, with the highest val-

ues corresponding to the narrowest stripes. In contrast, the

resonance of the stripes 200 nm wide and with d¼ 200 nm

separation, which partially overlaps with the substrate EPR

signal, takes place at a much lower field near 390 mT. No-

high field resonance was observed for stripes 500 nm wide

with 200 nm separation, which can be tentatively attributed

to its overlap with the substrate signal. In what follows

we shall present the data corresponding just to the arrays

with d¼ 500 nm. In a similar way to the intensity of the

resonances, the peak width DB, measured as the peak-

to-peak distance, being around 50 mT, is very weakly de-

pendent on the width of the stripes. The intensity of the

resonances, measured as the peak-to-peak signal amplitude,

is clearly higher for the narrowest stripes, 140 and 200 nm

wide, being minimum for w¼ 300 nm. The intensity obvi-

ously correlates with two morphological parameters. Taking

into account that all arrays have the same total area, the Fe

coverage (understood as the area percentage covered with

FIG. 6. Fragment of the intermediate field resonance region of all arrays: w¼ 140 nm (a), w¼ d¼ 200 nm (b), w¼ 200 nm with d¼ 500 nm (c), w¼ 300 nm

(d), w¼ 500 nm (e), and w¼ 1000 nm (f). The colour plots show the FMR signal over the background (grey), tendency to blue (red) indicates negative (posi-

tive) values over the background while the dots indicate the value of the resonance Br. In these plots, the angle of 315� corresponds to the wires’ short axis

direction.

FIG. 7. Angular width D of the intermediate field resonances as a function

of the stripe width.

FIG. 8. Intermediate region of the FMR spectra of all arrays measured with

the field applied in the sample plane perpendicular to the long axis of the

stripes (d¼ 500 nm for all spectra unless otherwise specified). The dotted

line indicates the field value required to saturate each array.
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Fe) and the density of lateral surfaces (representing the num-

ber of stripe sides per unit length measured along the perpen-

dicular) are clearly higher for the arrays containing the

narrow stripes. Thus, the intensity of the resonance does not

increase with the total amount of Fe in the array but with the

number of lateral surfaces.

IV. DISCUSSION

As a first point, we will analyze the hysteresis processes

and FMR measurements of the continuous Fe film on which

the arrays were then lithographed. The hysteresis processes

measured along the easy axis of the continuous films, based

on a single, very narrow switching event, are typical of the

nucleation and propagation sequence caused by the genera-

tion of one or just a few reversed coalescing nuclei that

sweep the whole film, with no effective hindrances, when

the field reaches the coercive force value.5,7 The remanence

of the loops measured along the in-plane hard axis, 0.7 MS,

confirms that in the absence of any applied field the magnet-

ization lies along the easy axis (at 45� with respect to the

hard axis), while the field required to reach saturation, 550

Oe, agrees well with anisotropy field of Fe.5 The existence

or either one or two switching fields, depending on the orien-

tation of the applied field relative to the crystalline axes, is

also a signature of single-crystalline Fe(001) films, the sec-

ond jump being associated, when it is present, with an inter-

mediate energy minimum due to the biaxial nature of the

anisotropy. This has been widely studied in many previous

works: both calculations and experimental results reported in

the literature about Fe (001) single-crystalline films, pre-

pared by different techniques, have evidenced that the main

switching field HS1 (corresponding to the largest magnetiza-

tion jump) decreases while HS2 (corresponding to the small-

est jump) increases when the applied field approaches the

hard axis, in agreement with our results (see inset to Fig.

1).5,7 An important issue lies in the in-plane angular depend-

ence of the coercivity and remanence (Fig. 2) and of the

FMR spectra (Fig. 3), which evidence the clear four-fold

symmetry of the films, with weak traces of other superim-

posed anisotropy contribution. This minor, difficult-to-

observe difference in the coercivity values measured along

orthogonal directions could be due to the difficulty to fix the

spot in the exact centre of the rotation axis during the

MOKE measurements. These differences do not alter the

main conclusion that the films can be treated in the frame of

purely biaxial anisotropy. The FMR spectra allowed a pre-

cise determination of the anisotropy constant of the films.

Taking into account that the resonance peaks appear at

106 mT, well above the field required to saturate the films

along the hard axis, we can assure that the resonance

FIG. 9. Dependence of the highest resonance field, Br, of the spectra shown

in Fig. 8, on the stripe width. Inset: 1/w2 dependence of Br.

FIG. 10. Detail of the high-field-resonance region of all arrays: w¼ 140 nm

(a), w¼ d¼ 200 nm (b), w¼ 200 nm with d¼ 500 nm (c), w¼ 300 nm (d),

and w¼ 1000 nm (e). The colour plots show the FMR signal over the back-

ground (grey), tendency to blue (red) indicates negative (positive) values

over the background while the dots indicate the value of the resonance field;

the short axis direction corresponds to 315� in these plots.
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corresponds to the so-called aligned mode, i.e., the magnet-

ization vector is uniform and precesses around the applied

field direction. Under these conditions, the resonant field Br

can be calculated by means of the general formalism of Smit

and Beljers:21

x
c

� �2

¼ 1

M2
Ssin2h

ðFhhFuu � F2
huÞ; (1)

in which h and u represent the polar and azimuthal angles of

the magnetization with respect to a given set of coordinate

axes, Fhu, Fhh, and Fuu are the second derivatives of the free

energy with respect to these angles, and x, c, and MS are the

resonance angular frequency, the gyromagnetic ratio and the

saturation magnetization, respectively. In the specific case of

single-crystalline Fe(001) thin films saturated along either

the easy (100) or hard (110) axis, the resonance condition

can be calculated from Eq. (1) as

x
c

� �2

¼ Br �
2K

MS

� �
Br þ l0MS þ

K

MS

� �
; (2)

when the field is applied along the hard axis and as

x
c

� �2

¼ Br þ
2K

MS

� �
Br þ l0MS þ

K

MS

� �
; (3)

when it is applied along the easy axis. In these expressions,

Br is the resonance field corresponding to x, K represents

the anisotropy constant of Fe (K¼ 4.8�104 J�m�3), MS its

saturation magnetization (MS¼ 1.71�106 A�m�1) and c is the

gyromagnetic ratio (c¼ 1.759�1011 T�1s�1).22 Using these

values in combination with the frequency of the microwave

radiation in our experimental setup, 9.85 GHz, the calculated

resonant field along the hard axis results to be 107.5 mT, in

excellent agreement with the experimental value. When the

applied field is parallel to the easy axis, the resonant field

calculated from Eq. (3) is null and, as a consequence, the res-

onance condition cannot be achieved due to the remanent

field of the electromagnet used to generate the static field. It

is important to remark that no lower field resonances appear

in our spectra when sweeping the static field from 1.5 T to

0 T. The absence of low-field resonance peaks indicates that

the anisotropy contributions different from the magnetocrys-

talline term are negligible in these measurements, in good

agreement with the perfect four-fold symmetry of the coer-

civity and of the remanence. In contrast, many Fe films

reported in the literature, either deposited on MgO or semi-

conductor substrates, present an extrinsic contribution to the

anisotropy of structural origin (uniaxial in most cases), usu-

ally due to morphological features of the substrate, such as

steps or miscuts, to the elastic stresses generated by the lat-

tice mismatch at the interface or to the growth mode of the

Fe.6,8–11 The relative intensity of this contribution tends to

decrease with increasing thickness of the films because of

their interfacial origin, although it does not become negligi-

ble even for films as thick as tens of nanometers.12,23 The ex-

trinsic anisotropy usually induces significant modifications

of the hysteresis properties, breaking the four-fold symmetry

of the remanence and coercivity, and it might even give rise

to demagnetization processes with two irreversible steps in

the loops measured along the easy axes.12 Regarding its

influence on the FMR spectra, it also breaks the four-fold

symmetry, and induces resonance peaks that are not expected

either along the hard axes or along different directions. We

can conclude that the four-fold in-plane anisotropy of our

Au/Fe/MgO films is just due to the magnetocrystalline ani-

sotropy contribution, as evidenced by the analysis of the hys-

teresis behaviour and the FMR studies, which is a clear

indication of the excellent single-crystalline nature of the

continuous films on which the stripes were lithographed.

Regarding the stripes, their hysteresis properties are

based on two different mechanisms. At low angles between

the applied field and the (long) axis of the stripes (a< 60�)
the loops are characterized by a single, irreversible magnet-

ization jump followed by a reversible approach to the satura-

tion region, as evidenced in a previous work,4 which also

showed that the angular dependence of the coercivity follows

a 1/cosa law, typical of wall pinning. Both MFM images and

indirect evidences have shown that the pinning takes place

at the irregularities along the sides of the stripes and that it

is basically independent of the lithography techniques

employed to fabricate them.4,6,7 On the contrary, when the

applied field is close to the perpendicular to the (long) axis

of the stripes, the magnetization proceeds through very

smooth magnetization rotations up to high fields with small

irreversible jumps appearing when the magnetization vector

is very close to the applied field. This is due to an irreversi-

ble jump of the magnetization from one minimum to another

FIG. 11. High-field spectra measured with the field applied in the sample

plane along the perpendicular to the stripes, corresponding to the four arrays

with d¼ 500 nm.

TABLE II. Correlation between the high-field resonance parameters and the

morphology of the arrays with the stripes separated by d¼ 500 nm.

Width

(nm)

Br

(mT)

Peak-to-peak

amplitude

(arb. units)

Peak-to-peak

width (mT)

Angular

width

(deg)

Lateral

density

(nm�1)

Fe

coverage

(%)

140 520 1910 52 7 3.12� 10�3 22

200 500 1460 59 8 2.86� 10�3 28

300 460 625 44 8 2.50� 10�3 37

1000 470 795 57 7 1.33� 10�3 67
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(the energy landscape is relatively complex, with several

minima evolving in different ways as the field increases) and

is associated with a change of sign in the transverse magnet-

ization component (in-plane, perpendicular to the applied

field). These high-angle magnetization processes can be

described in terms of uniform magnetization configurations,

i.e., of a macrospin, by taking into account just the Zeeman,

magnetocrystalline and magnetostatic energy terms with a

very good qualitative and quantitative agreement between

the calculations and the experimental results: the inset of

Fig. 4 shows the hysteresis loops calculated, with the field

applied either perpendicularly or 7� out of the perpendicular,

for a stripe 200 nm wide by using the intrinsic parameters of

Fe, for MS, K and the demagnetizing factors calculated from

Ref. 24. As can be seen, both calculated loops reproduce the

main features of the experimental loops, with the irreversible

jump and the hump occurring at field values very close to

those experimentally measured. Although not shown in the

figure, the loops, in which the transverse component of the

magnetization is plotted versus the applied field, also evi-

dence a very good agreement between the experiments and

the calculations.

An important issue related to the hysteresis of the arrays

is that of the dipolar interactions and of the possible influ-

ence of the lithography route employed. Regarding the dipo-

lar interactions, no significant differences were obtained

when measuring the loops, either at low or high angles, for

the arrays with similar width of the stripes but different sepa-

rations d between them. This is true not only for the arrays

studied in this work but also for a different set of arrays fab-

ricated using different lithography techniques (focused ion

beam and electron beam lithography with positive resist) and

with a broader spectrum of separations.4 The fact that, for

stripes of the same width, the coercivity of all arrays was

essentially the same and the characteristic features observed

for the high-angle loops (irreversible jumps and humps)

occurred at very close field values, irrespectively of their

separation, are a clear indication that the dipolar interactions,

at least for interstripe separations of the order of or above

200 nm, are negligible, and that the defects generated during

the lithography processes have little influence on the hystere-

sis parameters of the arrays.

The study of the angular evolution of the FMR spectra

of the arrays has evidenced three different types of resonan-

ces. Those occurring at low fields appear when the field is

applied along the in-plane hard magnetocrystalline direc-

tions, [110] and ½�110�, and yield a Br value close to 108 mT

for all arrays, i.e., coincident with that measured in the con-

tinuous films, irrespectively of the width of the stripes. This

suggests that these modes are linked to the magnetocrystal-

line anisotropy which is not essentially modified during the

lithography process. The intermediate field resonances pres-

ent a very complex angular dependence and a very rich

structure. These resonances appear when the (in-plane) field

is near the perpendicular to the long axis of the stripes—the

hard axis from the magnetostatic point of view—and all

spectra exhibit several peaks, although just the one occurring

at the highest field value corresponds to the saturated mode,

as evidenced in Fig. 8. The calculations of the magnetization

processes of the arrays have demonstrated that the magnet-

ization is essentially homogeneous prior to saturation and

that it is stabilized in several energy minima before the final

jump to saturation. It is quite likely that the peaks appearing

in the spectra at fields just below saturation are due to the

oscillations of the magnetization around these minima. Sev-

eral issues are important when considering the peaks associ-

ated with the saturated mode; the first one is that all

resonance field values fall within the same 1/w2 plot, irre-

spectively of the separation between the stripes (Fig. 9). In

addition to it, the two arrays with stripes 200 nm wide, but

with separation of either 200 nm or 500 nm between them,

have the same resonant field. This confirms the negligible

influence of the dipolar interactions already inferred from

the study of the hysteresis processes. The value of the reso-

nance field can be calculated from Eq. (1) by taking into

account the Zeeman, magnetocrystalline, and magnetostatic

energy terms in the free energy. By considering the demag-

netizing factors along the long (x), short (y), and perpendicu-

lar to the plane (z) axes—Nx, Ny, and Nz, respectively—the

magnetostatic energy term can be written as

Fmag ¼
1

2
l0ðNxM2

x þ NyM2
y þ NzM

2
z Þ; (4)

and Eq. (1) becomes

x
c

� �2

¼ ðBrÞ2 þ ðBrÞ
4K

MS
þ l0MSðNx þ Nz � 2NyÞ

� ��

þ ðl0MSÞ2ðNz � NyÞðNx � NyÞ þ
2K

MS

� �2
#
: (5)

Two different sets of demagnetizing factors can be intro-

duced in Eq. (5), corresponding either to long rods with ellip-

soidal cross section24 or to long prisms with rectangular

cross section.25 Fig. 10 presents the width dependence of the

experimental Br values compared to the calculated curves

using the previously mentioned Fe parameters and the

demagnetizing factors for stripes 24 nm thick. Although the

experimental and calculated curves exhibit the same qualita-

tive behaviour, the experimental data fall well below the

curve calculated using the prism demagnetizing factors and

just slightly below that calculated using the ellipsoidal rod

ones. Micromagnetic simulations and experimental eviden-

ces have shown that, in the case of transversally magnetized

micron-sized permalloy stripes, the equilibrium magnetiza-

tion configurations include zones near the edges of the

stripes with a large component of the magnetization parallel

to the axis of the stripes.16,17,26–29 The eventual presence of

these not fully saturated zones near the edges of the stripes

could possibly reduce the transverse dipolar fields involved

in the resonance conditions, thus giving rise to a decrease of

the resonance field of the stripes. It is important to note that,

although the resonances occur after the wires have reached

saturation, as indicated by the dotted lines in Fig. 8, the reso-

nance of the widest wires takes place at fields well above the

onset of saturation, whereas those of the narrowest ones

occur just after or even at the onset of saturation. Due to this,

the non-saturated regions at the edges could be larger for the

123917-8 Paz et al. J. Appl. Phys. 111, 123917 (2012)



latter than for the former, which could explain why the dif-

ference between calculated and experimental resonance field

values increases with decreasing width of the stripes.

The high-field resonances, in contrast, present a very dif-

ferent behaviour: all resonances consist of a single peak, visi-

ble just when the (in-plane) field is oriented along the

perpendicular to the long axis of the stripes and in a region of

approximately 7� around this direction, irrespectively of

the width of the stripes. In the case of the 200 nm wide

stripes, the resonance field is strongly dependent on the

interstripe separation, the resonance field of the closer stripes

(d¼ 200 nm) being well below that of the arrays with the

well separated stripes (d¼ 500 nm). The fact that the reso-

nance of the array with w¼ 500 nm and d¼ 200 nm is prob-

ably overshadowed by the substrate signal is also consistent

with the decrease of the resonance field when the stripes are

relatively close to one another. However, for the arrays with

well separated stripes, the relative variation of the resonance

field with the stripe width is roughly 13%, while the peak-to-

peak linewidth and the angular width of the resonance region

remain essentially constant, independently of the width of the

stripes. The correlation between the morphological parame-

ters of the arrays and the intensity of the resonances (Table

II) clearly show that the amplitude of the peaks is not linked

to the whole volume of the stripes—because the resonances

of the arrays with the lowest amount of Fe have the most

intense peaks—but to the density of lateral edges. Thus, the

experimental evidences point out that the high-field resonan-

ces appear due to oscillations localized near the edges of the

stripes which are very sensitive to the dipolar fields. The pres-

ence of strong non-uniform dipolar fields near the edges of

transversally magnetized stripes usually leads to the appear-

ance of edge-localized precession modes, which—in the case

of permalloy stripes—have been extensively studied either

theoretically or experimentally, by means of Brillouin

light scattering (BLS), FMR and time-resolved Kerr

magnetometry.16–18,26–29 These precession modes or local-

ized spin waves are quite sensitive to the internal fields and to

the specific conditions of the edges of the stripes. As a gen-

eral trend, the resonance graphs of the stripes (resonance fre-

quency as a function of the applied field) have at least two

branches corresponding, respectively, to the bulk (uniform

resonance) and edge (localized spin waves) modes. The first

one lies above the second, which implies that, for a fixed res-

onance frequency, larger fields are required to excite the edge

modes.16,17 In the case of the high-field resonances observed

in our epitaxial Fe stripes, an important issue is the reduced

resonance field of the array with w¼ 200 nm and d¼ 200 nm

with respect to the array with identical stripe width but with

d¼ 500 nm. The dipolar interactions (when the samples are

saturated in the transverse direction) give rise to lower dipolar

fields in the edges of the closest stripes, which are probably

the reason of the decrease in the resonance field. On the con-

trary, the weak dependence of the resonance field on the

width of the stripes in the arrays with d¼ 500 nm indicates

that the resonance conditions are essentially dependent on the

local fields at the edges. Thus, all experimental facts suggest

that the high-field resonances of our epitaxial Fe stripes could

be ascribed to edge-localized spin wave oscillations.

V. CONCLUSIONS

We have carried out a combined MOKE and FMR study

of the magnetic properties of a series of epitaxial Fe(001)/

MgO(001) films and arrays of stripes with submicron widths

and separations. The FMR studies and the analysis of the

angular evolution of the hysteretic parameters have evi-

denced that the four-fold symmetry of the films is essentially

due to the magnetocrystalline anisotropy, with negligible

contribution of other anisotropy sources possibly arising

from structural factors related either to the growth mode or

to magnetoelastic effects. The use of a large series of arrays

of stripes with different widths and separations has allowed

to study the competition between the magnetocrystalline and

shape anisotropies in the magnetization processes as well as

the resonance regime linked to each type of anisotropy, as

well as the role of the interactions in both the magnetization

processes and the FMR. The magnetization processes can

be described in terms of the magnetization reversal of a

macrospin in a good agreement between experiments and

calculations, with non-significant effects due to the dipolar

interactions between the stripes. The FMR presents three

resonance regimes in different field ranges. The high- and

intermediate-field resonances correspond to uniform bulk

modes that can be assigned to oscillations around the hard

magnetocrystalline and hard in-plane shape axes, respec-

tively. These resonances are not sensitive to the dipolar

interactions between the stripes, which results in a good

agreement when comparing the measured and calculated res-

onance field values. The high-field resonances are very weak

and are associated with localized edge modes, probably due

to the highly inhomogeneous dipolar fields at the lateral sides

of the stripes. As a consequence, these resonances are

extremely sensitive to the dipolar interactions between the

stripes. As a final conclusion, the general agreement between

the experimental and calculated hysteretic and FMR parame-

ters confirms the high crystalline quality of the films and

stripes, which allows to customize their magnetic behaviour

for implementation in actual devices.
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