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Structure and Magnetism of MnGa Ultra-Thin Films on GaAs(111)B
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MnGa alloys with compositions in the range of 52 to 60 at. % Mn were grown by molecular beam epitaxy (MBE) on GaAs(111)B
substrates. High quality epilayers were obtained at growth temperatures between 25 and 250 C. Epilayers are stabilized by post-growth
annealing at 400 C for 30 min. In situ reflection high energy electron diffraction (RHEED) and X-ray photoelectron spectroscopy (XPS)
have been performed to probe surface structure and stoichiometry during growth and post-annealing process. Ex situ X-ray diffraction
(XRD) measurements were also performed in order to access the bulk crystalline structure using synchrotron radiation source. MnGa
epilayers are formed by stacking of (111) planes of tetragonal zinc-blende structure (ZB) which are rotated by approximately 11 with
respect to the underlying (111) planes of the GaAs lattice. The tetragonal ZB structure of MnGa exhibits lattice parameters of

nm and nm. Magnetic measurements performed using a vibrating sample magnetometer (VSM) reveal nearly isotropic
in-plane magnetization with saturation magnetization varying between 650 and 300 emu/cm for different concentrations of Mn.

Index Terms—Epitaxial films, magnetic hysteresis, MnGa alloys, saturation magnetization.

I. INTRODUCTION

B ULK binary alloys of Mn Ga % %
exhibit a wide range of saturation magnetization and

magnetic anisotropy values with Curie temperatures above
room temperature. The complex phase diagram of Mn-Ga
system whose framework was established fifty years ago
[1]–[4] also exhibit a variety of crystalline phases.
In films, a variety of MnGa nanocrystalline structures have

been formed by controlling the Mn/Ga ratio and the substrate
temperature during growth by MBE. MnGa alloys grown on
GaAs semiconductors by MBE are particularly interesting
candidates for applications in spintronics as spin injectors
due to their thermodynamic stability, large spin polarization,
square-like hysteresis loops, and large magnetic anisotropy
[5]–[11]. Several phases and compounds are found for dif-
ferent growth conditions [12]–[17]. Mn-Ga alloys films with
composition range 62–76 at. % Mn are commonly found in
the tetragonal -phase, adopting both - and -type
structures [16]. Their Curie temperatures are above room
temperature and magnetic moments as high as 2.5 per
unit cell have been reported [5], [18]. Electrical spin injection
from -MnGa into a Ga(Al)As-based light-emitting diode was
already demonstrated at remanence, i.e., without an applied
magnetic field [19]. Therefore, these compounds are attrac-
tive for use in spin-valves, magnetic tunnel junction devices
operating under perpendicular magnetic anisotropy, and spin
injectors into semiconductors.
Based on the success of epitaxial grown MnGa on GaN [15],

we investigate in this work the growth and magnetic proper-
ties of MnGa films overgrown on treated epi-ready GaAs(111)B
substrates. Once the growth completed, these films are subse-
quently annealed in situ. During the growth of the MnGa alloy
films its surface structure was monitored by RHEED, whereas
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the bulk crystalline structure was investigated by XRD (ex situ).
The face-centered tetragonal (fct) -MnGawith CuAu- -type
ordering proposed by Niida et al. [16] for bulk and powder sam-
ples was not observed for ultrathin films. In addition, other crys-
talline phase is observed from XRD analyses. The vibrating
sample magnetometry measurements have revealed ferromag-
netic behavior with smaller in-plane magnetic anisotropy. All
films thicker than 20 nm exhibit polycrystalline character inde-
pendently of the film stoichiometry (between 40 and 63 at. %
Mn) and annealing procedure.

II. EXPERIMENT

The MnGa layers were grown by solid-source MBE on in-
sulating GaAs(111)B epiready wafers in a custom-designed ul-
trahigh vacuum MBE system, equipped with Ga and Mn ef-
fusion cells whose fluxes were measured using a residual gas
analyzer. In situ growth was monitored by real-time RHEED
and surface stoichiometry was determined by XPS, performed
using a VG Microtech ESCA3000 spectrometer installed in an
in tandem chamber equipped with a conventional Mg/Al X-ray
source which has an overall resolution of 0.8 eV at a 45 emis-
sion angle.
Prior to MnGa growth, removal of the oxide layer of epiready

GaAs(111)B wafers at 580 C was performed with a subsequent
Ga pre-exposure. RHEED pattern of a smooth GaAs(111)B sur-
face characterized by a (1 1) reconstruction is obtained. Sev-
eral MnGa growth experiments were performed setting sub-
strate temperatures at or 250 C, respectively,
with an appropriate flux ratio R of Mn to Ga to achieve the
particular stoichiometry in the films. According to in situ XPS
analyses, the surface stoichiometry of the MnGa films varies
from 52 to 63 at. % Mn for R ranged in between 1 and 2. Under
these conditions by opening Mn and Ga shutters during 24 min,
MnGa layers with thicknesses of 5 nm were obtained. There-
after, was ramped up to 400 C at 3 C/min in order to anneal
the films during 30 min.
XPS spectra of Ga and Mn core-levels were per-

formed in situ at different stages of growth and subsequently
after annealing to monitor surface stoichiometry. Only the pres-
ence of Ga and Mn spectral components are found in the
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Fig. 1. RHEED patterns taken along the azimuths and of epiready
GaAs(111)B substrates after removal of the oxide layer at 580 C are respec-
tively shown in (a) and (b). RHEED patterns corresponding to the same az-
imuths of GaAs after MnGa layer grown on GaAs(111)B surface at 50 C for 24
min, and subsequently annealed at 400 C for 30 min, are respectively shown in
(c) and (d).

XPS spectra, suggesting that Mn-Ga alloying and Ga-Ga inter-
action perturbed by the nearby Mn are the predominant pro-
cesses under growth conditions. The exponential attenuation of
As 2p photopeak does not show evidences of shift nor broad-
ening, which is another argument to establish the presence of
MnGa alloying. Based on such observations we can estimate
the growth rate of the films at 0.2 nm/min.

III. RESULTS AND DISCUSSION

RHEED patterns measured along the respective and
azimuths of the (1 1)-reconstructed surface of GaAs

(111)B, as stabilized after removal of the oxide layer at 580
oC, are shown in Fig. 1(a) and (b). Even the removal of the
oxide layer being conducted without an As flux to control
the surface As concentration, it was observed that only a
GaAs(111)B-(1 1) reconstruction was present, known as the
(1 1) phase [16], [17]. RHEED patterns obtained from
the MnGa layer with flux ratio cooled down to 50 C
after annealing are shown in Fig. 1(c) and (d). These RHEED
patterns indicate high quality epitaxy of the MnGa layer with
in-plane interplanar spacings quite similar to those of GaAs.
The in-plane symmetry of MnGa layer is equivalent to that
of GaAs(111)B surface. However, sharper RHEED patterns
are systematically found shifted by approximately 11 off
the angular positions corresponding to the and
azimuths of GaAs. The in-plane interatomic distances of MnGa
are respectively 0.343 and 0.201 nm along the and
azimuths of GaAs.
Ex situ XRD experiments were performed using a conven-

tional x-ray diffractometer at the Brazilian synchrotron source
(LNLS). – scans are shown in Fig. 2(a). Bragg peak cor-
responding to (111) interplanar spacing of GaAs centered at

exhibit a concurrent Bragg peak assigned to (111)
plane of MnGa with nm. Similar features are
observed at larger angles for (222) and (333) Bragg peaks. The

Fig. 2. (a) – cans for MnGa epilayer grown during 24 min and (b) scan
for same sample by turning the film plane around the axis of the GaAs
substrate, which is 70.5 off from the film normal.

pseudo-forbidden condition for GaAs(222) peak due to similar
atomic factors between Ga and As is less effective in the case of
Ga and Mn. The epitaxy of MnGa on GaAs(111) is confirmed
by a scan shown in Fig. 2(b). This scan was obtained by
turning the sample around an axis 70.5 off the [111] axis of
the GaAs substrate in order to evidence the diffraction peaks of
the family planes. The Bragg diffraction peaks corre-
sponding to GaAs planes are observed spaced by 120 .
Diffraction peaks assigned to MnGa layer are also spaced by
120 , but rotated by 71 (or 49 ) with respect to the diffraction
peaks of GaAs. XRD and RHEED results are therefore consis-
tent with an epitaxial relationship given by GaAs(111) // MnGa
(111) in the normal direction to the surface of the films and with
each plane and of MnGa rotated by 11 with
respect to the planes and of GaAs. These find-
ings are consistent with a tetragonal ZB cell with nm
and nm instead of a body-centered cubic tetragonal
(bct) cell for MnGa with lattice parameters nm and

nm, as previously reported [5], [6]. It is worth of note
that a bct cell can be derived from two juxtaposed face-centered
tetragonal (fct) cells of MnGa preserving the geometrical rules
of a stable -type structure [16].
Therefore, RHEED and XRD analyses are consistent with

MnGa layer adopting tetragonal ZB cell with nm and
nm [20]. Such tetragonal ZB cell can be formed by

assuming and , which results from the stacking
of bct(111) planes onto GaAs(111)B-(1 1) reconstructed sur-
face. The rotation angles 49 and 71 between MnGa and GaAs
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Fig. 3. (a) Magnetic hysteresis loops measured at room temperature and
(b) saturation magnetization and coercivity as a function of the composition for
5-nm-thick Mn Ga /GaAs(111) epilayers.

lattices shown in Fig. 2(b) can be obtained by a tetragonal distor-
tion of about % in the ZB cell and rotation by 11 of MnGa
lattice with respect to GaAs. These features are confirmed by
RHEED analyses shown in Fig. 1. Tetragonal ZB structure oc-
curs for film thicknesses not exceeding 20 nm. Independent of
the Mn content, thicker films of MnGa are (111)-textured even
if annealed during longer time. It is indicating that tetragonal
ZB phase is found only for ultrathin MnGa films.
Magnetic properties of ultrathin MnGa films epitaxially

grown on GaAs(111)B can be inferred from the Fig. 3(a) and
(b). Hysteresis loops were measured using a vibrating sample
magnetometer (PPMS Evercool II—Quantum Design) at room
temperature with magnetic fields applied out of the film plane
and parallel to projections of and crystallographic axis in
the film plane.
According to Fig. 3(a) saturation magnetization value as high

as emu/cm , which corresponds to 12.9 per
tetragonal ZB cell or 3.2 per Mn atom, can be found for

(53 at % Mn). Tetragonal ZB MnGa films exhibit
nearly isotropic in-plane magnetization [20]. It suggests the pos-
sibility to exist equivalent epitaxial domains rotated by 120 one
relative to the other, which could reduce the anisotropy along
and crystallographic axes. However, since MnGa epilayers

have a tetragonal distortion with , magnetoelastic
anisotropy contributions cannot be disregarded. Fig. 3(b) shows
a trend of decrease in the saturation magnetization and increase
in the coercivity when Mn content goes from 0.5 to 0.6 in these
ultrathin films with tetragonal ZB structure.

Fig. 4. Magnetic hysteresis loops measured at room temperature of 100-nm-
thick polycrystalline Mn Ga /GaAs(111) films. The magnetic field was ap-
plied in plane along [110] direction.

The room-temperature saturation magnetization and the coer-
cive field change markedly with alloy composition. As already
reported by Bedoya-Pinto et al. [12], the saturation magnetiza-
tion and coercive field show opposite trends. In fact,
in Mn Ga epitaxial layers with structure the magnetic
behavior depends not only on the alloy composition, it is also
sensitive to lattice strain since the incorporation of additional
Mn atoms simultaneously alters the strain state. These two ef-
fects have been treated independently in theoretical studies. Ac-
cording to Sakuma et al. [21], the excess Mn atoms in MnGa al-
loys with structure will have an antiparallel alignment to the
rest, leading to a decrease of the magnetic moment. In another
theoretical work, Yang et al. [22] calculated the strain deden-
cence in stoichiometric MnGa, showing that the reduction of the
lattice parameter leads to a smaller magnetic moment. Although
the effect of the Mn incorporation and the induced strain cannot
be separated in our films, which exhibit a tetragonal zinc-blend
structure, the decrease of the magnetic moment with increasing
Mn concentration is in qualitative agreement with the trends
predicted by these works.
In Fig. 4 are shown the hysteresis loops measured at room

temperature for thicker Mn-Ga films which are polycrystalline
with (111)-texture; i.e., where the (111) planes are preferen-
tially orientated along the normal of the film plane. These films
containing from 30 to 60 at. % Mn have thickness of about 100
nm and saturation magnetization values of about 475 emu/cm .
Despite the saturation magnetization values smaller those
observed for very thin films, their coercivities are nonetheless
much higher, with values as large as 8–9 kOe. These films
are therefore interesting to the development of nanoscale hard
magnets. The increase with Mn concentration in films is
probably related to local strain variations and chemical disorder
due to additional Mn incorporation. Thicker films can also
exhibit different phases with the development of secondary
preferential orientations. Large is possibly linked to the
presence of the disordered phase and DO Mn Ga phase
[23]. Another possible contributions to the changes should
be imperfection of the films including chemical disorder, lattice
defects and strains. Particularly, the probability of correct
site occupation in the crystal structure often has significant
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influence on the magnetic properties of the -ordered alloy
films [24].

IV. CONCLUSION

MnGa films with tetragonal zinc-blend structure were di-
rectly grown on GaAs(111) substrates. Films with thicknesses
greater than 20 nm are polycrystalline exhibiting a crystalline
texture with (111) planes preferentially oriented parallel to the
film plane. The magnetic behavior and structure of the equi-sto-
ichiometric MnGa ultrathin films with tetragonal zinc-blend
structure are unstable, exhibiting significant decrease of satu-
ration magnetization values and increase of the coercivity by
increasing either Mn content or thicknesses.
Our present results reveal an interesting approach to explore

and control magnetic behavior in these alloys which are suitable
for spintronic applications.
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