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The room-temperature ferromagnetic behavior of MnAs/GaAs(001) thin film has been locally

explored by Transmission Electron Microscope (TEM). We first differentiated hexagonal a-MnAs

and quasi-hexagonal b-MnAs which are very similar in atomic structure by electron diffraction.

Local magnetic moment information of the identified a-MnAs was extracted from manganese-L2,3

edges using Energy-loss Magnetic Circular Dichroism technique and the ratio of orbital to spin

magnetic moment was measured. In this experiment, atomic structure identification, chemical

analysis, and magnetic moment measurement were simultaneously achieved at high spatial

resolution in TEM, thus providing a potential method for in-situ study of local properties of

multiphase magnetic materials. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928542]

Epitaxial MnAs thin films grown on GaAs substrate are of

high interest due to its potential applications in spin injec-

tion,1–3 magnetic tunnel junction,4,5 and magnetologic devi-

ces.6 The magnetization, as one of the most essential magnetic

properties, has been intensively investigated.7 Techniques such

as cantilever beam magnetometer (CBM),8 superconducting

quantum interference device (SQUID),9–11 and X-ray magnetic

circular dichroism (XMCD)12 have been applied to quantify its

magnetization over the temperature range from 0 K to 400 K.

Generally, magnetization investigated at room-temperature

(RT), the common working temperature of devices in practical

applications, is of special concern. However at RT, there is a

phase coexistence of ferromagnetic a-MnAs and paramagnetic

b-MnAs for at least 30 K below Curie temperature (approxi-

mately 313 K).7 The published magnetization or magnetic

moment may include the contribution of a-MnAs crystals with

various orientations and with crystallographic defects, or the

contribution of both a- and b-MnAs in a coexistence region,

due to the limited spatial resolution of these techniques.

The emerging technique Electron energy-loss Magnetic

Chiral Dichroism (EMCD), based on transmission electron

microscope (TEM) with spatial resolution down to 2 nm,13,14

provides a powerful method to extract local magnetic

moment information of ferromagnetic a-MnAs. As in the

case of XMCD, EMCD is not only able to extract the mag-

netic moment information of specific element but also the re-

spective contribution of orbital and spin moment.15,16

Moreover, it allows to access simultaneously to the atomic

structure, to the chemical component, and to the magnetic

moment in TEM, facilitating in-situ study of magnetic crys-

tals. In the relative work reported until now, Fe and Co L2,3

edges have been extensively studied,13,16–23 but MnAs thin

films have not been tested so far with this technique.

In this letter, MnAs/GaAs(001) was investigated at RT by

TEM techniques. Electron diffraction (ED) was applied for

the identification of the a-MnAs crystal in the coexistence

region, and EMCD was used for local quantitative magnetic

moment information. The measured ml/ms ratio is compared

with values obtained, thanks to first principles calculations

based on the density functional theory (DFT).

A 100-nm MnAs layer was epitaxially grown on a

GaAs(001) substrate, using solid-source molecular beam-

epitaxy (MBE). Growth details are given elsewhere.24 The

microscopy experiments were performed on the SACTEM-

Toulouse, a Tecnai F20 microscope (operating at 200 kV),

fitted with an objective lens aberration corrector (Corrected

electron optical systems (CEOS)) and imaging filter (Gatan

Tridiem). Plan-view sample was prepared by polishing from

the substrate side until the thickness of 10 lm and then made

transparent by ion-beam milling (Precision Ion Polishing

System (PIPS)-Gatan). The theoretical DFT calculations

were performed with the full-potential linearized augmented

plane waves code Wien2k.25 We used the generalized gradi-

ent approximation (GGA)26 for the exchange-correlation

functional. The atomic sphere radii were chosen to 2.0

atomic units for both Mn and As, and we made the calcula-

tions with the following experimental parameters a¼ 3.7253
_A and c¼ 5.7031 _A. The irreducible part of the first

Brillouin zone was sampled with 1464k-points and the con-

vergence parameter RKmax was set to 7.0. The ml and ms

moments were calculated for the d-electrons of the Mn atom,

with and without an additional orbital potential. Spin-orbit

interaction has been added in the [11 �2 0] direction.

It is known that a-MnAs crystallizes in the hexagonal

NiAs-type (B81) structure, and b-MnAs in the orthorhombic

MnP-type (B31) structure.27 In fact, the lattice of b-MnAs

corresponds to the slightly distorted a-MnAs lattice, thus the

b-MnAs is also considered as quasi-hexagonal.27,28 Figs.

1(a) and 1(b) demonstrate the similarity as well as the tiny

difference between atomic structures of the two phases. It

was once reported that the boundary between the two phases

could not be resolved in HRTEM images.7 Unfortunately, as
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a result of simulation, their diffraction patterns are also too

similar to differentiate at most zone axes in practical cases.

However, because of the regular distortions in specific direc-

tions, though small, electron diffraction patterns of b-MnAs

at some specific zone axes may differ from the patterns of

a-MnAs. One example is demonstrated in Figs. 1(c) and

1(d). We apply four-parameter Miller-Bravais indices to the

quasi-hexagonal b-MnAs crystal, with tolerance of small

atom displacement due to lattice distortion, to follow the

indices of hexagonal a-MnAs. In the hexagonal a-MnAs

crystal, there are six symmetrical lattice orientations at

an angle of 66.10� relative to [0001], which are

½�2201�; ½02�21�; ½20�21�; ½2�201�; ½0�221�; ½�2021�. Along all

these six symmetrical zone axes, the diffraction patterns of

a-MnAs are nearly the same as seen in Fig. 1(c). However,

except for the similar spots in Fig. 1(c), some extra spots

must appear in the diffraction pattern of b-MnAs at the same

zone axes. One case is as seen in Fig. 1(d). If the zone axis in

Fig. 1(c) is set to be [�2201], the extra spots in Fig. 1(d) origi-

nate from a longer-range order that appears due to the dis-

placement of atoms in (10�12) lattice plane to opposite

directions alternatively. In the other case, which will not be

shown here, the extra spots appear in different positions

from Fig. 1(d) due to the asymmetry of atomic structure of

b-MnAs. That is to say, that the pattern in Fig. 1(c) without

extra spots is unique for a-MnAs. In addition, the zone axis

of [�2201], as well as its crystallographic direction families,

is not the only possibility to achieve the structure

differentiation.

Several in-plane and out-of-plane epitaxial orientation

of MnAs films on GaAs(001) substrate have been previously

observed,7,12,24 with the c-axis in-plane and tilted out-of-

plane with respect to the GaAs(100) surface, so-called

(A0,B0)-type and (A1,A2,B1,B2,…)–type, respectively.7,12 The

surface template in the initial growth plays a critical role in

crystal orientation of MnAs epitaxial layer on GaAs (001).

For this EMCD study, the MnAs film has c-axis tilted with

respect to the GaAs(001) surface (type-A1,A2,B1,B2,…7,12),

according to the cross-sectional TEM image (not reported

here). The local magnetic information of MnAs epilayer was

investigated in the plan-view sample, on a grain of single

MnAs crystal-orientation with a diameter of around 200 nm

as shown in Fig. 2(a). The grain was orientated to the specific

zone axis [2�201], and a diffraction pattern in the inset of Fig.

2(a) on the selected grain was acquired using selected area

electron diffraction (SAED) technique. The diffraction pat-

tern, as explained above, demonstrates that only the hexago-

nal a-MnAs phase is present in this grain.

Electron energy-loss spectroscopy (EELS) was then

used to check the thickness and the elemental composition of

the selected crystal. The relative sample thickness t/k, k
being the inelastic mean free path, is measured to be 0.41.

No carbon and a very small amount of oxygen, which reveals

negligible traces of contaminations, have been detected by

EELS. Fig. 2(b) shows an EELS spectrum, with energy loss

ranging from 500 eV to 1450 eV. Mn-L2,3 and As-L2,3 edges,

respectively, at 640 eV and 1323 eV are shown in the spec-

trum. No Ga edge has been detected. It means that the GaAs

substrate layer in the plan-view sample is totally polished

away, and only MnAs layer is preserved in this region. The

FIG. 1. Atomic structure of hexagonal a-MnAs (a) and orthorhombic

b-MnAs (b). Diffraction patterns of a-MnAs at h�2201i zone axes in (c) and

that of b-MnAs at the zone axis in (d). The diffraction patterns are simulated

by PDF software.

FIG. 2. (a) Bright field image of selected grain in the plan-view sample of

MnAs/GaAs(001) at RT at low magnification of 60 000�, and diffraction

pattern acquired at zone axis of [�22 01] in the inset. (b) Electron energy loss

near edge spectrum of the crystal at RT.
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amplified near edge fine structure of Mn-L2,3, edges is shown

in the inset of Fig. 2(b).

Then, EMCD technique has been applied on the same

grain for which the phase, thickness, and elemental composi-

tion have been previously specified. We used Large-Angle

Convergent Diffraction (LACDIF) experimental setup to

obtain a diffraction pattern in image plane23 and applied

Energy spectrum imaging (ESI) technique23,29 to record a data

cube. The spatial resolution reaches a few tens of nanometers.

The MnAs layer was saturated along the beam axis by the

magnetic field as large as 2 T coming from objective lens. The

crystal was orientated in two-beam configuration to minimize

the n-beam dynamic interaction, in which only diffraction

spot (11�20) was excited. From the corrected data cube, EELS

spectra were extracted in positions 1 and 2, pointed in the

inset of Fig. 3. In the two symmetrical points on the Thales

circles of the diffraction plane, different combinations of two

electron scattering vectors give rise to left- and right-handed

polarized virtual photons, which are analog to circular polar-

ized X-ray in XMCD. The EELS spectra detected in the two

positions carry the magnetic moment information. Two typi-

cal EELS spectra shown in Fig. 3 were extracted using circu-

lar apertures with normalized diameter of 0.5. The values of

the signal difference around L2 and L3 edge peak are opposite

in sign, confirming magnetism of the detected sample.

We now apply sum rule15,16 to EMCD spectra for quan-

titative analysis. Formula in sum rules is available to calcu-

late orbital and spin moments of magnetic samples from the

integrated areas under L2 and L3 edge curves in EMCD spec-

tra. The ml/ms ratio can be extracted straightforwardly when

the scattering conditions are properly set. In our case, the

spectra were integrated within the energy windows [640

eV–650 eV] for Mn-L3 edge and [652 eV–660 eV] for Mn-

L2 edge. The two windows were selected to cover the whole

ranges of L2 and L3 edges, respectively. It is known that the

signal obtained with EMCD technique depends sensitively

on many factors, such as sample thickness, detector position,

and aperture size. But for the ratio of orbital moment to spin

moment, the measurement result is not affected by these fac-

tors.15 The ratio of orbital moment to spin moment was

measured to be 0.07 6 0.05. There are three main sources of

statistical error. The first one is the relatively low signal-to-

noise ratio. The second one is the sample movement, which

is a tricky problem in TEM and cannot be corrected in post

data treatment. Moreover, the exactly same two-beam condi-

tion is hard to obtain all the time, and small tilt from that

condition can influence the result. The magnetic moment ra-

tio of Mn atom in MnAs measured by EMCD technique has

not been reported before. Recently, a lower value of around

0.03 has been published for MnAs/GaAs(001) at RT with

XMCD.12 The comparison is, however, not straightforward

between the two values. Primarily, the epitaxial planes of the

two measured MnAs layers on GaAs(001) are not the same.

Second, the XMCD result is a value after correction of spin

moment with a constant of 1.47, in order to compensate the

effect of the mixing between L2 and L3 edges.12 Our DFT

calculations give a value even lower, of 0.008 or 0.011,

respectively, without or with the additional orbital potential.

The theoretical calculation is based on the atomic ground

state at T¼ 0 K. But at RT, other jJMj states can mix into the

ground state. In addition, we have to note that the determina-

tion of magnetic moment is still on the way to be more accu-

rate. The ml/ms ratio of Fe, as an example, obtained with

EMCD in literature varies from 0.024 to 0.0913,17,18,20,21 and

XMCD results vary from 0.043 to 0.12.18 They are some-

what larger than the theoretical value of 0.021.30 But it is of

interest and value to make quantitative measurement with

EMCD on varied ferromagnetic materials to discuss its

potential applicability and improvement.

In summary, we performed experiments within TEM to

acquire the atomic structure, chemical components, and local

magnetic moment information on exactly the same ferro-

magnetic a-MnAs crystal. In the MnAs thin film with an out-

of-plane grown axis on GaAs(001) substrate, we identified

the hexagonal a-MnAs crystal in the coexistence region of

a-MnAs and b-MnAs at RT by electron diffraction technique.

Then, EELS was applied to check the chemical components

of the selected crystal, in order to exclude the interference of

contamination or oxidation layer to the following experiment.

Finally, the ratio of orbital and spin magnetic moment of Mn

atom was obtained from the a-MnAs crystal with EMCD

technique at high spatial resolution of a few tens of nano-

meters. It provides a method for future in-situ study of local

properties of epitaxial MnAs thin film, as well as a method to

study the local magnetic properties corresponding to each

phase in some multiphase coexistence situation. Higher signal

to noise ratio and more efficient sum rule are necessary for

more accurate determination of magnetic moment with

EMCD technique in the future application.
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