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Size effects and their consequences in the thermal stability of the magnetization of the micro-sized

MnAs/GaAs(100) ribbons were studied by magnetic force microscopy. We found out that the

orientation in which size is reduced plays a key role in the magnetic configuration and thermal

stability of the micro-sized patterns. On the one hand, when reducing the size in the [0001]

a-MnAs direction, the system shows an improvement in the thermal stability of the remanent

magnetization. On the other hand, when the size is reduced in the [11-20] a-MnAs direction, the

system goes through a magnetic reconfiguration from in-plane magnetized to out-of-plane

magnetized, which also improves the thermal stability. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4733698]

I. INTRODUCTION

Previous publications1–3 evidenced the role played by

substrate-induced strains on self-organized MnAs/GaAs

(100) patterns. Particularly, much attention is being paid to

the strain effects arising from the crystalline misfit at interfa-

ces of thin films. These effects are gathered in a very active

field called strain-engineering whose aim is to reach the

required properties by handling film strains.4,5 In magnetic

media, any alteration of the strain distribution may have

strong consequences on the magnetic properties of the devi-

ces.6,7 These properties could be tuned by controlling either

the strains or the temperature.8,9

MnAs can be grown epitaxially on different GaAs orienta-

tions by molecular beam epitaxy (MBE), which makes it prom-

ising for hybrid metal/semiconductor spintronics.10 The

physical properties of thin films are different from the bulk

ones.11–13 On the one hand, bulk MnAs exhibits a first-order

phase transition slightly above 40 �C, from a hexagonal ferro-

magnetic (a) to an orthorhombic paramagnetic one (b). On the

other hand, in MnAs films grown on GaAs, the a and b phases

coexist in a wide range of temperatures below Tc, depending

on the growth conditions.14 Both phases form stripes that lay

along the c-axis and are periodically arranged all over the sam-

ples in MnAs films grown onto (100) GaAs.15 The particular

arrangement of magneto-elastic domains has been modeled in

Ref. 16 and explained in terms of the effect of substrate-

induced strains effect on the magneto-structural phase transi-

tion. Coelho and coworkers9 studied the temperature evolution

of the magnetic domains up to the Curie temperature, observing

a change of the magnetic domains structure with the progres-

sive narrowing of the a-stripes. In this article, we report on the

low-temperature magnetic domain structure of MnAs micro

and nanoribbons and the thermal stability of the remanent state

in these structures, studied by imaging the magnetic contrast of

the samples as a function of temperature.

II. EXPERIMENTAL

A 150 nm thick MnAs film was grown by MBE on

a GaAs(100) substrate as described elsewhere.17 The

film grown in As rich conditions has the following

orientations18,19: MnAs[1100] // GaAs(100) and MnAs[0001] //

GaAs(1–10). A pattern of ribbons of different sizes and orien-

tations was transferred to the film by e-beam lithography fol-

lowed by Ar ion milling. The ribbons widths, w, were chosen

in reference to the period of the a/b stripes array in the

as-cast MnAs film (ke� 4.8.t¼ 0.72 lm for the present sam-

ple20). We fabricated 2 lm�w� 5lm width ribbons larger

than ke; others with 0.5 lm�w� 1lm comparable to ke;

and 0.1 lm�w� 0.2 lm ribbons smaller than ke. The sam-

ples were carefully aligned in order to confine the ribbons

along the MnAs [0001] direction (S1) and the [11-20] direc-

tion (S2) (see Fig. 1). The images showed in this work were

taken at several temperatures between 11 �C and 45 �C in the

remanent state, after magnetizing the sample at room

temperature in a magnetic field of 1 T applied along the

easy-axis of magnetization ([11-20]).17,21

III. RESULTS AND DISCUSSION

As reference, the temperature dependence of the mag-

netic domain structure of a MnAs thin film was measured. At

room temperature, the remanent state of the film consists of

in-plane magnetized single-domains arranged in the typical

a/b stripes array of MnAs/GaAs(100).15 The magnetization
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of each a-stripe lays along the [11-20] easy-axis. The period

measured for these stripes was km � 0.74 lm, in excellent

agreement with the estimated value, ke.
22 When the tempera-

ture is increased some of the domains reverse their magnet-

ization and the dominant domain structure in the a phase

becomes a meander-like in-plane magnetized structure

referred as type I in Ref. 23. At higher temperatures, close to

Tc, the a stripes turn into ferromagnetic islands embedded in

the b matrix and the magnetic contrast progressively

vanishes.

Room-temperature magnetic force microscopy (MFM)

measurements, reported in Ref. 24, showed the existence of

notable anisotropic size effects on the array of magneto-

structural domains in ribbons. The lateral confinement of

MnAs thin films leads to notably effects on the thermal

stability of the magnetic phase and domain structure. The

domain configuration at 11 �C shows already a clear depend-

ence on the ribbons size and orientation (Figs. 2 and 4).

The magnetic domain structure of the S1 widest ribbons

resemble that of the thin films. A smooth corrugation of the

magnetic signal is observed at the surface of these samples at

11 �C (Figs. 2(a) and 2(c)). The magnetic domain structure

behaves as the unconfined films, evolving from a saturated

state to a meander-like structure at higher temperatures

(Figs. 2(b) and 2(d)).

The periodicity of the a/b array, k decreases with the

ribbons width as shown in Fig. 3. The confinement of the

film to a thin wire does change the elastic energy of the sys-

tem, noticed as a size effect on the period of the elastic

domains arrangement. Strains induced at the ribbons free

surface normal to the [0001] axis would affect the Young

modulus25,26 in the ribbons axial direction and consequently

change the period k. The model proposed by Kaganer et al.1

neglects z-components of the strain tensor and our results

indicate that it must be taken into account to explain the

nanostructures behaviour.

The a stripes are still observed at the higher tempera-

tures in the narrowest ribbons, showing a higher stability of

the magnetic domains in the nanoribbons. In these cases, the

ferromagnetic phase is uniformly magnetized along the

[11-20] in single-domain states that have a nearly square

cross-section in the x-z plane with a side, w � 0.3 lm.

The MFM images show that there is a slight decrease of

the average remanence with increasing temperature, i.e.,:

some S-D reverse but Mr/Ms along the [11-20] direction is

still �1 till high temperatures. A loss of magnetic contrast is

also observed as the temperature is increased.

The magnetic domain structure of the S2-ribbons is

completely different from the one observed in the previous

series of samples. The S2 samples show a passage from an

uniformly magnetized state to multidomain states, regular

and comb-like shape, respectively, as the width of the rib-

bons decreases from a few microns to a few tenths microns

(Fig. 4). The 5 lm S2-ribbon is single-domain at 11 �C while

the remanent magnetization of the other ribbons splits into a

multi-domain structure. The magnetic domain structures of

the narrower bars depend markedly on their width, w. In

2 lm and 1lm-thick bars, the magnetization points along

the [11-20] easy-axis in domains anti-parallel aligned along

the [0001] direction (see sketch in Fig. 4(c)). The domains

are extended along the total width of the bars and their aver-

age length D along the c-axis decreases with the width of the

samples from D¼ 0.9 lm for w¼ 2lm to D¼ 0.45 lm for

w¼ 1 lm. The domain walls are not observed, so they are

assumed to be extremely thin.

The narrower bars show a comblike domain structure27

with domains of irregular shape and elongated along the

[0001] direction (Fig. 4(e)). The complex comblike structure

FIG. 1. Ribbons oriented parallel (S1) and perpendicular (S2) to the crystal-

lographic c-axis; the [11-20] direction of the a-MnAs lattice.

FIG. 2. MFM images of MnAs/GaAs(001) ribbons confined in the [0001]

a-MnAs direction and measured at different temperatures (S1 series): (a)

w¼ 5 lm, T¼ 11 �C; (b) w¼ 5 lm, T¼ 43 �C; (c) w¼ 0.2lm, T¼ 11 �C;

and (d) w¼ 0.2 lm, T¼ 43 �C, respectively.

FIG. 3. Stripes period, km vs. ribbons width w. Data extracted from MFM

images taken at 17 �C (Fig. 2).
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had been already observed in some regions of MnAs thin

films and simulated by R. Engel-Herbert and coworkers.28

These domains appear to be the more stable structures for

sub-micrometric MnAs S2-ribbons and have a 3D texture.

The low-temperature domain structure of the larger bars

can be described by analyzing the energy balance between

demagnetizing and domain wall terms. The magnetostatic

energy density for a uniformly magnetized state depends

linearly on the demagnetizing factor, Nd. The value of Nd for

a rectangular prism in the limit of infinite length along one

direction (in our case x//[0001]) has been derived by Ahar-

oni.29 For a system magnetized along z, i.e., [11-20], the

demagnetization factor in the z-direction is given by

Nd;z ¼
1� p2

2p
:lnð1þ p2Þ þ p:lnðpÞ þ 2:arctan g

1

p

� �

; (1)

with p¼w/t. The demagnetizing factor in the x¼ [0001]

direction is neglected and thus the Nd,y¼ 1�Nd,z. The value

of Ndz increases with decreasing p, being almost equal to 0.5

for our narrower samples. Below a critical ribbon width, the

single-domain state energy at low temperatures is larger than

that of the multidomain state and the transition between both

configurations occurs. In the multidomain state, the magnetic

domains of thickness D point along the anisotropic easy-

axis. The size of the domains depends on the wall energy per

unit area c, the width of the ribbons w, and the saturation

magnetization MS. A rough estimation of D for a magnetic

slab is given by30

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cw

0:85M2
s

r

� 0:25 lm; (2)

taking c¼ 0.011 J/m2 (Ref. 27) and Ms¼ 4� 105A/m.17

The limit of the domain model is the case Ndy¼Ndz

� 0.5 and is reached for our narrower bars where in fact a

different domain structure is observed (see above). No

evidences of b phase are found at the surface of any of the

S2-ribbon at 11 �C. As the temperature is increased, the

magnetic domain structure in the larger ribbon evolves in the

same way as that of the film (Fig. 4(b)). At 17 �C, these rib-

bons show the typical corrugation of the a/b stripes arrays.

The mapping of surface stray fields indicate that at surface,

the fraction of magnetic moments pointing into and out of

the plane of the ribbons increases with temperature in the

narrower ribbons. Coelho et al.9 showed through a simple

calculation that out-of-plane domains are energetically

favorable than in-plane domains at high temperatures, when

the p¼wa/t ratio of the a stripes is smaller than 2.6. Our

results indicate that in spite of the fact that magnetization

tends to orientate out-of-plane due to the progressive

increase of the Nz/Ny ratio from 0 to 1, the structure of the

magnetic domains is not so simple as the one proposed in

Ref. 9 but have a 3D magnetic texture.27 In fact, our case is

rather different from that of Coelho’s: we have not found a

and b stripes in ribbons with w� 1lm when the temperature

of the samples is increased above 11 �C (Figs. 4(d) and 4(f)).

We assumed that as the ribbons widths are comparable to the

magneto-structural period, there is a rearrangement of the a

and b phases in a core-shell structure. The elastic energy in

these cases favours a sandwich geometry where the a phase

remains on the surface of the ribbon while the b one is

underneath, at the GaAs interface.24 We analyze the mag-

netic behaviour of MnAs ribbons as belonging from single

ferromagnetic slabs of effective thickness t*, being t*� t.

The easy-axis for magnetization in these slabs is dominated

by the shape anisotropy over the magnetic anisotropy of

MnAs.

At the highest temperatures, the S2-samples clearly still

show strong magnetized regions pinned at the edges of the

ribbons while they present a much smaller magnetic contrast

in their center. The smallest S2 ribbon (w¼ 300 nm) still

shows the characteristic magnetic contrast of an OP magne-

tized system. In this case, the magnetic configuration is sta-

ble up to higher temperatures than the non-structured film

because opposite magnetized elements stabilize each other

by dipolar interactions.

IV. CONCLUSION

In summary, we have revealed that the confinement of

MnAs ribbons down to the sub-micrometric scale along the

[0001] serves to stabilized the low-temperature ferromag-

netic phase up to higher temperature than in thin films. These

samples exhibit a more stable configuration of the stripes

FIG. 4. MFM images of MnAs/GaAs(100) ribbons confined along the

[1120] axis measured at differente temperatures (S2 series): (a) w¼ 5 lm,

T¼ 11 �C; (b) w¼ 5 lm, T¼ 43 �C; (c) w¼ 2 lm T¼ 11 �C; (d) w¼ 2 lm

T¼ 43 �C; (e) w¼ 0.5lm T¼ 11 �C; and (f) w¼ 0.5lm T¼ 11 �C.
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array as a function of temperature, compared to the continu-

ous films. On the other hand, we show that confinement of

MnAs ribbons to the microscale has strong effects on the do-

main structure of the samples. By nanostructuring MnAs

films, we succeeded in isolating different types of magnetic

domains, energetically favorable for particular sizes of rib-

bons. Otherwise, a mixture of these domains would be

observed in continuous films. As the ribbons width of sam-

ples oriented along the [0001] direction is reduced, a change

from a uniformly magnetized state into a multidomain state

is observed. Two clearly different multidomain states can be

identified depending on the size of the ribbons: rectangular

and comblike ones. Moreover, as the temperature increases

the comb-like structure progressively evolves to an assembly

of out-of-plane magnetized domains. The results are

explained in terms of changes of the magnetostatic energy

with the aspect ratio of the ribbons and also intimately linked

to the tensions induced by the substrate. Our results highlight

the critical role of the anisotropic size effects in the system

when it comes to the magnetic behaviour and thermal stabil-

ity of the magneto-structural properties of MnAs/GaAs(100)

micro-sized patterns.
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