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Fe/MnAs/GaAs(001), a prototypical system for thermally assisted magnetization reversal, is studied by
magneto-optical Kerr effect measurements. The results show that it is possible to recover elemental sensitiv-
ity from magneto-optical measurements when both Kerr rotation (θK) and Kerr ellipticity (ϵK) are measured
under the same conditions. Both Fe and MnAs magnetic cycles can be extracted from simple linear combina-
tions of θK and ϵK cycles. The data analysis shows that the orientation of the Fe magnetization at remanence
can be controlled through the temperature of the system as a result of the peculiar temperature dependent
self-organized stripes pattern in MnAs/GaAs(001).

MnAs, a ferromagnetic metal at room tempera-
ture, has attracted considerable interest since the first
demonstration of epitaxial integration on semiconducting
substrates1,2. In the bulk, MnAs displays a first order
magneto-structural phase transition at 313 K from the
α-phase (hexagonal, ferromagnetic) to the β-phase (or-
thorhombic, not ferromagnetic). When MnAs is epitax-
ied on GaAs(001), the α-β phase transition is perturbed
and the two phases coexist between ∼10 and 40◦C in
the form of a self-organized pattern of α and β stripes
running along the hexagonal MnAs [0001] axis.2–11 The
pattern has a well-defined period, proportional to the
film thickness. Due to the difference of lattice parame-
ters of α-MnAs and β-MnAs, a modulation of the layer
thickness occurs as depicted in Fig. 1. In the 10-40◦C
temperature region, the period remains constant and the
α phase proportion decreases continuously from 1 to 0.

Recently, the potentialities of the MnAs/GaAs(001)
system as a magnetically active template were
explored.12–17 It was shown that the magnetization of the
Fe overlayer can be controlled quasi-statically through a
fine tuning of the temperature.12–16 It was also shown
that the Fe magnetization reversal can be triggered lo-
cally by a single femtosecond laser pulse17. The princi-
pal features of the striped pattern of MnAs/GaAs(001)
remain unaffected in Fe/MnAs/GaAs(001) except for a
variation of the period.18 The mechanism at play in the
reversal is illustrated in Fig. 1. Due to the modula-
tion in height and magnetic properties related to the α-β
striped pattern, the dipolar field at the surface will act on
the Fe overlayer. The temperature dependent α/β phase
fraction tunes the amplitude of the dipolar field, which
eventually leads to a controlled reversal of the Fe layer
magnetization. Up to now such a process has essentially
been studied by means of x-ray spectroscopy techniques
that rely on large scale facilities to provide the elemental
selectivity necessary to disentangle the magnetic contri-
butions from MnAs and Fe. Here, we demonstrate that
it is possible to retrieve the magnetic contributions from

Fe and MnAs and to study the reversal of the magneti-
zation as a function of the temperature using magneto-
optical Kerr effect (MOKE) measurements at a single
wavelength.

The Fe/MnAs/GaAs(001) heterostructure was grown
by molecular beam epitaxy (MBE) as described in previ-
ous works. We just recall briefly the principal steps here.
GaAs substrates were first deoxidized under As overpres-
sure followed by a GaAs buffer layer growth in standard
conditions. The growth of a 200 nm thick MnAs epilayer
was performed under As rich conditions. The epitaxial
relationship was checked by reflection high energy elec-
tron diffraction. MnAs displayed a single domain epi-
taxy from the beginning of the growth with [0001]MnAs

∥ [11̄0]GaAs. Such epitaxy leads to stripes formation and
guarantees that the easy magnetic axis of MnAs is paral-
lel to [110]GaAs as schematized in Fig. 1(a). After UHV
transfer to a dedicated MBE chamber, a 3 nm thick Fe
layer was grown epitaxially on MnAs.15 The sample was
capped with a protective, transparent and non-magnetic
5 nm thick ZnSe layer.

MOKE measurements were performed using a home-
built set up composed of a polarized laser diode (λ=450
nm), Glan polarizers (rejection better than 105), a pho-
toelastic modulator (modulation frequency f=50 kHz), a
lock-in and an air cooled electromagnet (Hmax=5 kOe)
powered by a bipolar power supply. Data acquisition
at f and 2f allows one to obtain signals proportional
to the Kerr ellipticity ϵK and to the Kerr rotation θK ,
respectively.19 All magneto-optical measurements were
performed in longitudinal configuration with the mag-
netic field applied along the MnAs easy magnetic axis,
parallel to the sample surface and to the laser incidence
plane. In such a geometry, MOKE is sensitive to the in-
plane component of the magnetization that is parallel to
the applied magnetic field. A Peltier thermoelectric de-
vice was used to vary the static sample temperature over
the 10-40◦C range, as monitored by a thermo-resistance.
At each temperature T , ϵK and θK loops where recorded
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FIG. 1. (color online) (a) Schematics of the
Fe/MnAs/GaAs(001) system in the temperature win-
dow leading to the α-β phase coexistence as a self-organized
striped pattern. MnAs easy magnetic axis is oriented in
the direction of the α-β modulation. The dashed curved
line symbolizes the dipolar coupling leading to Fe mag-
netization reversal. (b-e) MOKE cyclic magnetometry of
Fe/MnAs/GaAs(001) at T=19◦C. (b) Kerr ellipticity signal.
(c) Kerr rotation signal. (d-e) MnAs and Fe signals retrieved
from linear combination of signals displayed in (b) and (c),
see text for details.

as a function of the magnetic field H.
Previous experimental reports and model calculations

have shown that it is possible, under appropriate con-
ditions, to achieve depth resolution by using MOKE
to study magnetic multilayers.20–25 In the case of mag-
netic bilayers, with or without a non-magnetic spacer,
Vǐsňovský et al. have shown that the longitudinal MOKE
response can be written as a linear combination of the in-
dividual contributions.23 This is indeed valid in the case
of an ultrathin magnetic layer on a magnetic substrate,
as verified here. In the present case, labeling S(ϵK) the
signal recorded at f and S(θK) the signal recorded at 2f ,
we have:23

S(ϵK) = aFe
ϵ MFe

ℓ + aMnAs
ϵ MMnAs

ℓ (1)

S(θK) = aFe
θ MFe

ℓ + aMnAs
θ MMnAs

ℓ (2)

MFe
ℓ and MMnAs

ℓ are the longitudinal components of
the magnetization and aFe

ϵ , aMnAs
ϵ , aFe

θ and aMnAs
θ are

FIG. 2. (color online) (a) Variation of the cFe (squares) and
cMnAs (circles) coefficients as a function of the temperature.
(b-c) ϵK and θK MOKE cycles of Fe/MnAs/GaAs(001) at
T=40◦C.

coefficients that depend on optical constants, layer thick-
nesses and geometry. If equations 1 and 2 are verified, it
is then possible to retrieve the contributions of the indi-
vidual magnetic layers from a simple linear combination
of S(ϵK) and S(θK), as:

MFe ∝ S(θK)− cFeS(ϵK) (3)

MMnAs ∝ S(θK) + cMnAsS(ϵK) (4)

Equations 3 and 4 can indeed be applied to the case
of Fe/MnAs/GaAs(001). Fig. 1 shows measurements
performed at T=19◦C in the temperature window cor-
responding to the α-β phase coexistence. Clearly, the
signals in Fig. 1(b-c) can be viewed as linear combi-
nations of two cycles, one square and one slanted. In
the case of ϵK , the two components have opposite signs,
while for θK the combination is additive. The results of
linear combinations following eqs. (3) and (4) are dis-
played in Fig. 1(d-e), using cFe=2.32 and cMnAs=1.1.
These coefficients can be adjusted in order to obtain a
square loop for MnAs and the characteristic N -shaped
loop of Fe when α and β coexist in the sample as it was
already measured by element-selective techniques using
synchrotron radiation.16

ϵK and θK were measured in the 10-40◦C range and
the same procedure as described above was used in order
to extract the magnetic cycles of Fe and MnAs. Over
this temperature range, we did not observe any signifi-
cant variations of cFe and cMnAs, see Fig.2(a). At 40◦C,
similar responses are obtained for ϵK and θK except for
the sign, as shown in Fig. 2(b-c). This is due to the
fact that the whole MnAs film has transformed into the
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FIG. 3. (color online) (a) Layer-sensitive MOKE loops of
Fe/MnAs/GaAs(001) at T=19◦C. Circles: Fe loop, line:
MnAs loop. Arrows indicate the sense of the field variation.
Shaded areas, corresponding to the same point of the field
cycle, highlight the antiparallel Fe and MnAs magnetizations
at remanence. (b) Same as (a) for T=27◦C. Inset: sketch of
the magnetic configuration at remanence at T=27◦C. MFe

i

with i = α, β denotes the Fe magnetization in regions located
above phase i of MnAs. (c) Same as (a) for T=10◦C.

β-phase and does not contribute anymore to the ferro-
magnetic response. Thus, at 40◦C, only the contribution
of Fe is observed and a square loop, unaffected by any
coupling with the underlying layer, is obtained.
We note that element selectivity can be achieved

in transition metal (TM)-rare earth (RE) compounds
by measuring at different wavelengths of the laser
probe.26–28 In FeTb and TbCo compounds, for instance,
it was shown that 780 nm radiation provides sensitivity
to the TM magnetization, whereas 390 nm probes mainly
the Tb magnetization.26,28 This method, though, relies
on the very different magneto-optical response of RE at
near ultraviolet wavelengths that can excite the 4f elec-
trons and cannot be extended to TM-TM compounds.
In our experiment we verified that using a 650 nm wave-
length yielded also S(ϵK) and S(θK) signals that are lin-
ear combinations of MMnAs

ℓ and MFe
ℓ .

Although our analysis could be guided by the avail-
able element selective synchrotron data, MOKE mea-
surements are self-sufficient for a unique determination
of the cFe and cMnAs coefficients. Indeed, at low tem-
perature, where MnAs is in the pure α phase, there

is no dipolar coupling acting on Fe and the two lay-
ers feature square uncoupled hysteresis loops. Moreover,
at high temperature MnAs is in the β phase and only
the Fe layer is ferromagnetic. Therefore, layer-sensitive
MOKE, a relatively simple technique available in the lab-
oratory, can be a valuable complementary technique to
element-specific measurements based at large scale facil-
ities. It should be noted that the method can be applied
to layered systems with magnetic coupling of distinct na-
ture (exchange, dipolar, exchange-bias).25,29 In this re-
spect, it may be applied to Co/FeRh bilayers in order to
study the temperature-dependent coupling arising from
the antiferromagnetic-ferromagnetic phase transition in
FeRh.30 Concerning the limitations of the technique, it
should be noted that, if it works well for the acquisition
of magnetic cycles, temperature or time dependent mea-
surements with layer resolution can be more involved and
element-selectivity remains a major asset.

Having validated the use of MOKE for obtaining layer
selectivity, we now discuss the results obtained as a func-
tion of the temperature. Measurements were performed
in the 10-40◦C range for increasing (after cooling at 5◦C,
pure α phase) and decreasing (after heating at 45◦C, pure
β phase) temperatures. Fig 3(a) shows Fe and MnAs cy-
cles obtained at 19◦C. The N -shaped loop of Fe can be
explained as follows: starting at positive saturation, H
overcomes the MnAs generated dipolar field and both
layers have their magnetization pointing in the same di-
rection. While lowering H, the effect of the dipolar field
becomes progressively more relevant, till the Fe magneti-
zation turns antiparallel to that of MnAs, as illustrated
at remanence in Fig. 1(a). When, after sign inversion,
H matches the MnAs coercive field and reverses its mag-
netization, the sign of the dipolar field reverses as well,
dragging the Fe magnetization and maintaining the an-
tiparallel alignment of the two layers. Finally, when H
approaches the negative extreme of the loop it overcomes
again the dipolar field and turns the Fe and MnAs mag-
netizations parallel. At T=27◦C, one has the same be-
havior, except in the vicinity of H=0 where a sharp vari-
ation of the Fe signal is observed, see Fig 3(b). This
signal nearly vanishes at H=0. We interpret this reduc-
tion of the remanent magnetization of Fe, MFe

r , as the
consequence of the decreasing of the α/β ratio as the tem-
perature increases. Indeed, for equal proportion of α and
β, only the fraction of Fe located above α-MnAs will see
its magnetization MFe

α reversed. In contrast, MFe
β will

remain unaffected, as shown schematically in the inset
of Fig. 3(b). This explains why the average Fe magne-
tization is close to zero at temperatures for which the
α and β fractions closely match. At lower temperature,
a parallel configuration of Fe and MnAs magnetization
is recovered, as shown in Fig. 3(c), this will be further
discussed in what follows.

Fig. 4(a-b) show the evolution of the MnAs magnetic
cycles and remanent magnetization as a function of the
temperature. Due to the increasing β fraction in the
system, both the remanent and saturation magnetiza-
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FIG. 4. (color online) (a) MnAs magnetic cycles in the α-β phase coexistence T range. (b) MOKE derived MnAs remanent
magnetization as a function of temperature, normalized to 1 at T=10◦C. (c) Fe remanent to saturation magnetization ratio
as a function of the temperature. In (b) and (c) the filled and open symbols indicate increasing and decreasing temperatures,
respectively. Temperature ranges labeled I and II correspond to α-β phase coexistence as a striped pattern and to the coexistence
of α-β stripes with pure α regions, respectively.

tion of MnAs decrease when the temperature increases.
The evolution of the magnetic response of MnAs with in-
creasing temperature is similar to the one observed in the
absence of a Fe overlayer. The results shown in Fig. 4(b)
are consistent with a phase coexistence in the 10-40◦C
range. The first order character of the α-β phase transi-
tion is apparent from the thermal hysteresis in Fig. 4(b).
It was shown in a previous study that the presence of the
Fe overlayer affects the total elastic energy of the sys-
tem, leading to a change in the period of the α-β stripes
pattern.18 In contrast, the extension of the coexistence
range and the critical temperature remain unaffected.
The evolution of the coercive field Hc with the temper-
ature confirms the fact that the Fe overlayer has little
impact on MnAs magnetic properties: Hc tends to in-
crease with temperature, mainly because of the α stripes
narrowing that favors complex magnetic structures with
out-of-plane magnetization domains.31,32 This is also the
general trend we observed in our samples.12

The remanent magnetization of Fe does not exhibit a
monotonic behavior. Fig. 4(c) shows the evolution of the
MFe

r /MFe
s ratio, MFe

s being the saturation magnetiza-
tion of Fe, as a function of the temperature. A salient
feature of this evolution is that MFe

r /MFe
s changes sign

in the temperature range corresponding to the α-β phase
coexistence [region I in Fig. 4(c)]. The ratio is negative
for T below 27◦C and positive above this temperature.
At T=40◦C, the ratio is close to 1, which is expected be-
cause only Fe is ferromagnetic at this temperature [see
Figs. 3(b-c)] and the stripes pattern has disappeared.
Let us label Feα the portions of Fe film above α-MnAs
and Feβ the portions of Fe film above β-MnAs at a given
temperature. For temperatures comprised between 27◦C
and 40◦C, Feβ dominates over Feα, explaining the posi-
tive sign of MFe

r /MFe
s . At T=27◦C, the ratio MFe

r /MFe
s

is close to zero as a consequence of Feα and Feβ having
equal proportions. For T ≤27◦C, Feα dominates and the
sign of MFe

r is reversed. It is interesting to notice that

there is a minimum in MFe
r /MFe

s around 19◦C. This can
be understood as follows: the formation of an efficient
dipolar field at the Fe/MnAs interface requires the for-
mation of α-β stripes, favoring the reversal of Fe. At
the same time, the fraction of reversed Fe scales as the
fraction of Feα. This leads to the existence of an opti-
mal temperature for the fractional Fe reversal at rema-
nence. At lower temperatures, as shown in region II of
Fig. 4(c), the fraction of reversed Fe drops and MFe

r

eventually becomes positive [see Fig. 3(c)]. This cor-
responds to a temperature range where the coexistence
of pure α and α-β stripes regions has been previously
reported.33 The dipolar coupling vanishes in pure α re-
gions, therefore MFe

r /MFe
s tends to change sign in region

II as a consequence of the coexistence of α-β stripes and
pure α regions.

In conclusion, we studied the Fe/MnAs/GaAs(001)
system by magneto-optical Kerr effect measurements,
demonstrating the possibility to extract the magnetic cy-
cles of Fe and MnAs from simple linear combinations of
Kerr ellipticity and Kerr rotation loops acquired under
the same conditions. Thanks to the layer sensitivity of
the technique, a detailed picture of the magnetization re-
versal can be established, evidencing an optimal temper-
ature for Fe reversal in the α-β phase coexistence region
of MnAs.
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23Š. Vǐsňovský , K. Postava, T. Yamaguchi, and R. Lopušńık, Appl.
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