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ABSTRACT

We have successfully grown thermodynamically stable ferromagnetic MnxGaj-x
(x=0.55~0.60) thin films with thicknesses ranging from 3 nm to 60 nm on GaAs substrates by
molecular beam epitaxy. The c-axis of the tetragonal structure of the MnGa film is shown to be
aligned perpendicular to the substrate. Both magnetization measurements and extraordinary Hall
effect measurements indicate perpendicular magnetization of the MnGa films, exhibiting square-
like hysteresis characteristics. Furthermore, we have investigated the effect of Ni additions as a
substitution for Mn in (Mngg.yNiy)Gayg alloy thin films with y=0 - 30 at% Ni. With increasing
Ni, the perpendicular component of the magnetization becomes smaller up to y=18 where the
magnetization is in-plane. At y=30, the magnetization is again perpendicular.

INTRODUCTION

Epitaxial growth of ferromagnetic thin films on III-V semiconductors can lead to the
integration of magnetic effects with high speed III-V electronics/photonics [1], offering a wide
range of possibilities for producing new devices such as non-volatile memory coupled with
underlying III-V circuitry. Although most of the magnetic thin films so far obtained have in-
plane magnetization due to the shape anisotropy [2], many potential applications of ferromagnetic
films require magnetization perpendicular to the substrate, both to allow higher storage density in
magnetic storage applications and to allow the use of extraordinary Hall effect (EHE) and
magneto-optic Kerr effect (MOKE).

Recently, we have explored the growth of metastable tMnAl on GaAs substrates by
molecular beam epitaxy (MBE), and found that heteroepitaxy helps to align the magnetization
direction of the MnAl film, which lies along the c-axis of the tetragonal unit cell of t phase, in an
orientation perpendicular to the substrate [3][4]. In this paper, we present our study of the MBE
growth of Mn,Ga;_, (x=0.55 - 0.60), the stable ferromagnetic Ga-based phase, compatible with
GaAs substrates in epitaxy due to the shared group III atom in the MnGa/GaAs couple. It is
shown that the MBE-grown MnGa films indeed have perpendicular magnetization, square-like
EHE hysteresis characteristics, and a high value of remanent magnetization, making them a
promising candidate for applications in certain non-volatile magnetic memory coupled with III-V
optical and/or electronic devices. Furthermore, we have investigated the MBE growth of (Mng-
yNiy)Gayg alloy films with y=0 - 30 at % Ni and the dependence of the magnetic properties on
the ¥\Ii composition.

MBE GROWTH

Unlike metastable t™MnAl, Mn,Ga_, with x=0.55 - 0.60 is a thermodynamically stable
ferromagnetic phase in the bulk Mn-Ga system [5][6]. In the bulk, the single phase region was
found to extend from 54.5 to 60.0 at% Mn at 450°C [6]. The crystal structure of the MnGa is
tetragonal, analogous to that of tMnAl, with an ordered crystal structure of the CuAu type. The
Mn-Mn spacing in the basal plane (a,) is 0.274nm, independent of the Mn content, and along the
c-axis (cp) is 0.365nm at 56% Mn and 0.369 nm at 59% Mn, respectively. The easy
magnetization direction is along the c-axis. Since a, is close to half of the lattice constant of
GaAs (0.283nm) with a lattice mismatch of only 3.8%, the orientation relationship with the c-
axis of the MnGa parallel to the surface normal of the (001) GaAs substrates is expected, as
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Fig. 1 (a) Crystal structures and epitaxial orientation of
MpGa on GaAs. (b) Cross sectional transmission electron
@ Ga microscopy (TEM) image taken from a 10nm-thick
Mn600a40 film on GaAs.

ao/2 = 0.283 nm

shown in Fig. 1 (a).

The growth of MnGa on (001) GaAs was performed with a conventional III-V MBE
machine (Riber-2300) with effusion cells for Mn, Ni, Ga and As, using the multistep technique
analogous to that employed in the growth of tMnAl/AlAs/GaAs [3][4]. Since the details of the
growth have been reported previously [7], we briefly summarize the growth procedure here.
After a 100nm-thick GaAs buffer layer was grown at 580°C under conventional III-V growth
conditions, the substrate temperature was cooled to 20 - 40°C while completely eliminating the
As flux. Then a thin (about 0.9nm-thick) amorphous MnGa template was deposited at 20 -
40°C. The amorphous template was next heated up to 200 - 250°C to form a monocrystalline
template by solid phase epitaxy. After the template with the desired epitaxial relation was thus
established, Mn and Ga were subsequently codeposited at 150 - 200°C at a growth rate of
0.05um/hr, to a final Mn,Ga,_4 thickness of 3 - 60nm. The Mn content x was set to 55% - 60%
in the present study. Finally, postgrowth annealing was performed at 300 - 410°C for 2
minutes. Such annealing at a temperature T, of at least 300°C was found to be necessary in
order to improve the structural and magnetic properties of the MnGa film.

STRUCTURAL AND MAGNETIC PROPERTIES OF MnGa THIN FILMS

The epitaxial MnGa with its c-axis aligned normal to the substrate was confirmed first by in
situ reflection high energy electron diffraction (RHEED) and also by cross sectional transmission
electron microscopy (TEM). Figure 1 (b) shows a <110> TEM lattice image of the 10nm-thick
MngGay film grown on GaAs, indicating that a monocrystalline MnGa layer was indeed grown
with the c-axis properly oriented perpendicular to the GaAs substrate. The interface between the
MnGa and the GaAs is found to be very smooth and abrupt, and no interfacial transition layer
was observed. The horizontal lattice fringes with a spacing of 0.31nm correspond to the (001)
planes of the tetragonal structure of the MnGa. This value of the ¢ parameter in the present
epitaxial MnGa film is significantly smaller than that of bulk MnGa (0.36~0.37nm) [5][6] and a
MBE-grown MnGa film (0.35nm) with greater (30nm) thickness [8]. Although the reason for
the reduced tetragonality is not yet clear, the explanation may be that the present MBE film is
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composed of an intermediate phase between the tetragonal phase and cubic phase, stabilized by
the coherent epitaxy, as has been shown in the case of MnNiAl [9][10].

To investigate the magnetic properties of the epitaxial MnGa films, we performed vibrating
sample magnetometer (VSM) measurements as a function of magnetic field perpendicular to the
substrate at room temperature. Fairly square hysteresis loops were observed at room temperature
[7], offering direct evidence of the desired perpendicular magnetization. Similar results were
obtained in all the samples of MnGa with Mn content ranging from 55% to 60%. The remanent
magnetization M, along the c-axis was estimated to be 113 - 225 emu/cm3, and the coercive field
H; was 0.85 - 3.15 kQe.

The Hall effect measured in a ferromagnetic film is known to have an "extraordinary"
component resulting from the asymmetric scattering of carriers with magnetic atoms [11]. The
extraordinary Hall effect (EHE) is very useful in this case because the Hall resistivity measured
in a patterned Hall bar in the MnGa films is proportional to the magnetic moment perpendicular to
the film plane. Figure 2 shows an example of Hall resistance Ryy vs. perpendicular magnetic
field measured at room temperature on a 200um-wide Hall bar fabricated in a 10nm-thick
MnsgGagp film prepared with T, = 300°C. One can see a fairly square hysteresis loop with
nearly 100% remanence, Hall resistance Ryy of 3.5 Q (corresponding Hall resistivity pxy of 3.5
pQcm) and H, of 1.46 kOe. Similar square-like hysteresis loops were observed in the EHE
measurements in all the present MnGa samples, indicating a large component of perpendicular
magnetization, consistent with the VSM measurement results. The EHE resistivity Pxy was
found to vary from 0.1 pQcm to 4 pQem, depending on the growth parameters.

The magnetic and magnetotransport properties of the MBE-grown MnGa films, such as
remanent magnetization My, saturation magnetization My, coercive field H, , Hall resistance R
and Hall resistivity pyy, depend on the various growth parameters such as growth temperature
T, postgrowth annealing temperature T,, Mn composition x, and thickness of the MnGa film z.
Here, we briefly describe the change in the properties of MngyGay films grown at Tp=200°C
and at T, = 350°C when the thickness r was varied from 3 nm to 60 nm. Over the entire range of
the thickness explored here, perpendicular magnetization was evidenced by both VSM and EHE
measurements and electrical continuity in each of the films was confirmed. Figure 3 shows a set
of plots of Hall resistance as a function of perpendicular magnetic field at room temperature on
the MngpGayg films with 7=3nm (a), 10nm (b), and 60nm (c). With the change of film
thickness, the value of Ryy (=pxy/t) changes drastically, from about 2 Q to 0.07 Q. The value of
coercive field H, was maximum (3.15 kOe) at r=10nm, and minimum (0.85 kOe) at r=60nm.
The VSM measurement showed that the saturation magnetization M; of the 60nm-thick film was
394 emu/cm3, as high as the bulk value of 390emu/cm? [6], indicating the high quality of the
MBE film. This growth parameter dependence can allow us to control the magnetic properties in
these MBE-grown films.
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Ni ADDITIONS: (Mngg.yNiy)Gago ALLOY THIN FILMS

The addition of Ni to the MnGa films is expected to lead to the reduction of the tetragonality
of the lattice. This should in turn decrease the magnetocrystalline anisotropy, resulting in a
change in magnetic properties, as in the case of MnNiAl thin films [9]. In order to explore the
effect of Ni additions on the structural and magnetic properties, we have fabricated a series of
(MnNi)Ga samples where Ni was substituted for Mn in MngoGayg films over the range of 4% to
30% atomic fraction of Ni. The growth procedures and conditions in the MnNiGa films are the
same as in the case of MnGa, except that the growth temperature was 200 - 220°C, a little higher
than that of MnGa.

Figure 4 shows a series of RHEED patterns along the <110> azimuth taken from the 10nm-
thick (Mngg-yNiy)Gayg films with various Ni content (y=4, 8, 18 and 30 at% Ni), both for as-
grown surfaces and for the surfaces after the postgrowth annealing at 300°C for 2 minutes.
These streaky patterns suggest that monocrystalline epitaxial films are obtained with very smooth
surfaces over the entire range explored here. The postgrowth annealing was found to be
effective in improving the RHEED quality. As the value of y increases, the RHEED pattern
becomes more streaky and sharper. For the MnNiGa with y=30, one can see a (4x4)
reconstruction on the as grown surface which changed into a sharp (2x2) reconstruction after the
annealing, while (2x2) reconstructions are seen for the MnNiGa with ¥<30.
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Fig. 4 A series of RHEED patterns along the <110>
azimuth taken of 10nm-thick (Mngg.yNiy)Gayg films
with various Ni content (y=4, 8, 18 and 30 at % Ni
as indicated). The left hand pictures are taken from
the as grown surfaces, and right hand ones are from
the surfaces after the postgrowth annealing at 300°C
for 2 minutes.

Fig. 5 EHE characteristics are plotted as a function
of applied magnetic field perpendicular to the film
plane, and the M, values are shown with the
magnetization directions, where | and // denote
perpendicular and in-plane magnetization,
respectively.
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To investigate the magnetic properties, we performed VSM and EHE measurements at room
temperature. The results are summarized in Fig. 5, where the EHE characteristics are plotted as a
function of magnetic field applied perpendicular to the film plane. The M, values and the
magnetization directions measured by VSM are also shown in the figures. It was found that the
perpendicular magnetization decreases and the EHE hysteresis loop becomes smaller with
increasing Ni content (y varing from 0 to 18), as shown in Fig. 2 and Figs. 5 (a), (b) and (c).
The VSM measurements revealed that the MnNiGa films with y=4 and y=8 have smaller values
of M, (87 emu/cm? and 24 emu/cm3, respectively), along the perpendicular direction, than the
My (> 110 emu/cm3) of MnGa. However, it was found that the MnNiGa film with y=8 has
some in-plane component of magnetization though the dominant component is perpendicular. It
was also found that the MnNiGa film with y=18 has almost no perpendicular magnetization, but
rather a dominantly in-plane magnetization. This result suggests that the epitaxial relationship of
Fig.1 (a) may not be realized in the Mn4oNi13Gag0/GaAs heterostructure, and the c-axis of the
MnNiGa may instead be aligned in the (001) plane of GaAs. Alternatively, the magneto-
crystalline anisotropy may be overcome by the shape anisotropy, yielding in-plane
magnetization. This could result from the reduced tetragonality of the MnNiGa with such a high
Ni content, though a more detailed structural analysis is necessary. Furthermore, it was found
that when we further increase the Ni addition up to y=30, the MnNiGa shows perpendicular
magnetization and a square-like EHE hysteresis loop again, as shown in Fig. 5 (d), though both
the values of M, and pyy are significantly smaller than those of MnGa. Thus the Ni content
dependence of the magnetic properties of the MnNiGa alloy films was found to be more complex
than that of MnNiAl alloy films [9].

CONCLUSIONS

We have successfully grown ferromagnetic MnGa films on GaAs by MBE. The long axis
(c-axis) of the tetragonal structure of the MnGa film is aligned perpendicular to the substrate.
Both VSM and EHE measurements confirm this perpendicular magnetization, and exhibit square-
like hysteresis loops in our MnGa films with thicknesses ranging from 3nm to 60nm at room
temperature. The growth and magnetic properties of Mngp-yNiyGayg alloy films on GaAs were
also explored. With increasing Ni, the perpendicular component of the magnetization becomes
smaller and the alloy film at y=18 shows in-plane magnetization, while the film at ¥=30 shows
perpendicular magnetization.
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