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We report on high quality MnGa epilayers directly grown on GaAs(111)-(1 x 1) reconstructed
surface. MnGa layers are characterized by the stacking of (111) planes of tetragonal zinc-blende
structure, which are rotated by 11° with respect to the underlying (111) planes of the GaAs lattice.
These ultra-thin MnGa epilayers with lattice parameters ¢ = 0.55nm and ¢ =0.61 nm are stabilized
for thickness between 5 and 20nm with a net magnetic moment of 3.2 ug per Mn atom. These
epilayers are potentially suited for semiconductor spintronics applications due to the reversal of its
magnetization in relatively low magnetic fields. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4794951]

Manganese-gallium alloys grown on GaAs semiconduc-
tors by molecular beam epitaxy (MBE) are interesting candi-
dates for applications in spintronics as spin injectors due to
their thermodynamic stability, large spin polarization, square-
like hysteresis loops, and large magnetic anisotropy.'~" Due to
a rich phase diagram of the Mn-Ga system, several phases and
compounds are found in films grown at different conditions.*"?
Films of MnGa alloys are found at room temperature in the
composition range of 4976 at. % Mn adopting both DO,,- and
Llo-type structure,®'? with Curie temperatures above room
temperature and magnetic moments as high as 2.5 ug per unit
cell."'* Electrical spin injection from J-MnGa into a
Ga(Al)As-based light-emitting diode was already demonstrated
at remanence, without an applied magnetic field.'®> These com-
pounds are therefore attractive for use in spin-valves, magnetic
tunnel junction devices operating under perpendicular magnetic
anisotropy, and spin injectors into semiconductors. Besides,
MnGa alloys are also good candidates for producing materials
suitable to replace some expensive rare-earth-based magnets in
use today.'® In this letter, we report on the MnGa epilayers
directly grown on proper pregrowth treated epi-ready
GaAs(111)B substrates. A well-defined epitaxial film-substrate
relationship consistent with zinc-blende lattices and high mag-
netization is described below.

The experiments were performed in a custom-designed
ultrahigh vacuum (UHV) MBE multichamber system,
equipped with Ga and Mn effusion cells. Mn and Ga fluxes
were measured using residual gas analyzer. The growth is
monitored by reflection high energy electron diffraction
(RHEED) and X-ray photoemission spectroscopy (XPS),
which is performed using a VG Microtech ESCA3000 spec-
trometer equipped with a conventional Mg/Al X-ray source
and a 250 mm hemispherical energy analyzer with an overall
resolution of 0.8eV at a 45° emission angle. Prior to MnGa
growth, removal of the oxide layer of epi-ready GaAs(111)B
commecial wafers at 580 °C was performed with a subsequent
Ga exposure. RHEED pattern of a clean GaAs(111)B surface
characterized by a (1 x 1) reconstruction is obtained. Several

0003-6951/2013/102(10)/102408/4/$30.00

102, 102408-1

MnGa growth experiments were performed setting substrate
temperatures at T, =25, 50, 150, or 250 °C, respectively, with
an appropriate flux ratio R of Mn to Ga to achieve the specific
stoichiometry in the films. For R between 1 and 2, the surface
stoichiometry of the MnGa films varies from 52.5 to 60.0
at. % Mn, according to XPS performed in situ. Here we will
describe our findings using the case with R=1.0 and
Ts=50°C. Under these conditions by opening Mn and Ga
shutters during 24 min, MnGa layers with thicknesses of 5nm
were obtained after ramped up to 400 °C at 3 °C/min, and
subsequent annealing during 30 min. Samples were also pre-
pared under the same above-mentioned conditions with thick-
nesses of 10, 20, 25, and 50 nm. Samples thicker than 20 nm
become (111)-textured with lower saturation magnetization
values.

Figures 1(a)-1(c) show RHEED patterns measured
along the respective [011], [211], and [321] directions of the
(1 x 1)-reconstructed surface of GaAs (111)B, as stabilized
after removal of the oxide layer at 580 °C. Even the removal
of the oxide layer being conducted at 580 °C and without an
As flux to control the surface As concentration, it was
observed that only a GaAs(111)B-(1 x 1) reconstruction was
present, known as the (I x 1)y phase.'”'® RHEED patterns
obtained from the MnGa layer cooled down to 50°C after
annealing are shown in Figures 1(d)-1(f). 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 [011], [211], and
[321] directions of GaAs. The in-plane interatomic distances
of MnGa are, respectively, 0.343, 0.201, and 0.133 nm along
the [011], [211], and [321] directions of GaAs.

XRD experiments were performed in the X-ray power
diffraction (XPD) beamline at the Brazilian synchrotron
source (LNLS) to determine the epitaxial relationship of the
MnGa layers with GaAs(111). Bragg peak corresponding to

© 2013 American Institute of Physics
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FIG. 1. RHEED patterns taken along the directions
[011], [211], and [321] of epi-ready GaAs(111)B sub-
strates after removal of the oxide layer at 580°C are,
respectively, shown in (a), (b), and (c). RHEED pat-
terns for the same directions of GaAs after the growth

g) — of MnGa epilayer are respectively shown in (d), (e),
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(111) interplanar spacing of GaAs centered at 20 =27.4° ex-
hibit an adjacent Bragg peak assigned to (111) plane of
MnGa with d=0.327nm. Figure 1(g) shows a ¢ scan
obtained by turning the sample around the [111] direction of
the GaAs substrate at 70.5° from the film normal in order to
evidence three diffraction peaks of the (111) family of direc-
tions. The Bragg diffraction peaks corresponding to
GaAs(111) planes are observed spaced by 120°. Diffraction
peaks assigned to MnGa layer are also spaced by 120° but
rotated by 71° (or 49°) relatively to diffraction peaks of
GaAs. From the evaluation of both RHEED and XRD pat-
terns is inferred an epitaxial relationship GaAs(111) // MnGa
(111) along the normal to the films with each direction
[011], [211], and [321] of MnGa rotated by 11° with respect
to the directions [011], [211], and [321] of GaAs. These
findings are consistent with a tetragonal zinc-blende (TZB)
cell with ¢=0.6lnm and a=0.55nm, which three-
dimensional (3D) model is described below.

Figure 2(a) shows a body-centered cubic tetragonal (bct)
cell for MnGa with lattice parameters ¢ =0.28 nm and
¢’ =0.31 nm, as previously reported."* The bct cell is derived
from two juxtaposed face-centered tetragonal (fct) cells of
MnGa which preserves geometrical rules of a stable L1,-type
structure.'> RHEED and XRD analyses are consistent with
MnGa layer adopting TZB cell with ¢=0.61nm and
a=0.55nm, as shown in Figure 2(b). Such TZB cell can be
formed by assuming c~2c¢’ and a~2a’, which results from
the stacking of bct(111) planes onto GaAs(111)B-(1 x 1)
reconstructed surface. The overlaid model showing the epitax-
ial relationship between crystalline structures of TZB
MnGa(111) and ZB GaAs(111) is illustrated in Figure 2(c).

The rotation angles of 49° and 71° between lattices observed
in Figure 1(g) can be obtained by a tetragonal distortion of
about ~2% in the ZB cell and rotation by 11° of MnGa lattice
with respect to GaAs, confirmed by RHEED analyses. The
schematic drawing of moiré pattern originated from the
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FIG. 2. (a) Perspective view of MnGa with L1, structure showing bct unit
cell derived from two juxtaposed fct cells. (b) Tetragonal ZB crystal struc-
ture with dashed lines on top right corner indicating a bct subcell with the
central lattice point occupied by Mn atom. Red dotted-dashed lines indicate
(111) plane of the tetragonal ZB cell. (c) Ga/As-terminated (111) planes of
MnGa/GaAs lattices are rotated by 11° one relative to the other. (d)
Schematic drawing of moiré pattern created when two (111) lattice planes
with slightly different interatomic distances are overlaid with an angle of
11° one relative to the other.
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superposition of the (111) planes of these two slightly differ-
ent ZB lattices is shown in Figure 2(d). The occurrence of this
pattern implies a long range order with high coincidence of
atoms of the two lattices, which by the way indicates a favor-
able in-plane epitaxial relationship. This 3D top view model
correctly describes the accommodation of MnGa layer onto
GaAs(111)B-(1 x 1) reconstructed surface with lattice param-
eters that are quite similar to those previously reported.'”
These TZB structure occurs for film thicknesses not exceeding
20nm. Thicker MnGa films with 52.5-60.0at. % Mn are
(111)-textured even if annealed during longer time. The struc-
tural change leading to (111)-textured layers for thicknesses
beyond 20nm is not completely understood. According to
atomic force microcopy analyses, when the film thickness
increases from 5 to 20 nm the root-mean square surface rough-
ness gradually increases from 2.5 to 7.4 nm for representative
sampling areas of 5 um x 5 um. The basic forming process of
the surface possibly initiates along the atomic terraces and
evolves to the coexistence of different crystalline domains.
However, the occupancy of surface sites due to the kinetic
promoted by the annealing and diffusion processes of atoms
of Ga and Mn deserves a more detailed investigation.

A vibrating sample magnetometer (PPMS Evercool II —
Quantum Design) was used to characterize the magnetic
properties of the epitaxial MnGa films as shown in Figure 3.
The hysteresis loops shown in Figure 3(a) were measured at
room temperature with magnetic field (H) applied out of the
film plane and parallel to projections of ¢ and a crystallo-
graphic axis in the film plane. The remanences (Mg)
obtained with H along ¢ and a are about 50% and 36% of sat-
uration magnetization, respectively. Coercive fields (Hc) are
about 2100e for both in-plane projections. Out-of-plane
hysteresis loop exhibits low Mgr (~6%) with Hc =110 Oe.
The saturation magnetization is Mg =650 emu/cm® which
corresponds to 12.9 ug per TZB cell or 3.2 ug per Mn atom.
Figure 3(b) shows the thickness dependence of the in-plane
saturation magnetization. For layers containing 52.5 at. %
Mn thicker than 20nm it is observed a significant loss of
magnetization. This is indicating that ordered TZB structure
enables stabilize large values of saturation magnetization.

For films thinner than 20 nm the hysteresis loops meas-
ured with applied field along the directions denoted by H;
and H, exhibit quite similar values of coercivity and satura-
tion field. Despite of the significant differences in the rema-
nent magnetization values, the in-plane anisotropy is weak,
as shown in Figure 3(a). Out-of-plane magnetization satu-
rates at fields as high as 40kOe. This value is much higher
than the shape anisotropy field estimated as 4tMg ~ 8.2 kOe.
The Stoner-Wohlfarth approach can tentatively be used by
admitting 2 K/Mg ~ 40 kOe, which yields an effective value
of magnetic anisotropy K ~ 1.3 x 10" erg/cm’. This effective
value K is close to those reported for 5-MnGa alloys with
56-59 at. % Mn,”* indicating that a strong magnetocrystalline
anisotropy also occurs in our films. In -MnGa, the hybrid-
ization between the Mn d electrons and the delocalized Ga p
electrons promotes a certain degree of itinerancy to the for-
mer, which favors an easy axis of magnetization along the
crystallographic c-axis, " largely affected by strain.'* In our
TZB-MnGa, the in-plane magnetization is weakly aniso-
tropic. The existence of equivalent epitaxial domains rotated
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FIG. 3. (a) Hysteresis loops measured at room temperature with magnetic
field applied along different crystallographic axes relative to TZB (111)
plane of a MnGa epilayer grown on GaAs(111) substrate. The inset shows
the crystallographic axes and magnetic field orientation used in the experi-
ments with H, and H, lying in the film plane and H; along the film normal.
(b) Thickness dependence of the saturation magnetization at 300K for
MnGa layers containing 52.5 at. % Mn.

by 120° one relative to the other should reduce the anisot-
ropy of magnetization along a and ¢ crystallographic axes.
Due to a tetragonal distortion with ¢/a ~ 1.1 contributions of
elastic and magnetoelastic anisotropy certainly play impor-
tant roles in these TZB MnGa layers.

The estimate value of 3.2 ug per Mn atom for tetrago-
nally distorted ZB MnGa layers is higher than experimen-
tal values previously reported for bct cells of MnGa. For
instance, magnetic moment values between 0.7 and 1.2 ug
per Mn atom were reported by Tanaka et al.' and referen-
ces therein, and 2.5 pug per Mn atom are found by Bedoya-
Pinto et al.® Also, calculated values of 2.5 Lg per Mn atom
reported by Sakuma'® and 2.8 ug per Mn atom described
by Yang et al.** for strained bet cells are smaller than our
present result. MnGa films with zinc-blend structure
directly integrated on GaAs(111) certainly deserves further
studies of their electronic structure in order to better
understand the relation between the high magnetization
and crystalline structure. Another important issue is the
investigation of the possibility of matching between
energy levels of TZB-MnGa and GaAs, which could favors
the spin-injection efficiency for applications in spintronics
devices. Our present results open approaches to explore
the usage of these alloys as spin injectors in magnetic tun-
nel junctions.
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In summary, we present results for MnGa epilayers
directly grown on the (1 x l)-reconstructed surface of
GaAs(111)B substrates without GaAs buffer layer growth.
We identify a heteroepitaxy between MnGa and GaAs with a
well-defined epitaxial film-substrate relationship consistent
with a zinc-blende lattice. Besides, noble-metal and rare-
earth-free MnGa alloy films are interesting for applications
in ultrahigh-density magnetic recording media Moreover,
this kind of material is also promising to be developed for
economical permanent magnets as pointed by Zhu et al®
The high saturation magnetization, together with moderate
to low values of remanance and coercivity, make ZB MnAs
suitable for spin injector electrodes in spintronics devices.
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