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Annealing temperature and thickness dependence of magnetic properties

in epitaxial L1o,-Mn, 4Ga films
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Mn, 4Ga films with high perpendicular magnetic anisotropy and high crystalline quality were
grown on MgO substrates with Cr buffer layer using molecular beam epitaxy. The crystalline
structure and the surface morphology of the films have been systematically investigated as
functions of in-situ annealing temperature (7,) and film thickness. It is found that the magnetic
properties can be largely tuned by adjusting T,. As T, increases, both saturation magnetization (M)
and uniaxial perpendicular magnetic anisotropy constant (K,) increase to the maximum values of
612emu/cc and 18 Merg/cc at 300°C, respectively, and then decrease. The morphology also
changes with T,, showing a minimum roughness of 2.2 A at T,=450°C. On the other hand, as the
thickness increases, M and K, increase while coercivity decreases, which indicates there is a
magnetic dead layer with a thickness of about 1.5 nm at the interfaces. The detailed examination on
the surface morphology of the films with various thicknesses shows a complicated film
growth process, which can be understood from the relaxation mechanism of the interfacial strain.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862172]

INTRODUCTION

Ferromagnetic thin films with perpendicular magnetic ani-
sotropy (PMA) have attracted considerable interests in
advanced spintronic applications as they can be developed to
overcome the superparamagnetic limit and enhance the ther-
mal stability for ultrahigh-density magnetic storage devices.'
In particular, the PMA materials with low saturation magnet-
ization (M), small damping coefficient (o), and high spin
polarization (P) are highly desirable for spin-transfer-torque
magnetoresistive random access memory (STT-MRAM) as
to realize high density and high writing speed.*®
Noble-metal-based FePt and FePd are the well-known ferro-
magnetic alloys exhibiting high PMA in L1, phase.”’ "'
However, large o and high-temperature (>500°C) annealing
process to form L1, ordering in FePt and FePd thin films
would suppress their applications in STT-MRAM. Recently, it
has been shown that Mn,Ga (1 < x < 3) alloys in L1j or DOy,
phase have small «, low M, high P, and high PMA, which per-
fectly meet the requirements for STT-MRAM.'?>"? In addition,
these Mn,Ga alloys are also promising for applications in
ultrahigh-density perpendicular magnetic recording, permanent
magnets, and magnetic domain wall race track memory.?**

L1, phase is a thermodynamically stable phase for the
Mn,Ga with x ranging from 1.15 to 1.89.'*?” The first princi-
ple calculation shows that MnGa in L1, phase has an o as
small as 0.0003, a P as high as 71%, and a K,>26
Merg/cc.'>**?° Experimentally, high PMA are obtained in
molecular beam epitaxy (MBE) or magnetron sputtering
deposited L13-Mn,Ga thin films with x ranging from 1.2 to
1.6."%%° In this study, Mn,; 4Ga films were deposited by
MBE. The structural and magnetic properties were tuned by
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varying the in-situ annealing temperatures (7,) in order to
obtain high crystalline quality, smooth surface, and high
PMA. The thickness dependence of Mn; 4Ga film was also
investigated in order to understand the interface effect and
the origin of PMA in this material.

EXPERIMENT

Mn, 4Ga films were deposited on MgO (100) substrates
with a Cr buffer layer in an ultrahigh vacuum MBE chamber.
Before depositing Mn, 4Ga film, MgO substrate was annealed
at 600°C. A 40nm thick Cr buffer layer was deposited at
room temperature and subsequently in-sifu annealed at 500 °C.
After this heat treatment, a smooth surface with a root-mean-s-
quare (rms) of as low as 1.7 A is obtained. The Mn, 4Ga layer
was then deposited at room temperature and subsequently
in-situ annealed at temperature T, ranging from 100 to 450 °C.
The film stack was finally capped with Ag layer of 4nm at
room temperature to prevent oxidation. The composition of the
films was controlled by changing the fluxes of Mn and Ga
effusion cells. After deposition, the composition x= 1.4 was
further confirmed by both x-ray photoelectron spectroscopy
(XPS) and inductively coupled plasma mass spectrometry
(ICP-MS) measurements. The surface morphology was meas-
ured by an atomic force microscopy (AFM), and crystalline
structural analysis was performed by x-ray diffractometer
(XRD). Magnetization measurements were carried out using
an alternating gradient magnetometer (AGM) and physical
properties measurement system (PPMS).

RESULT AND DISCUSSION

Figure 1(a) shows XRD 0/20 patterns of 40nm thick
Mn, 4,Ga films annealed with different T,,. The Cr (002), MnGa
(002), and MnGa (001) peaks can be clearly observed, which

© 2014 AIP Publishing LLC
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indicates the films are grown along the c-axis. No secondary
phase is found from the XRD patterns except for the film with
T,=450°C, where an additional broad peak is found at
61.25°, which can be ascribed to the (110) L1o-MnGa peak
from some misaligned MnGa grains.'® Since the 0/20 XRD
patterns of D0,, and L1, crystal structures are quite similar,
XRD ¢ scans were measured to identify the structure of the
Mn, 4Ga films. As shown in Figure 1(b), the fourfold L1,
{111} peaks are clearly observed. There is no D0,, {011}
peak present which is actually forbidden in L1, structure. This
clearly indicates that Mn; 4Ga film is of L1, phase ordering.
The ¢ scans of MgO {022}, Cr {022}, and MnGa {022} peaks
were also measured to check the epitaxial relationship.
As shown in Figure 1(c), the epitaxial relationship
MgO(001)[100]//Cr(001)[110]//MnGa(001)[100] is achieved.

Figure 1(d) shows the lattice parameters obtained from
XRD results. The in-plane lattice parameter a is calculated
from ¢ and interplanar spacing of MnGa (022) planes, which
is obtained from the 26 value of MnGa (022) peak. At
T,=100°C, the values of a and ¢ are close to the bulk values
(a=3.88 A, c=3.69 /&).1113 However, as T, increases, a
increases while ¢ decreases. This behavior relates to the strain
in epitaxial Mn; 4Ga film for the lattice mismatch. Based on
the epitaxial relationship Cr(001)[110]//MnGa(001)[100], an
in-plane rotation is needed for Mn; 4Ga to follow Cr lattice.
The lattice of Mn; 4Ga would contract along c-axis for the dif-
ferent values of the unit cells along Mn; 4Ga [100] (3.88 A)
and Cr [110] (4.07 A), leading to a tensile strain in Mn; 4Ga.
The strain increases with the enhancement of crystalline struc-
ture when T, increases.
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We note that the T,-induced @ and ¢ variations are differ-
ent from the previously reported for case for Mn, sGa film de-
posited on Cr-buffered MgO substrates by magnetron
sputtering. The a is nearly a constant and ¢ decreases slightly
with increasing T,.>> A possible reason is that the tensile strain
in Mn; 4Ga films is larger than that in Mn, sGa film due to its
larger lattice mismatch (4.67% for L1,-MnGa and 3.96% for
bulk DO0,,-Mn, sGa). The c¢/a ratio for the film with
T,=450°C is 0.912, which is much smaller than the bulk
value of 0.951, indicating a strong distortion of tetragonal lat-
tice for the large tensile strain. As shown in Figure 1(e), the
full width at half maximum (FWHM) from XRD rocking
curves decreases as T, increases, indicating the enhancement
in the crystalline quality with high T,. Figure 1(f) shows T,
dependence of surface roughness (R,). For most T,, R, is
small with a value from 2.2 to 3.9 A except for the film with
T,=200°C, where R, jumps to the maximum value of 8.0 A.
The trend of R, dependence on T, is quite different from that
reported for the Mn,_;Ga films with D0,, ordering.23 There R,
increases monotonically with T,, with an opposite trend of
FWHM. Thus, the film with a high crystalline quality usu-
ally shows a large R,, which is not favorable for device
application such as magnetic tunnel junctions (MTJs). In our
case, the L15-Mn; 4Ga film with high crystalline quality
(FWHM = 0.42°) and smooth surface (R,=2.2 /0%) can be
obtained at T, =450 °C.

Figure 2(a) depicts M-H loops as a function of T, with the
magnetic field applied perpendicular to the film plane. At
T,=200°C, the loop shows two magnetic phases. For
T,>250°C, all the M-H loops are of rectangle shape,
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FIG. 1. (a) XRD 0/20 patterns of Mn; 4Ga films with different T; (b) ¢ scans for a Mn, 4Ga film; (c) ¢ scans of {022} peaks for Mn; 4Ga/Cr/MgO heteroepi-
taxial structure; (d) Lattice parameters (bulk values of lattice parameters for Mn, 4Ga are also indicated with black dashed line and red solid line); (¢) FWHM;

(f) Ry dependence on T, for Mn; 4Ga films.
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indicating single magnetic phase in the film with the magnet-
ization easy axis perpendicular to the plane. For comparison,
Figure 2(b) shows typical M-H loops measured with magnetic
fields applied perpendicular to the plane (open circles) and
in-plane (open triangles) for the Mn,; 4Ga film with T, = 300 °C.
One can see that the loops confirm the PMA of the film. The an-
isotropy constant K, can be obtained from the relation

Ky, = MH™ /2 + 2nM2, (D

where H{! is the effective perpendicular magnetic anisot-
ropy field. The value of H]‘:ff can be estimated as the field at
which the in-plane and the out-of-plane M-H loops merge.
From Figure 2(b), the H{ is 52 kOe and M, is about
612 emu/cc, which give the value of K, of 18 Merg/cc,
which is comparable to that for D0,,-MnGa films. Figures
2(c)-2(f) give the key magnetic parameters as a function of
T.. High squareness (M,/M) > 0.94, high K, and low H,
can be achieved with T, >200°C, where M, is the remnant
magnetization. These results can be attributed to better
crystalline quality with high T,. It is noted that the M
(~612emu/cc) obtained in our experiments is higher than
previously reported Mn,Ga films, although it is still lower
than the theoretically predicted value of 845emu/cc for
stoichiometric L1p-MnGa (x= 1).18’24’29 As T, increases,
M, increases to a saturation value of about 612 emu/cc at
T,=300°C. The slight decrease in M, at T, > 300 °C may
be related to the decrease in the lattice parameter ¢ at high
T.. As reported by Wang et al., the magnetic moment of a
Mn atom can decrease by 0.23 ug (~47 emu/cc) when ¢
decreases from 3.7 A to 3.6 A.>° The larger decrease in ¢
may be one of the reasons why the reported M of Mn; sGa
film (c=3.47 A, M,=190emu/cc) is much lower than
ours.”* The estimated K, ranges from 12 to 18 Merg/cc for
our Mn,4Ga films with T,>200°C, while only 2 to 5
Merg/cc for low T, films.

Apart from spintronic application, rare-earth-free and
noble-metal-free Mn,Ga alloys are also good candidates for
permanent magnet application. The normal coercivity (H.g)
and magnetic energy product (BH)y.x) are key parameters
for permanent magnets, where H.g can be determined from
the B-H curve. Figures 2(g) and 2(h) give the values of H.g
and (BH),,,.x estimated from B-H curves as a function of T,.
The highest H.g of 3.09kOe is obtained at T,=200°C,
while the highest (BH),.x of 5.75MGOe is achieved at
T,=350°C. This (BH)yax value is larger than that reported
in ferrite magnets®' and Mn,Ga films on GaAs recently.'”°

The thickness dependence of Mn; 4Ga films was investi-
gated by depositing six samples with thickness ranging from
5nm to 100 nm at the same T, of 300 °C. To directly investi-
gate the morphology of Mn;4Ga films, no Ag protection
layers were deposited on these samples. Figure 3 shows their
AFM images (2 x 2 um scan size). To reduce the influence
of oxidation on morphology, the samples were immediately
measured when they were taken out from the vacuum cham-
ber. As marked by the black circles in Figure 3(a), several
islands with the height of several nanometers appear on the
surface of 5nm thick Mn; 4Ga film. The islands grow larger
and denser when the film thickness increases to 10nm as
shown in Figure 3(b). The width and height of the islands
can be up to 240nm and 12nm, respectively. For thicker
Mn, 4Ga films, the evolution of morphology with thickness
(see Figures 3(c)-3(f)) is similar to that for Ge layer on
Si(001) substrate reported by Hartmann et al.,*® which is
probably due to the similar lattice mismatch for these two
systems (4.6% for Mn, 4Ga/Cr and 4.2% for Ge/Si). Initially,
ripples form with small spatial wavelengths, and then
become longer in both width and length and finally forms a
crosshatching pattern. Some pits with widths and heights
about 70-120 nm and 14 nm also appears for films from 20
to 40 nm.
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FIG. 3. AFM images (2 x 2 um scan
size) for Mn; 4Ga films annealing at

5nm 10 nm 20 nm 300°C with different thickness (the
lattice directions of MgO in all images
are the same and labeled by the arrows
in the bottom right corner).
K
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Heteroepitaxial strained layers can relax by two compet-
ing mechanisms, namely, forming islands or pits on surface
and forming misfit dislocations.** As for our films, the first
mechanism is dominant for the large lattice mismatch (4.6%)
when the film grown is not very thick. For thin films with
thickness of less than 20 nm, islands are more easily formed
through nucleation as the films are not thick enough to sup-
port pits formation.** As the thickness increases further, the
formation of pits becomes more energetically favored, which
can be seen clearly from Figures 3(c)-3(e). For thicker film,
dislocations are also formed to relax the strain, which can
influence the morphology too. Based on the model in Ref.
35, a misfit dislocation will create a strain field that causes
lattice contraction in the (001) plane and expansion along
(001) direction. The expansion will lead to the upward
movement of the layers above the dislocation and form some
ripples as shown in Figures 3(c)-3(e). The spatial wave-
lengths of ripples become wider and finally form a cross-
hatching pattern for the pile-up of the dislocations.
Crosshatching lines are along Mn; 4Ga (110) (the same as
MgO (110) labeled in Figure 3). They are caused by the mis-
fit dislocations in Mn, 4Ga/Cr interface instead of Cr/MgO
interface because the latter ones were reported along Cr
(110) (the same as MgO (100)).>* Compared to the normal
crosshatching patterns for SiGe/Si, InGaAs/GaAs, and
AlGaAs/GaAs heterostructures,35 the crosshatching lines in
our Mn; 4Ga films are short but dense. The reason is that the
short misfit dislocations are easily formed for low tempera-
ture deposited Mn; 4Ga film.

It would be interesting to find the possible relations
between dislocations and the formation of islands and pits.>®
Some islands and pits in Figures 3(b)—3(d) are approximately
square in shape with two sides along the (100) directions of
MgO substrate. This shows that the islands may relate to the
threading dislocations originated from Cr/MgO interface,
which are along MgO (100) direction.** Similarly, the pits
with two sides along the MgO (110) directions may relate
to the threading dislocations originated from Mn; 4Ga/Cr
interface.

Figure 4(a) shows the XRD patterns obtained for
Mn; 4Ga films with various thickness at 7, =300 °C. For all
thicknesses ranging from 5nm to 100nm, the L1)-MnGa
(002) peak can be observed. The peak intensity increases as
the thickness increases. For 10 nm and below, Mn; 4Ga (001)
peak is not very clear, while for 100nm, all L1,-MnGa
peaks from (001) to (003) are clearly seen. The lattice pa-
rameters a, ¢ and FWHM are shown functions of thickness
in Figure 4(b). FWHM decreases with thickness and reaches
a minimum value of 0.39° at 100 nm. In contrast, Wu et al*®
reported an opposite FWHM variation with thickness, i.e.,
FWHM increases with thickness for D0,,-ordered Mn, sGa
films deposited by magnetron sputtering. The lattice parame-
ters ¢ increases while a decreases with thickness, indicating
a strain relaxation behavior in the film. The rather small ¢ in
5nm thick film may result from the large tensile stress in the
Mn; 4Ga film.

Figure 4(c) shows M-H loops as a function of film thick-
ness with the magnetic field applied perpendicular to the
plane. For 5nm thick Mn; 4Ga film, the M-H loop is not
square in shape, which may relate to the large tensile strain.
However, for the films with thickness from 10 nm to 40 nm,
square M-H loops are observed, indicating high PMA. When
the thickness is increased to 100 nm, the M-H loop is charac-
terized by the rather low M, and the abrupt transitions in
magnetization. This kind of loop can be found in relatively
thick film with high PMA and is well understood in the
model developed by Cape and Lehman.’’ At high mag-
netic field, all magnetic moments are oriented in the field
direction and M begins to drop rapidly when H decreases to
1.3 kOe. This drop is associated with the nucleations of mag-
netic bubbles with opposite magnetization. By further
decreasing H, the bubbles grow larger and the quasilinear
decrease of M with H can be explained by the domain wall
motion.*”

Figures 4(d)—4(f) show M, K, and H. as a function of
thickness. Both M, and K, increase with thickness till 40 nm
and slightly decrease with increasing thickness. This behav-
ior is quite different from the reported Mn,; gsGa and
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Mn, 5Ga films for which M is independent of thickness.>!"?
A possible reasons for the lower M in the thinner film is that
there may be magnetic dead layers near the interface and the
surface in view of symmetry breaking. From the data in
Figure 4(d), the thickness of the dead layer in both interfaces
(surface) is estimated to be ~1.5nm. Thus, the improvement
of interface quality is important to obtain high M, and high K,
in the ultrathin films. Besides the magnetic dead layer at the
interface or the surface, the smaller lattice constant ¢ may be
another possible reason for the lower M, which is already dis-
cussed in this report. Except for the 5 nm thick Mn; 4Ga film,
H_. monotonically decreases with increasing thickness, which
is mainly due to the increase of in-plane phase.

CONCLUSIONS

In summary, magnetic Mn; 4Ga films with high PMA and
high crystalline quality were grown on MgO substrate via a
Cr buffer layer using MBE. The Mn, 4Ga films with different
T, or thickness show M from 230 emu/cc to 612 emu/cc, K,
from 2 to 18 Meg/cc, H.. from 0.2 kOe to 4.6 kOe, (BH),ax UP
to 5.7 MGOe. The detailed examination on the surface mor-
phology of the films with various thicknesses shows a compli-
cated film growth process, which can be understood from the
relaxation mechanism of the interfacial strain.
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