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Temperature evolution of self-organized stripe domains in ultrathin Fe films on MnAs/GaAs(001)
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A detailed investigation of the magnetic behavior of an ultrathin Fe film epitaxially grown onto MnAs/
GaAs(001) is performed by means of both ferromagnetic resonance (FMR) and magneto-optical Kerr-effect
(MOKE) experiments, as a function of temperature. When the MnAs underlayer is fully in the hexagonal
ferromagnetic « phase (at low temperature) or in the orthorhombic non magnetic 8 one (at high temperature),
the magnetic behavior of the Fe film is found to be nearly the same and independent of the substrate. In
contrast, at intermediate temperatures, when the MnAs underlayer presents a self-organized phase consisting of
a-MnAs and B-MnAs striped domains, the Fe film is strongly influenced by the dipolar (stray) fields arising
from the substrate. As a consequence, the Fe film breaks in two distinct families of striped domains. Theoret-
ical analysis of the FMR data in the whole investigated temperature range is performed using a free-energy
density model which provides an accurate determination of the temperature-dependent magnetic parameters.
Furthermore, the mechanism of magnetization reversal has been analyzed as a function of temperature by
MOKE. The evolution of the magnetization curves can be satisfactory interpreted starting from the main
achievements of the theoretical analysis of FMR data.
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I. INTRODUCTION

The search for spatially self-organized nanostructures has
received strong impetus owing to their potential use as stor-
age media in magnetoelectronic devices,' as well as due to
their relatively straightforward growth. In this context,
MnAs/GaAs(001) thin films show an interesting self-
organization phenomenon, induced by a temperature change
around room temperature, that involves both structural and
magnetic transformations.? In fact, the difference between
the thermoelastic coefficients of MnAs and GaAs induces a
strain in the MnAs layer. Therefore, in the neighborhood of
the magnetostructural transition (7-=313 K) of bulk
MnAs,? the elastic energy of the MnAs film is minimized
through self-organization in a regular array of stripes that
alternate two component phases. The two phases are found to
coexist in a temperature range of about 40 K around room
temperature. They differ in both the structural and the mag-
netic properties: the low-temperature « phase is hexagonal
and ferromagnetic while the high-temperature [ phase is
orthorhombic and nonmagnetic. The two phases display dif-
ferent heights at the film surface, as it is sketched in Fig.
1(a): the a phase corresponds to ridges, the B phase to
grooves. The period p and height / of the stripes are deter-
mined by the MnAs thickness ¢: p~4.8¢t and h=0.01¢. For a
given thickness, the sample temperature determines the rela-
tive width of a and B stripes within the coexistence
region.>*10 Furthermore, MnAs/GaAs(001) as a magnetic
template presents interesting properties for being used in de-
vices with external control capabilities, both in order to en-
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code information (writing process) and to recover data (read-
ing process). In Ref. 11, an MnAs/GaAs(001) film was used
as a template for growing an ultrathin Fe film. With respect
to the direction of the substrate magnetization, the Fe mag-
netization was found to switch from parallel to antiparallel,
and back to parallel, upon increasing the sample temperature
from 293 to 313 K (a temperature range comprised within
the coexistence region of the & and B phases of MnAs). The
effect was successfully explained!! by considering the stray
field generated by the finite size of the a-MnAs stripes [see
Fig. 1(a)]: the @-MnAs magnetization is substantially within
the film plane and perpendicular to the stripes so that, at the
border between two stripes, “magnetic poles” are created.
This means that the switching of the Fe magnetization is
driven by effective magnetic fields arising from the
temperature-dependent magnetic structure of the self-
organized MnAs/GaAs(001) template. A straightforward ap-
plication of the temperature control of the Fe magnetization
without applying any magnetic field was reported in Ref. 12
where the idea of a magnetically active template was intro-
duced.

More recently, some of us exploited Brillouin light scat-
tering (BLS) to perform a quantitative analysis of the spin-
wave frequencies in Fe/MnAs/GaAs(001).'3 This allowed us
to achieve a quantitative estimate of the stray fields produced
by the @-MnAs stripes at two different sample temperatures.
During the coexistence of the MnAs stripes, it was found that
the Fe/MnAs/GaAs(001) system behaves as an array of al-
ternated Fe/a-MnAs and Fe/B-MnAs stripes. We argued'?
that a domain-wall structure at the Fe stripe edges isolates,
both statically and dynamically, adjacent Fe stripe domains
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FIG. 1. (Color online) (a) Schematic view of the investigated
system, a 4-nm-thick Fe film epitaxially grown on MnAs/
GaAs(001). The magnetic force lines in the Fe overlayer, according
to the stray field model, are also displayed. (b) TEM image of
Al-capped Fe/MnAs/GaAs(001) taken along [0001] zone axis (¢
axis) of MnAs. (c) Reference frames for the magnetization of Fe
(left) and that of a-MnAs (right).

in a manner analogous to a “lateral” exchange spring.

Moreover, a preliminary study of the system was per-
formed by using ferromagnetic resonance (FMR) experi-
ments in the temperature range where the « and 3 phases of
MnAs coexist.'* The resonance field, linewidth, and shape of
the Fe line were found to be strongly altered, and a non-
monotonic temperature behavior of the Fe resonance field
was observed in a few kelvin range.'*

In this work, we present a systematic study of the mag-
netic properties of the Fe/MnAs/GaAs(001) system in a wide
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range of temperatures by using two complementary tech-
niques: FMR and magneto-optic Kerr effect (MOKE). From
a quantitative analysis of the FMR experimental results, we
extracted the temperature dependence of the magnetic
anisotropies of the Fe layer, as well as of the stray fields
produced on the Fe overlayer by the MnAs/GaAs(001) tem-
plate in the striped phase. The MOKE technique was then
exploited to study the influence of the magnetostructural
properties of the MnAs substrate on the magnetization rever-
sal process of the Fe film.

The paper is organized as follows. In Sec. II, details about
sample preparation and experimental techniques are pro-
vided. Sections III-V are devoted to the presentation of ex-
perimental data and the discussion of results. Finally, the
conclusions are drawn in Sec. VL.

II. EXPERIMENTAL

The sample was prepared by molecular beam epitaxy
(MBE). After oxide desorption under As flux, a thick GaAs
buffer layer was grown on the GaAs(001) substrate at 833 K
in As-rich conditions. The sample temperature was then re-
duced to 503 K. The growth of the 140-nm-thick MnAs film
followed the procedure described by Tanaka et al.' to obtain
an MnAs film with A orientation, as it was confirmed in situ
by reflection high-energy electron diffraction (RHEED)
analysis and ex situ by x-ray diffraction. Keeping the ultra-
high vacuum, the sample was moved to another chamber and
a 4-nm-thick Fe layer was deposited by using a Knudsen cell
on the MnAs substrate kept at 423 K, a temperature where
MnA:s is single phased (y phase) and does not display any
stripe pattern. A half of the same MnAs substrate was
not exposed to the Fe evaporation to serve as a reference
sample. In situ RHEED and ex situ transmission electron
microscopy (TEM) analysis showed that Fe epitaxially

grows on MnAs, with (211)gll(1100)yall(001)Gass and

[111]5/I[0001 Jpguasl[110]Gaass as shown in Fig. 1(b). Fi-
nally, the Fe layer was capped by 2 nm of Al for protection
during the transportation in air.

The FMR measurements were performed in an ESP-300
Bruker spectrometer operating at a microwave frequency of
9.45 GHz (X band). Measurements with the static magnetic
field H rotating in the plane of the samples [varying the angle
¢y in Fig. 1(c)] were done, with the aim of characterizing
the Fe magnetic anisotropy and the effective magnetic cou-
pling between Fe and MnAs. Detailed temperature-
dependent measurements were performed, in the temperature
range between 240 and 340 K. Hysteresis loops have been
measured with a conventional MOKE apparatus based on a
photoelastic modulator, working in longitudinal configura-
tion (i.e., with the external field parallel to the sample surface
and to the plane of incidence of light). In this configuration,
the signal collected from a photodiode is proportional to the
in-plane component of the magnetization parallel to the ap-
plied field. Measurements as a function of the temperature
have been performed placing the sample inside a cryostat
whose temperature can be set in the range (100-500) K. For
each temperature, we measured two hysteresis curves chang-
ing the position of the focused light spot on the sample. In
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FIG. 2. (Color online) Left panel: resonance field, H]:e, of Fe
versus ¢y, azimuthal angle of the in-plane applied field, for three
different sample temperatures. The lines through the experimental
points are the simulation results. (a) 7=273 K (pure a-MnAs
phase); (b) T=305 K (striped phase, the arrows indicate the two Fe
resonance modes) ; (¢c) 7=325 K (pure B-MnAs phase). Right
panel: FMR spectra, taken at fixed angle ¢y=0° at the same
temperatures.

the first position, we measured the bare MnAs substrate
while in the second one, we measured the complete Fe/
MnAs heterostructure.

III. FMR STUDY

In Fig. 2, we show three typical FMR spectra as well as
the resonance field of the Fe layer, er, as a function of the
azimuthal angle, ¢y, defined in Fig. 1(c). The measurements
have been performed applying the magnetic field in the
sample plane (65=90°). The data refer to three sample tem-
peratures corresponding to different magnetostructural states
of the MnAs/GaAs(001) template.

One immediately observes that both the angular depen-
dence of the resonance field and the shape of the FMR spec-
trum display a quite similar behavior at low [Fig. 2(a)] and
high [Fig. 2(c)] temperature, when the MnAs substrate is
fully in the a phase and in the B phase, respectively. The
maximum in the angular dependence of H'®, observed at

¢y=90°, signals that the [ 111 ], crystallographic direction is
a hard magnetic axis for the Fe film, both for low (T
=273 K) and for high temperatures (7=325 K).!® At an in-
termediate temperature (7=305 K), characterized by the co-
existence of a-MnAs and -MnAs stripes in the substrate,
the FMR response of the Fe overlayer totally changes [Fig.
2(b)]. In fact, the Fe signal becomes more noisy and a second
broad and weak Fe mode appears in the FMR spectra, taken
applying the magnetic field in a range of angles around ¢y
=0°. Remarkably, if one looks at the behavior of the most

intense peak, the [111]g, crystallographic direction along
which the stripe pattern is aligned [the y axis in Fig. 1(c)]
becomes an easy magnetization direction for Fe: in fact, a
minimum is now observed at ¢5=90° in the angular depen-
dence of H™.
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FIG. 3. (Color online) Fe resonance field, er, versus tempera-
ture, for magnetic field applied within the film plane along (hollow
blue circles, ¢y=90°) and perpendicular to the stripes direction
(hollow red triangles, ¢5=0°). The black lines are guide to the
eyes. It is apparent that, outside the coexistence region (gray-
shadowed area), er presents the same linear behavior, for a fixed
field orientation. The spare and dense dotted areas correspond to the
temperature ranges where there is an appreciable influence of the
dipolar fields, due to the stripe formation, on the measured frequen-
cies. In the dense dotted area, two distinct peaks are detected for

éy=0°.

In Fig. 3, er is plotted versus temperature, for the mag-
netic field applied either perpendicular (¢y=0°, triangles) or
parallel to the stripes (¢y=90°, circles). Between about 240
and 285 K, when the MnAs substrate is fully in the « phase,
Hl:e presents a monotonous, linear dependence on tempera-
ture for both the measured H directions. For the field applied
along the x direction (¢;=0°), the slope is small and positive
while it is small and negative for the field applied along the
y direction (¢5=90°). The same linear trend is also observed
for temperatures higher than about 320 K, when the MnAs
template is fully in the B phase. The black lines through the
points in Fig. 3 clearly show that the resonance fields have
the same monotonous temperature behavior both before and
after the coexistence region.

Within the coexistence of the a and S phases in the MnAs
template (for T between about 285 and 320 K, gray-
shadowed areas in Fig. 3), er shows a more complicated
temperature behavior. At the initial stage of the MnAs tran-
sition, for 7 between 285 and 293 K, the resonance field er
continues to follow the linear trend for both the field orien-
tations. Upon increasing the sample temperature, for 7 be-
tween 295 and 315 K (dotted areas in Fig. 3), the behavior of
H'® dramatically changes. When H is applied at ¢,=0° (up-
per panel in Fig. 3), H™® starts to increase very rapidly with
temperature, reaching a value of about 2.1 kOe for T
=310 K.'7 At a temperature of 304 K, a second Fe mode
appears in the spectra (dense dotted area). The resonance
field of this peak starts from a value of about 0.2 kOe at T
=304 K and increases with temperature up to recover the
linear trend (with a small, positive slope).
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When H is applied at ¢y=90° (lower panel in Fig. 3),
instead, we always observe only a single Fe mode. In the
temperature range between 295 and 304 K (spare dotted
area), H-® rapidly decreases, up to attain a minimum of
nearly 0.7 kOe at 304 K. For temperatures higher than 304 K
(when two Fe modes appear in the case ¢,=0°), H'® starts
increasing (dense dotted area) up to recover the linear trend.

Lastly, at the final stage of the MnAs transition (for T
between 315 and 320 K), HI:C follows, for both the field
orientations, the linear trends observed outside the region of
the stripe coexistence.

In the next two sections, we present a quantitative inter-
pretation of the above-discussed experimental data.

A. Uncoupled region

We start by modeling the Fe behavior outside the tem-
perature range where the MnAs stripes appear (uncoupled
region, white areas in Fig. 3). In this case, the Fe behavior is
substantially independent of the structural and magnetic state
of the substrate, as it is put in evidence by the black lines in
Fig. 3. In order to determine the magnetic parameters of the
Fe layer from the experimental data, one can proceed as
usual by considering the free-energy density of an ultrathin
epitaxial Fe(2,-1,1) film,'8

1 26\, (2K
F=-My|(@4mM)—|—| |cos” - sin? 6 cos® ¢
2 M, M,

1

2
12<M )[3 cos* §— 412 cos? Osin ¢ sin 6

+6 cos® 6 sin® 6 cos® ¢

+ 12\6 cos @sin ¢ sin® 6 cos® ¢+ sin* (4 sin* ¢
+3 cos* qS)]} — M H[cos 6 cos 6+ sin 6 sin 6y cos(¢

_d)H)]’ (1)

where M, is the saturation value of the Fe magnetization
vector, M, while 6 and ¢ are the angles that M forms with
the z and x axes, respectively [Fig. 1(c), left]. In Eq. (1), the
first term Hg,=4mM, is the shape anisotropy field corre-
sponding to a thin film while the second one, H | =2K | /M,
is the interface anisotropy field arising from the broken trans-
lational symmetry along the film normal, z.

Such effective magnetic fields are competitive since they
attempt to orient the magnetization parallel (#=90°) and per-
pendicular (6=0°) to the film plane, respectively. However,
our measurements indicate that M lies in the xy plane.

The magnetocrystalline anisotropy field Hx=2K,/M, in-
stead, tends to align the Fe magnetization in plane along ¢
==*41°. Eventually, the in-plane uniaxial anisotropy field,
H,=2K,/M,, favors the [011]g, in-plane direction (¢=0°),
which is perpendicular to the direction along which the
MnAs stripes develop. It has been found in previous works
that this uniaxial anisotropy is induced in the Fe film by the
morphology of the MnAs substrate.!!

The last term in Eq. (1) is the Zeeman interaction of M
with an external magnetic field H, applied at angles 6y and
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FIG. 4. (Color online) Temperature dependence of magnetocrys-
talline (K;) and in-plane uniaxial (K;) anisotropy constants. Inset:
temperature dependence of the uniaxial out-of-plane anisotropy K | .
All the plotted lines are obtained by a linear regression procedure
on the relative set of data points. The shadowed area correspond to
the temperature interval where coexistence of a-MnAs and
B-MnAs occurs.

¢y with the z and x axes, respectively [Fig. 1(c), right].

The resonance frequency, w,, of a ferromagnetic system is
provided in terms of the second derivatives of its free-energy
density by the Smit-Beljers equation,'”

(&)2_;
y)  M?sin® 0

where yls the gyromagnetlc ratio (y=2.1 GHz/kOe for Fe),
and F F Foy=2L
06~ o‘92 > D= a¢2 > 0= 960¢-

In order to calculate the resonance field, H , versus the
azimuthal angle, ¢y, the expression (2) must be evaluated at
the equilibrium positions of Fe magnetization vector, deter-
mined by minimizing the energy density F. er is obtained
by applying a self-consistent scheme to solve the nontrivial
system obtained from Egs. (1) and (2). Using the mentioned
procedure to calculate the resonance field, the experimental
data in Fig. 3 were fitted in the temperature regions outside
the interval of coexistence of the « and 3 phases. The tem-
perature evolution of the magnetic anisotropy constants ob-
tained by this analysis is displayed in Fig. 4.

It appears that the magnetocrystalline (K;) and the in-
plane uniaxial (K;) anisotropy constants are of comparable
strength, as expected in an ultrathin magnetic film,??' and
present a linear decrease with increasing temperature in the
whole investigated range, independently of the state of the
underlying MnAs phase. This is similar to the temperature
evolution of the uniaxial anisotropy of an Au-capped, 3-ML-
thick Fe film on GaAs substrate.?? For bulk systems of local-
ized spins, theoretical calculations predict a power-law de-
crease in the anisotropy constants with increasing
temperature.”> However, for ultrathin films, owing to their
reduced dimensionality, the temperature dependence of the
magnetization is known to be different with respect to bulk
samples,?*?! thus the open question exists if such a power
law still holds.

[F o6F g — (F )], (2)

094423-4



TEMPERATURE EVOLUTION OF SELF-ORGANIZED...

In our system, the magnetocrystalline anisotropy constant
is found to assume values (K; ~ 1 X 10° erg/cm?) nearly five
times smaller than the cubic anisotropy of bulk Fe (Kll’“"‘
=4.8%10° erg/cm?).?* On the other hand, the out-of-plane
anisotropy parameter presents a nearly constant value, K|
~5X10° erg/cm?, for the whole temperature range (see in-
set of Fig. 4). It is worth observing that similar values for the
in-plane and out-of-plane anisotropy were found® in the pre-
vious study performed by BLS technique.'?

B. Coupled region

The analysis of the FMR results for 7 in the range be-
tween 295 and 315 K (coupled region) has been performed
by adding to the model an effective magnetic coupling be-
tween the Fe film and the MnAs substrate, due to the stray
fields produced by the latter. As shown in a previous work,'3
the a-MnAs stripes generate two stray fields: a bias field,
H,;,s» which acts on the Fe regions put on top of the S-MnAs
stripes and tends to align the Fe magnetization parallel to
that of a-MnAs stripes, and a demagnetizing field, H.p,,
which acts on the Fe regions on top of the a-MnAs stripes
and tends to align the Fe magnetization antiparallel to that of
a-MnAs stripes [Fig. 1(a)]. Note that in our FMR measure-
ments only the x component of such stray fields are effective
on the Fe layer. In fact, since the saturation of MnAs mag-
netization along the stripes axis (y) occurs for fields (
~30 kOe) (Ref. 26) much higher than those used in the
FMR experiments, the MnAs magnetization is always con-
fined in the vertical plane (xz).

From the temperature dependence of er (Fig. 3), one can
deduce that the upper mode observed for ¢»=0°, corresponds
to Fe/a-MnAs domains, while the lower mode to
Fe/B-MnAs ones. Thus, in the coupled region, the following
expression was assumed for the free-energy density of the
two-phase system:

FY(T)=F(6,,¢,,T) — M Hy,,, sin 6, cos ¢, + F(0,,p,,T)
- M H},, sin 6, cos ¢», (3)

where F(6;,¢;,T) is the free-energy density, given by Eq.
(1), of a given type of Fe domains (i=1 refers to Fe/ 8-MnAs
and =2 to Fe/ a-MnAs) in the absence of coupling with the
MnAs substrate; Hy;,, and Hj,,, denote, respectively, the x
components of the stray fields [Fig. 1(a)].

It should be noted that no direct exchange interaction be-
tween the magnetization of Fe/@-MnAs and that of
Fe/B3-MnAs was assumed in Eq. (3). Such an approximation
is supported by recent BLS measurements in the same
system,'? suggesting that a domain-wall structure at the Fe
stripe edges isolates (both statically and dynamically) adja-
cent Fe stripe domains in a way analogous to a lateral ex-
change spring. The shape anisotropy of the Fe stripes was
also neglected.?’

Considering that in our FMR experiment, the Fe magne-
tization is always parallel to the direction of the applied field,
(¢;= ), the spin-wave frequency of a Fe stripe, wfj, ob-

tained from the Smit-Beljers Eq. (2), can be expressed as
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FIG. 5. (Color online) Temperature dependence of the stray
fields produced, in the striped phase, by the magnetization of the
MnAs/GaAs(001) template on the ultrathin Fe overlayer. Hy.y, is
the stray field acting on Fe/@-MnAs, and Hy;, is the stray field
acting on Fe/B-MnAs.

Fe \ 2
(—') - {Hfj:+ (4mM—H ) + Hy cos® ¢+ Hy,; cos ¢b;
5 ‘ :
1
¥ EHK(“ cos? ¢; -7 cos* ¢i—4)} X {Hf,?

1
+ Hj cos(2¢) + Hy;; cos ¢; + EHK(ZQ cos’ ¢,

1
- 28 cos* ¢, — 4)} - 5H§(9 cos® ¢, — 12 cos* ¢

+4 cos® ¢), 4)
where Hg =Hy,, and Hy,=Hy, (e, i=1 refers to

Fe/B-MnAs,and i=2 to Fe/a-MnAs). The temperature de-
pendence of the stray fields was numerically obtained from
Eq. (4) by using the anisotropy parameters taken outside the
striped region (Fig. 5). A detailed discussion of their evolu-
tion will be given in Sec. V.

IV. MOKE STUDY

A complementary investigation of the behavior of the Fe
layer was achieved by measuring the magnetization curves in
the temperature range between 255 and 326 K, using the
MOKE technique. For the sake of comparison, in addition to
the Fe/MnAs/GaAs(001) system, we also measured the bare
MnAs/GaAs(001) template, with the same thickness of the
MnAs layer.

In Fig. 6, a selection of the hysteresis loops, obtained by
applying an in-plane field H in the x direction (i.e., perpen-
dicular to the [0001 Jyas axis, along which the MnAs stripes
develop), is reported for both the MnAs/GaAs(001) template
(full dots) and the Fe/MnAs/GaAs(001) system (open dots).
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FIG. 6. (Color online) MOKE loops of the MnAs/GaAs(001) template (full symbols) and of the Fe/MnAs/GaAs(001) system (open
symbols), measured at different sample temperatures 7. The external magnetic field H was applied in plane along the x direction (i.e.,
perpendicular to the [0001 ]y, axis along which the MnAs stripes develop). Insets of figures: STM images of the 140-nm-thick MnAs/
GaAs(001) template, obtained in constant current mode. Light-orange regions correspond to @-MnAs and dark-orange ones to S-MnAs. The

scale bar represents 1 um.

Let us first comment the evolution of the hysteresis cycles
relative to the bare MnAs/GaAs layer. For sample tempera-
ture T lower than about 285 K, when the MnAs template is
fully in the ferromagnetic « phase, it exhibits a well squared
loop with high remanence and small coercive fields (a few
oersted), a behavior typical of an easy direction [Fig. 6(a)].

In the temperature range between about 285 and 305 K,
when the nonmagnetic S stripes start to appear, the cycles
retain a squared shape but their coercive field increases from
=20 to =70 Oe, suggesting that the nucleation of S stripes
makes the reversal of magnetization more difficult [Figs.
6(b)—6(e)].2

On increasing 7 above 305 K, instead, the hysteresis
cycles of MnAs/GaAs(001) exhibit a complicated shape,
characterized by a reduced value of the remanent magnetiza-
tion, and by a further rapid increase in the coercive field,
which attains a value of about 600 Oe at T=315 K [Figs.
6(f) and 6(g)]. Such a behavior, similar to that observed in
previous works,”® is related to the formation of a complex
multidomain structure during the reversal of the MnAs mag-
netization. In fact, when the aspect ratio r (i.e., the ratio
between the width and the thickness) of an a-MnAs stripe
becomes smaller than a critical value (=3), one finds that a
multidomain configuration is energetically favored with re-

spect to an in-plane monodomain one. This complex con-
figuration, which has been also studied in previous works,
suggests that both in-plane and out-of-plane domains are
involved.”® Eventually, when the temperature approaches the
transition to the fully B phase (above 318 K), there is no
room for a multidomain structure anymore and the loop
shape comes back to be rather squared [Fig. 6(h)].

The above discussed complex magnetization reversal pro-
cess of MnAs/GaAs(001) reflects itself also on the hysteresis
loops relative to the whole Fe/MnAs/GaAs(001) system, as
detailed in the following. At low temperature (7<285 K,
when the MnAs template is fully in the a ferromagnetic
phase, the Fe/MnAs/GaAs(001) system shows a squared hys-
teresis cycle, indistinguishable from that of the MnAs sub-
strate.

At the onset of the MnAs transition (7=285-295 K), a
double step is seen in the hysteresis loop since the coercive
field of Fe is significantly lower than that of MnAs. This
indicates that the magnetization reversal of the Fe layer re-
mains almost unchanged by the MnAs transition, and Fe/
MnAs/GaAs behaves as a two-phase system, with indepen-
dent switching fields along the easy magnetic direction

[Fig. 6(b)].
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On increasing the sample temperature between 300 and
308 K, the cycles can still be seen as the superposition of the
MnAs and the Fe ones but the Fe behavior changes dramati-
cally. The horizontal plateau widens, following the coercive-
field increase in MnAs, while the transition associated with
the Fe film becomes smoother and smoother, indicating a
coherent rotation of its magnetization [Figs. 6(c)-6(e)].

Eventually, for sample temperature higher than about 308
K, the Fe/MnAs/GaAs(001) hysteresis loops undergo a fur-
ther evolution [Figs. 6(f)—6(h)]. In addition to the irreversible
transition related to the MnAs substrate, one can recognize
two transitions associated with the Fe layer: a reversible ro-
tation and an abrupt jump of the magnetization around 0 Oe.
In light of the above presented FMR results, the reversible
rotation can be ascribed to the Fe regions put on top of
a-MnAs stripes while the abrupt jump is due to the Fe re-
gions put on top of S-MnAs stripes. Finally, when the MnAs
transition to the non magnetic phase is accomplished, the
Fe/MnAs/GaAs(001) system shows a squared loop typical of
an easy direction [Fig. 6(i)] while no magnetic signal is de-
tected any more from the MnAs/GaAs(001) substrate [inset
of Fig. 6(i)].

V. DISCUSSION

The temperature evolution of the stray fields shown in
Fig. 5, obtained by the quantitative analysis of the FMR
measurements, together with the discussed evolution of the
hysteresis cycles measured by MOKE, allow us to explain in
detail the Fe properties in the temperature region of coexist-
ence of the a and B phases.

At the onset of the MnAs transition (7<<295 K, when the
B phase starts to appear but the striped pattern is not well
outlined, the stray fields produced by the @-MnAs stripes are
very feeble. As a consequence, the Fe layer is unaffected by
the MnAs phase transition and behaves as a continuous film,
with the easy magnetic axis perpendicular to the direction of
the stripes. In the temperature range between 295 and 302 K,
when the striped pattern becomes better defined but the
a-MnAs phase is still predominant, the Fe layer continues to
behave as a uniform film but its magnetic properties dramati-
cally change, i.e., |H},,| grows significantly (Fig. 5). As a
consequence, when the field is applied along this direction,
the resonance field H™® increases monotonously with tem-
perature (Fig. 3 upper panel). In agreement with this obser-
vation, also the magnetization reversal proceeds through a
coherent rotation, which leads to antiparallel alignment be-
tween the magnetization of the Fe overlayer and that of the
MnAs substrate. In this temperature region, the domain-wall
structure at the Fe stripe edges is not effective in order to
magnetically isolate the two kinds of domains; then the be-
havior of the Fe film is driven by the Fe/ a-MnAs domains,
which are wider than the Fe/3-MnAs ones.

Eventually, on increasing sample temperature, the width
of B-MnAs stripes increases and also Hy;,, starts to become
effective. At this stage, Fe/ a-MnAs regions and Fe/ 3-MnAs
ones behave as two distinct magnetic domains. We must note
that there is a slight discrepancy concerning the exact value
at which evidence of two distinct Fe phases is provided: in
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FIG. 7. (Color online) MOKE loops of the MnAs/GaAs(001)
template (full symbols) and of the Fe/MnAs/GaAs(001) system
(open symbols), measured at sample temperatures 7=315 K.
Sketches of the magnetization configuration are reported in the
insets.

the FMR spectra the two Fe modes appear at 7=304 K
whereas two distinct Fe magnetization reversals are visible
only above 7=308-310 K in the MOKE measurements.
This slight discrepancy is probably due to the fact that the
magnetization reversal mechanism of Fe/S3-MnAs is driven
by that of the a-MnAs stripes up to 7=310 K. It is only
when the value of Hy;,, becomes smaller than the coercive
field of MnAs, that the MOKE technique becomes sensitive
to the existence of the Fe/ 8-MnAs domains. In this regard,
the FMR technique proved to be a more sensitive tool for
detecting the incipient Fe/ 8-MnAs domains.

Concerning the evolution of the FMR peaks, the reso-
nance field of the peak associated with Fe/a-MnAs regions
increases with temperature (upper panel of Fig. 3) because
the combined effect of Hj,,, and of the MnAs morphology
makes the direction perpendicular to the stripes harder and
harder for such domains. On the contrary, the resonance field
of the peak associated with the Fe/3-MnAs regions assumes
small values because, for the latter magnetic domains, the
direction perpendicular to the stripes is an easy axis owing to
the effect of both the in-plane magnetic anisotropy and Hy;,.
On increasing temperature, the resonance field of this mode
begins to increase since, as the 3 stripes gradually widen, the
system tends to the behavior of the continuous film. Interest-
ingly, in this temperature range the magnetization alignment
of adjacent Fe regions switches from a parallel to an antipar-
allel configuration only changing the intensity of the external
applied field. This behavior can be clearly observed in the
hysteresis loop measured at 315 K, which is shown in Fig. 7
together with the magnetization configuration of the various
domains at different stages of the reversal process. For posi-
tive saturation, the magnetizations of the two Fe regions are
parallel to each other, and to the magnetization of a-MnAs
stripes in the substrate. Upon decreasing the external field,
the magnetization of the Fe/a-MnAs stripes starts to rotate
due to the effect of Hyp,, until an antiparallel alignment is
realized with the magnetization of both the underlying
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a-MnAs stripes and of the adjacent Fe/3-MnAs stripes (the
latter remain aligned with the external field). Around zero
field, also the Fe/ B8-MnAs stripes switch their magnetization,
through an irreversible jump, and a parallel alignment of the
two families of Fe domains is recovered again. On further
reducing the magnetic field, one can observe (at about
—600 Oe) the MnAs reversal, which in turn induces a new
reversal of Fe/a-MnAs via Hg.,,. The negative saturation of
the whole system is reached through a coherent rotation of
Fe/ a-MnAs.

Finally, let us briefly discuss the Fe behavior when the
magnetic field is applied along the direction parallel to the
stripes [lower panel of Fig. 3]. Since in the FMR experi-
ments, the Fe magnetization is parallel to the external mag-
netic field, it is clear from Eq. (4) that in such a configuration
the action of both Hy;,, and Hg., is null. Therefore, in the
whole temperature range we observed only a single peak,
whose temperature evolution is affected only by the shape
anisotropy induced by the striped morphology. For sample
temperature lower than about 300 K, the resonance field er
decreases with increasing temperature since the effect of the
substrate morphology makes the direction parallel to the
stripes more favorable for both Fe/a-MnAs and SB-MnAs
regions. In contrast, for sample temperature higher than
about 304 K, the FMR behavior is dominated by the
Fe/B-MnAs stripes: er grows with increasing temperature
because the B-MnAs stripes become wider and wider, until
the system eventually recovers the behavior of the continu-
ous film.

As a conclusive remark, it has to be noted that the effect
of the MnAs transition on the resonance field of Fe is much
more pronounced along the easy direction than along the
hard one. This indicates that the stray fields are the main
responsible of the Fe behavior during the coexistence of the
two magnetic phases whereas the shape anisotropy of Fe
stripes has a minor influence.
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VI. CONCLUSIONS

The complex magnetic behavior of an ultrathin Fe film
epitaxially grown onto MnAs/GaAs(001) has been investi-
gated by means of FMR and MOKE experiments. The MnAs
substrate is characterized by a magnetostructural phase tran-
sition that leads to a self-organized stripe pattern in a finite
temperature range. During the coexistence of the « and B
MnAs stripes, the Fe film is strongly influenced by the dipo-
lar (stray) fields arising from the substrate, showing the co-
existence of two distinct families of striped Fe domains. The
theoretical analysis of the FMR data of the Fe overlayer has
been performed, in the whole investigated temperature range,
using a free-energy density model which allows an accurate
determination of temperature-dependent magnetic param-
eters (both anisotropy constants and stray fields). Further-
more, the hysteresis loops indicate that, at the beginning of
the MnAs phase transition, the magnetization reversal occurs
through a coherent rotation, leading to an antiparallel align-
ment between the magnetization of the Fe overlayer and that
of the MnAs substrate. On the contrary, when the stripe pat-
tern is well defined, the magnetization reversal of the
Fe/a-MnAs and Fe/B-MnAs domains takes place through
two different and independent mechanisms. This temperature
evolution of the Fe magnetization curves has been explained
taking into account the effect of the stray fields produced by
the @-MnAs stripes.
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