MAGNETIC PROPERTIES AND STRUCTURE
OF MN-X ALLOY THIN FILMS

by
SIQIAN ZHAO
TAKAO SUZUKI, COMMITTEE CHAIR
AARON CATLEDGE
SUBHADRA GUPTA
GARY MANKEY
GREGORY THOMPSON

A DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
in the Department of Metallurgical and Materials Engineering
in the Graduate School of
The University of Alabama

TUSCALOOSA, ALABAMA

2018

Copyright Siqian Zhao 2018
ALL RIGHTS RESERVED

ABSTRACT
Among the rare earth free/less permanent magnet candidates, the L10 MnAl, L10 MnGa and
D022 Mn3-δGa (δ=0~1) exhibit high magnetic anisotropy energy, which is of the order of 10 7
erg/cm3 [1-4], despite the spin orbit coupling (SOC) of Mn atom is small. The present project
aims to understand the magnetic anisotropy Ku and coercivity Hc mechanism of Mn-X alloy thin
films in conjunction with structure. The polycrystalline samples of L10 Mn52Al48, L10 Mn52Ga48
and D022 Mn71Ga29 were sputter-deposited onto silica glass substrates, and the epitaxial L10
Mn53Ga47 and L10 Mn53Ga47Alx (x=0~6) of island structure were deposited onto MgO (100) and
SrTiO3 (100).
The initial curves and “apparent Hc” were measured, and the relation between Hc(T)/Ms(T)
and 2Ku(T)/Ms2(T) were fitted linearly to Kronmuller’s empirical equation to estimate the
pinning size r0 and effective demagnetizing factor Neff, in order to understand the Hc mechanism.
The Hc in out-of-plane directions for polycrystalline L10 Mn52Al48, L10 Mn52Ga48, and both
in-plane and out-of-plane directions for polycrystalline D022 Mn71Ga29 and epitaxial L10
Mn53Ga47 are governed by domain wall pinning mechanism, while the in-plane directions for
polycrystalline L10 Mn52Al48 and L10 Mn52Ga48 by a mixture of domain wall pinning and
nucleation modes. The Neff for polycrystalline L10 Mn52Al48, polycrystalline L10 Mn52Ga48, and
epitaxial L10 Mn53Ga47 are 0.1, -2, and 12, respectively, while the r0 are 1.1~1.9 (non-magnetic),
ii

2.2~3.3 (non-magnetic), and 2.0~2.8 nm (magnetic), respectively.
The normalized Ku(T) as a function of Ms(T) was fitted to Ku(T) ≈ Ms(T)n. The power law
exponent n for the epitaxial L10 Mn53Ga47 and L10 Mn53Ga47Alx is found to be n ≈ 1.6~3.9, which
is temperature dependent and larger at lower temperatures. The results show discrepancy with
the single-ion (n=3) or two-ion mechanism (n=2) predictions for K u1 based on a localized model.
At the current stage, the theory for the temperature dependence of SOC and K u is not well
established, and the Ku for transition metal systems is based on itinerant models. Therefore, it is
not understood which model (either single- or two-ion mechanism) is responsible for the
magnetic anisotropy. A more detailed theory of Ku(T) for transition metal systems is needed.
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1

INTRODUCTION

1.1 General
Permanent magnets such as Nd2Fe14B and CoCrPt are widely used in industry applications
including motors and magnetic MEMS. However, most of the permanent magnets with favorable
magnetic properties contain rare earth elements and noble metals like Co and Pt. These rare
metals are either expensive or difficult to recycle. Therefore, it is critical to investigate the rare
metals free permanent magnets that are economically and environmentally sustainable, in order
to promote the use of them in the applications in current industry. The magnetic features and the
price of the rare earth free materials compared to rare earth permanent magnets are shown in Tab.
1.1 (As of 2018). It can be seen that the Mn system alloys MnAl and MnBi are more
economically sustainable than permanent magnets that contain rare earth and noble metals such
as Sm, Nd, Co and Pt. Additionally, although the Ga is expensive, it is still much cheaper than Pt.
Therefore, among the rare earth and noble metal free permanent magnet candidates, the
Mn-X alloys including Mn-Al [1, 2, 5, 6] and Mn-Ga [3, 4, 7, 8] have attracted much attention,
and voluminous work has been carried out. In the binary alloy system of Mn-Al, the τ-MnAl
with L10 structure exhibits the uniaxial magnetic anisotropy constant K u of the order of 107
erg/cm3 [9] and saturation magnetization Ms around 490 emu/cm3 at room temperature for

1

Price
($/kg)
SmCo5
Sm oxide: 7
SmCo17
Co: 90
Nd oxide: 60
Nd2Fe14B
4.9
1300
583
64
B: 0.5
FePt
6.6
1100
750
40
Fe ore: 0.065
CoPt
4.9
800
840
25
Pt: 30912
MnAl
1.5
490
650
10
Mn: 1.7
MnGa
2.6
300~400
600~650
15
Al: 0.015
Ga: 400
MnBi
2
600
650
15
Bi: 11
Tab. 1.1 The magnetic features and price of the rare earth free materials compared to rare earth
permanent magnets. [9-13]
Material

K
(10 erg/cm3)
17.2
4.2
7

Ms
(emu/cm3)
900
1000

Tc
(K)
1023
1098

(BH)max
(MGOe)
14~24
22~32

bulk material [2]. The energy product (BH) max value of τ-MnAl is as high as 10 MGOe. Also, the
Mn-Ga compounds that received attention include the ferromagnetic tetragonal Mn 2Ga5 [14],
ferromagnetic L10 MnGa [3], ferrimagnetic D022 Mn3-δGa (δ=0~1) [4] and the anti-ferromagnetic
D019 Mn3-δGa (δ=0~1) [15]. All the L10 MnAl, L10 MnGa and D022 Mn3-δGa possess large
uniaxial magnetic anisotropy constant Ku of the order of 107 erg/cm3 and (BH) max as high as 15
MGOe with the easy axis parallel to the c-axis. Therefore, they are potential perpendicular
magnetic anisotropy (PMA) materials which can be used to assure thermal stability in nano-scale
spin-tronics as well. Additionally, the magnetic properties of these Mn compounds can be
modified by adjusting the elemental composition, especially the case for Mn-Ga. It is reported
that Mn2Ga can be targeted to obtain a higher magnetization, where the magnetic moment of Mn
at 4d sites is not compensated due to lack of Mn at 2b sites [16]. Therefore, it is of interest to
study the magnetic properties of Mn-X alloys in conjunction with structure over a wide
2

composition range. Besides, it is also of interest to study the L10 Mn-Ga-Al system by adding Al
to the L10 MnGa, since the L10 MnAl and MnGa possess the same crystal structure, and
relatively close lattice constants. It is expected to observe the change of magnetic and structural
properties with changing of Al amount in the L10 Mn-Ga-Al.
It is noted that the spin orbit coupling of Mn atoms is not large, but the τ-MnAl, L10 MnGa
and D022 Mn3-δGa possess high magnetic anisotropy constant Ku of the order of 107 erg/cc at
room temperature. Kota and Sakuma [17] describes a favorable electronic structure of both L10
MnAl and L10 MnGa by the tight-binding linear muffin tin orbital (TB-LMTO) method, and
found both the Al and Ga plays an important role in the magnetic anisotropy, even though the
contribution from Al and Ga are much smaller than the Mn. Also, Al-Aqtash and Sabirianov [18]
concluded that the magnetic anisotropy energy is more sensitive to lattice constant c , by
employing a density functional theory calculation about the effect of strain on magnetic
anisotropy of L10 MnGa alloys. One way to connect the experimental results to the theoretical
predictions is to compare the power law exponent of the correlation between temperature
dependent K(T) and Ms(T) to the theoretical values. For example, the power law exponent n=3
suggests a single-ion mechanism is responsible for the first order uniaxial magnetic anisotropy
energy K1, and n=2 suggests a two-ion mechanism. The correlation between K u(T) and Ms(T)
normalized at Ku(5K) and Ms(5K) is plotted out in the present dissertation work, and discussions
have been made about the uniaxial magnetic anisotropy.
The coercivity Hc of these materials is another topic that is discussed in this dissertation. As
3

well known, the Hc is an extrinsic property that is dependent on microstructure which may
include grains, defects, impurities, surface roughness, film thickness, and grain orientation
/texture. The Hc is always smaller than the intrinsic magnetic anisotropy field H k, which is
defined by 2K/Ms. This is called the famous Brown’s Paradox. The reduction of H c was
discussed by many workers [19-22]. Kronmuller [19] reported an empirical equation of H c as a
function of Hk and effective demagnetizing factor Neff, and analyzed the circumstances of both
nucleation and pinning modes where the defects and impurities play an important role. Suzuki et
al [20] discussed the coercivity mechanism of (Co/Pt) multilayers according to Kronmuller’s
work, and estimated the pinning sites size ro together with Neff. In this dissertation, the coercivity
mechanism is discussed according to Kronmuller’s theory.
It is known that change of lattice constants can result in change of interaction between Mn
atoms in Mn compounds [23], from antiferromagnetic to ferromagnetic if the distances between
Mn atoms increases from below 2.9 Å to above 2.9 Å. Thin films can be used to engineer the
lattice constants by varying fabrication conditions such as substrates type, heat treatment
conditions and so on. Therefore, the thin films of Mn-Al, Mn-Ga and Mn-Ga-Al alloys are
investigated in this dissertation.
The present dissertation consists of four main parts: The magnetic and structural properties
of 1) polycrystalline L10 MnAl, 2) polycrystalline L10 MnGa and D022 Mn3-δGa (δ=0~1), 3)
epitaxial L10 MnGa and 4) epitaxial L10 Mn54-xGa46Alx alloy thin films. The present work aims to
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understand the magnetic anisotropy and coercivity mechanism in conjunction with the structural
properties of Mn-X alloy thin films.

1.2 Magnetic anisotropy
For most ferro- or ferri-magnetic materials, the magnetic fields that are needed to fully
saturate the magnetization to the maximum value in different directions are different.
Consequently, the magnetic anisotropy is present. The magnetic moment lies in certain
energetically favorable directions without external field, called the easy axis, or sometimes the
directions make up a whole plane, then the plane is called the easy plane. The easy axis requires
the lowest magnetic field to saturate the magnetization, as shown in Fig. 1.1. On the contrary, the
energy unfavorable directions are called hard axis or hard plane. The hard axis requires the
highest magnetic field to saturate the magnetization. Since the magnetic moment lies in the easy
direction without applied magnetic field, because of the favorable energy state, an additional
energy must be applied to the material to rotate the magnetization from the easy axis to the hard
axis. The energy that is needed to do so is called the magnetic anisotropy energy. The magnetic
anisotropy energy is an important property for magnetic materials. The high magnetic anisotropy
material can be used as permanent magnets and MEMS materials. The perpendicular magnetic
anisotropy materials in particular can be used to assure thermal stability at high temperatures.
Therefore, it is critical to understand the origin of the magnetic anisotropy energy, in order to
contribute to the advancement of the current industry applications.
5

Fig. 1.1 The illustration of a hysteresis M-H curve.

The origin of magnetic anisotropy can be assorted to the following types: [12]
1) Intrinsic:

Magneto-crystalline anisotropy

2) Extrinsic:

a. Shape magnetic anisotropy
b. Interface/surface magnetic anisotropy
c. Stress induced magnetic anisotropy
d. Atomic pair ordering induced magnetic anisotropy
e. Exchange biased unidirectional magnetic anisotropy

To discuss the intrinsic magneto-crystalline anisotropy, firstly one could recall that the
spin-spin interaction, or exchange interaction, which acts to keep neighboring spins parallel or
antiparallel to each other, depends only on the angle between adjacent spins, thus isotropic,
although the coupling is strong. For most rare earth metals where orbital moments are not
6

quenched, the orbital momentum are coupled to the spin momentum, therefore, the origin of
magneto-crystalline anisotropy of rare earth metals results from the strong spin-orbit coupling.
On the other hand, for 3d transition metals where the orbital moments are largely quenched, the
orientations of the orbits are strongly fixed to the crystal lattice which is referred to as the crystal
field interaction. Thus the magneto-crystalline anisotropy is mainly due to the crystal field [24].
As listed, other than magneto-crystalline anisotropy, there are other extrinsic or induced
magnetic anisotropies. The magnetic shape anisotropy originates purely from magneto-static
interactions. For example, if one considers a perfect polycrystalline sample having no net
crystalline magnetic anisotropy, the magnetization is along the long axis without applied
magnetic field, because the demagnetizing field is stronger in the short axis. The shape magnetic
anisotropy is closely related to the demagnetizing effect. The shape magnetic anisotropy energy
can be expressed as
𝐸

= 𝐻 𝑀,

(1.1)

where the 𝐻 is the demagnetizing field, and 𝑀 is the magnetization. Since the 𝐻 can be
substituted by
𝐻 = 𝑁 𝑀,

(1.2)

where 𝑁 is the demagnetizing factor, that is only related to the shape of the sample. Therefore,
the shape magnetic anisotropy energy becomes
𝐸

= 𝑁 𝑀 ,

For example in the case of thin films, the 𝑁 equals 4 in the film plane and 0 in other
7

(1.3)

directions. Therefore, the magnetization favors in-plane orientation.
The interface/surface anisotropy originates from the asymmetry of the orbital motion of
electrons at the surface or interface of thin films [24]. By introducing an interface or surface to a
ferromagnetic material, the orbital motion of electrons is affected because the symmetry is
broken. The asymmetry of the averaged orbital moments generates the surface/interface
contribution to the total magnetic anisotropy. The surface/interface contribution in ultra-thin
films is substantial, even dominates over other magnetic anisotropy origins in some cases. Due to
the asymmetry at the surface/interface, the energy of magnetic moments of atoms near
surface/interface is different for parallel and perpendicular to film plane direction. The effective
magnetic anisotropy constants can be divided into two parts, one related to volume contribution
and one to surface/interface contribution. The effective magnetic anisotropy regarding volume
and surface/interface contribution can be expressed as
𝐾

=𝐾 +

,

(1.4)

where 𝐾 is the volume magnetic anisotropy, 𝐾 is the surface/interface magnetic anisotropy,
and 𝑡 is the thickness of the thin film. If the thickness of the film is large, the exchange coupling
of the surface moments and the volume moments keeps the overall moment in the same direction,
and the Kv dominates the total Keff. On the other hand, if the thickness of the film is small, then
the Ks become dominant. The 𝐾 and 𝐾 can be estimated by linearly fitting the 𝐾

𝑡 as a

function of 𝑡, where 𝐾 equals the slope, and 𝐾 equals the intercept.
The stress applied on a ferromagnetic material will affect the orientation of magnetization,
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thus generating an anisotropic energy which is originating from magneto-elastic effect. For
example, the thermal expansion causes lattice mismatch between magnetic thin films and the
substrates, and the stress gives rise to an induced anisotropy, this is called the stress induced
anisotropy. The magnetoelastic energy can be expressed as
𝐸
−3𝜆
where 𝜆

and 𝜆

2
=− 𝜆
3

𝜎(𝛼 𝛾 + 𝛼 𝛾 + 𝛼 𝛾 )
(1.5)

𝜎(𝛼 𝛼 𝛾 𝛾 + 𝛼 𝛼 𝛾 𝛾 + 𝛼 𝛼 𝛾 𝛾 ),

are the magnetostriction constant along [100] and [111] direction, 𝛼 , 𝛼

and 𝛼 are the direction cosines of magnetization, and 𝛾 , 𝛾 , 𝛾 are the direction cosines of
the external stress σ. When the magnetostriction is isotropic, the magnetoelastic energy becomes
𝐸

= − 𝜆 𝜎𝑐𝑜𝑠 ,

where  is the angle between magnetization and the stress directions, 𝜆

(1.6)
is the isotropic

magnetostriction. Therefore, the effect of stress on an isotropic sample depends on the sign of the
𝜆 𝜎 product. The easy axis lies in the stress direction when the 𝜆 𝜎 product is positive and
perpendicular to the stress direction if the product is negative. The stress induced anisotropy
energy, which is a magnetoelastic energy, can be expressed as
𝐸

= 𝐾 𝑠𝑖𝑛 ,

(1.7)

where 𝐾 is the stress induced anisotropy constant. By comparing (1.6) and (1.7), the 𝐾 is
given by

𝜆 𝜎.

The atomic pair ordering induced magnetic anisotropy originates from directional or
anisotropic ordering of microscopic atomic moment pairs. This phenomenon was reported by
9

Taniguchi in 1955 [25], where a uniaxial anisotropy was induced by magnetic annealing in
ferromagnetic cubic solid solutions, for example the Ni-Fe alloy. The anisotropic coupling
between atom pairs originates from the interplay between the spin-orbit coupling and orbital
valence, and can be described in the form of dipole-dipole interaction. This dipole-dipole
interaction produces magnetic anisotropy when the atomic pair distribution is anisotropic. The
induced magnetic anisotropy is uniaxial, and the value is of the order of 10 5 erg/cm3 [25].
Lastly, the exchange biased unidirectional magnetic anisotropy is induced when
ferromagnetic and antiferromagnetic layers are coupled by exchange interaction between
magnetic moments on the common interface. The exchange bias can be detected on the
hysteresis loop by the loop shift along the applied magnetic field direction. That is to say, the
applied magnetic field that is needed to saturate the magnetization is different in positive and
negative magnetic field directions, which gives rise to a magnetic anisotropy energy. This
magnetic anisotropy energy is unidirectional, rather than uniaxial. The magnitude of exchange
bias is inversely proportional to ferromagnetic film thickness and magnetization as follows [26],
,

𝐻 =
where 𝐽

is the interface coupling constant, 𝑀

and 𝑡

(1.8)
are the magnetization and

thickness of ferromagnetic layer.
As discussed elsewhere [27, 28], the magnetic anisotropy constant K can be expressed as a
function of saturation magnetization Ms at various temperatures and the relation can be fitted to a
power law, i.e. K(T)~Ms(T)n. The discussion over the exponent n lasts for more than 50 years,
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yet controversy still remains. Akulov [29] was the first one to propose a 10 th power law for Fe
and compared to the experimental data of Honda’s. They found the 10 th power law agreed with
experiment well. Then much discussion was made, such as the 5-6th and the 2nd law by Van
Vleck [30], followed by a more general and currently most believed theory by Zener [31], where
n=l(l+1)/2 and l is the power of magnetic anisotropy function. For example, in the case of single
crystal Fe, Ni and other cubic magnetic anisotropy materials, the l is 4, and n is expected to be
around 10. Carr then reported a similar 10th law for Ni though with some ambiguity [32], then
Callen and Callen summarized the previous theories and reconfirmed the n=l(l+1)/2 theory with
some corrections [33].
In the case of uniaxial magnetic anisotropy, the situation is more complicated, although the
l=2 for first order uniaxial magnetic anisotropy constant Ku1 suggests n=3. One example is the
hexagonal Co, where the Ku1 decreases with T and changes sign from positive to negative at
around 510 K. The negative magnetic anisotropy magnitude of Co then increases with T in the
temperature range from 510 to around 620 K [32, 34]. However, the M s decreases much slower
than the Ku1. With T from 273 to 473 K, the Ms changes only from approximately 1397 to 1379
emu/cm3 [24]. The power law relation clearly does not obey n=3 since there is a positive
constant in the relation, i.e. K(T)~const.*Ms(T)n, meaning if Ku1 changes sign with temperature,
this relation is not applicable.
Another example is the Nd2Fe14B, which is well known to show the negative Ku1 magnitude
decreasing with T and changes sign from negative to positive at around 150 K while the positive
11

Ku2 rapidly decreases with T [35, 36]. The Ms on the other hand, monotonically decreases with T.
Therefore, the relation between Ku(T) and Ms(T) for Nd2Fe14B does not obey the power law
either. A different but also inconsistent case is the LTP MnBi. It has been reported that the
positive Ku(T) is inversely related to Ms(T) [37], as a result of the character of LTP MnBi that the
Ku increases with increasing T, while the Ms decreases with T. The power law relation again is
not obeyed.
The L10 FePt on the other hand, shows a slightly smaller exponent n≈2.1, but there is a
theoretical prediction for L10 FePt explains the unusual exponent by first principle calculation.
[38] According to this calculation, the n≈2.1 is due to an effective anisotropic exchange mediated
by the induced Pt moment, which is expected to be a common feature of 3d-5d(4d) alloys having
5d/4d elements with large spin-orbit coupling. Additionally, n=2 suggests a two ion mechanism
is responsible for the Ku1.
In summary, one way to investigate the magnetic anisotropy mechanism for crystalline
materials is to estimate the relation between K(T) and M s(T), where K(T) and Ms(T) are the
magnetic anisotropy constant and saturation magnetization at various temperatures. For example,
both the experimental report [39] for the L10 FePt and the m-D019 Fe3Pt [40] suggest a two-ion
mechanism is responsible for those alloys, where the aspherical charge distributions of ions
interact with each other because of wave function overlaps. In their reports, the K(T)/K(0) was
found proportional to [M(T)/M(0)] n where n≈2. Therefore, a two-ion mechanism is predicted
responsible for the magnetic anisotropy. On the other hand, certainly, for amorphous alloys
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where magneto-crystalline anisotropy is not dominated, the magnetic anisotropy is mainly due to
the extrinsic anisotropies.

1.3 Coercivity
The magnetic field that is needed to reduce the magnetization of a ferromagnetic material to
zero is called coercive force, or coercivity Hc, as shown in Fig. 1.1. The coercivity is a very
important property for ferromagnetic materials, and it is a measure of the resistance of
ferromagnetic material to be demagnetized by external magnetic field. The coercivity also
governs the read-stability of the recording media. Therefore, it is critical to understand the origin
of coercivity mechanism.
The coercivity is an extrinsic property, which is sensitive to microstructure including grains,
defects, impurities, surface roughness, film thickness, and grain orientation /texture, and domain
structure. For ferromagnetic thin film, the coercivity has a dependence on film thickness t. The
change of coercivity can be divided to three regions:
1) For thin film with multi-domains, the coercivity deceases with increasing of film
thickness t.
2) For thin film with single domains, i.e. when the isolated domain size is smaller than single
domain critical size Dc, which can be estimated by
Dc=9εw/(2πMs2),
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(1.9)

where εw is the domain wall energy, ε w=4√𝐴𝐾 and A is the exchange stiffness constant, the
coercivity increases with film thickness t.
3) For thin film with isolated domain size smaller than superparamagnetic radius r p, because
thermal energy is now strong enough to spontaneously demagnetize a previously saturated film,
the coercivity becomes zero, and such specimen is called superparamagnetic. The probability per
unit time for switching the particle to more stable demagnetized state can be expressed as
following
𝑃 = 𝑣 𝑒𝑥𝑝 −

(1.10)

,

where 𝑣 is an attempt frequency factor which is approximately 10 -9 s-1, 𝐾 is the uniaxial
magnetic anisotropy constant, 𝑉 is the volume of the isolated domain, 𝑘

is the Boltzmann

constant and T is the temperature. Roughly speaking, the superparamagnetic radius r p for over 1
year and 1 second of stability can be estimated by
𝑟

≈

,

(1.11)

𝑟

≈

,

(1.12)

and

respectively. The film thickness t dependence of coercivity is shown as Fig. 1.2.
Other than the size dependence, the magnitude of coercivity is highly dependent on the
magnetization reversal mode as well. Considering a perfect single domain particle with uniaxial
magnetic anisotropy, as shown in Fig. 1.3, if all the spins in the particle remained parallel to each
other during the rotation, this mode of magnetization reversal is called the coherent
14

Coercivity Hc

Single
domain

Multi- domain

Superparamagnetic

Thin film thickness t
Fig. 1.2 The film thickness t dependence of coercivity Hc in terms of superparamagnetic, single
domain and multi-domain regions.

rotation, or the Stoner-Wohlfarth mode [41].
The total energy of the particle can be expressed as
𝐸 = 𝐾 𝑠𝑖𝑛 𝜃 − 𝑀 𝐻
where 𝐻
𝜃

is the applied magnetic field, 𝜑

(1.13)

𝑐𝑜𝑠(𝜑 − 𝜃 ),

is the angle between 𝐻

and the easy axis,

is the angle between 𝑀 and the easy axis. Then the first and second derivatives of equation

(1.13) are
= −𝑀 𝐻
=𝑀𝐻

sin(𝜑 − 𝜃 ) + 2𝐾 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 = 0,

cos(𝜑 − 𝜃 ) + 2𝐾 (𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝜃 ) ≥ 0,

(1.14)
(1.15)

Since the magnetic anisotropy field Hk can be estimated by
𝐻 =

,
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(1.16)

Hard axis

H
H

M

M

Easy axis

Fig. 1.3 An illustration of the Stoner-Wohlfarth particle.

boundary where

= 0 and

= 0, one can get

𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 − ℎ⊥ 𝑐𝑜𝑠𝜃 + ℎ// 𝑠𝑖𝑛𝜃 = 0,

(1.17)

𝑐𝑜𝑠2𝜃 + ℎ// 𝑐𝑜𝑠𝜃 + ℎ⊥ 𝑠𝑖𝑛𝜃 = 0.

(1.18)

and

Then from (1.17) and (1.18) one can get
ℎ// = −𝑐𝑜𝑠 𝜃,

(1.19)

and
ℎ⊥ = 𝑠𝑖𝑛 𝜃.
Therefore, finally one get the asteroid curve for Stoner-Wohlfarth Model
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(1.20)

ℎ⊥

/

+ ℎ//

/

(1.21)

= 1,

as shown in Fig. 1.4. The significance of the asteroid curve is mainly in determining whether the
applied magnetic field is high enough to switch the moment to the field direction or not. For
example as shown in Fig. 1.4, the magnetic field H1 is outside the boundary of the asteroid curve,
i.e. h (= Happ/Hk)> 1, so the magnetization M1 is aligned to the H1 direction. On the other hand,
the H2 is inside the boundary, i.e. h < 1, so the M2 is not aligned but has an angle 𝜃

with the

easy axis. If one draws the tangent of the asteroid curve from H2, and identify the angles between
the tangent lines and the easy axis, which are β and β’ as shown in Fig. 1.4, then one get the
angle 𝜃 = β or β for stable M direction when h < 1.

1

H2

-1

β
0

H1
M1
M2

M

β’
1

-1
Fig. 1.4 An illustration of the asteroid curve for Stoner-Wohlfarth model.
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The hysteresis loops for the Stoner-Wohlfarth model can also be obtained from equations
(1.14) and (1.15). For example, consider the condition when 𝜑 = 0, one get

Here, let 𝑚 =

//

𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 − ℎ𝑠𝑖𝑛(𝜑 − 𝜃 ) = 0,

(1.22)

cos 2𝜃 + ℎ𝑐𝑜𝑠(𝜑 − 𝜃 ) ≥ 0,

(1.23)

where 𝑚// = 𝑀 𝑐𝑜𝑠(𝜑 − 𝜃 ), one get 𝑚 = 𝑐𝑜𝑠(𝜑 − 𝜃 ). To fulfill

equation (1.22), either 𝑠𝑖𝑛𝜃 = 0, or ℎ𝑐𝑜𝑠𝜃 = 0. Then one should consider the two
conditions as follows.
1) If the 0 < ℎ ≤ 1, the condition ℎ𝑐𝑜𝑠𝜃 = 0 doesn’t fulfill the condition of (1.23). So
the only possibility is 𝑠𝑖𝑛𝜃 = 0. Then one have 𝜃 = 0, and 𝑚 = 1.
2) If the −1 ≤ ℎ < 0, similar as condition 1), but the energy minimal condition changes, so
𝜃 = 𝜋, and 𝑚 = −1.
Then consider the condition that 𝜑 = 90°. By similarly solve (1.22) and (1.23), one get the
𝑚 = ℎ. In summary, the hysteresis loops measured at various angles 𝜑

for the

Stoner-Wohlfarth model are shown in Fig. 1.5.
The coercivity for the coherent rotation case is high, and can be estimated by the following
equation
𝐻

=

,

(1.24)

However, the experimental coercivity for real materials are usually smaller than the theoretical
ideal value 𝐻

estimated from (1.24), and in fact no more than 50% of the 𝐻

.

Therefore, the experimental coercivity must result from other reversal mode than coherent
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H/Hk
Fig. 1.5 The hysteresis loops measured at various angles 𝜑

for the Stoner-Wohlfarth model.

rotation, such as fanning and curling. The fanning mode assumes the exchange interaction
energy between two spins is rather low because of their orientation, so that the coherent rotation
doesn’t occur. The coercivity of fanning mode is a portion of 𝐻

and independent of

particle size. The curling mode on the other hand, has a high dependence on particle size. For
the particles smaller than the critical size Dc, the coherent rotation occurs, and for particles
larger than the critical size, the curling mode is likely to occur, causing a smaller coercivity than
𝐻

.
On the other hand, the domain nucleation and domain wall pinning models could be

responsible for the coercivity mechanism of the ferromagnetic materials. The domain
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nucleation mechanism occurs when the particle is fully saturated, in the sense of consisting of a
single domain at enough magnetic field, then the magnetization can be reversed by wall motion
when one or more small domains with magnetization in the opposite directions are nucleated.
For an ideal particle without defects, this is a process as difficult as coherent rotation. When the
particle is not fully saturated, some unreversed domains are pinned to various kinds of pinning
sites such as grain boundaries and defects, so the coercivity can be enhanced by this domain
wall pinning mechanism.
Brown [42] showed on the basis of the theory of micromagnetism that the coercivity can be
given by the following equation
𝐻 =

−𝑁 𝑀 ,

(1.25)

where Nd is the demagnetizing factor. Kronmuller then developed an empirical relation to
investigate the coercivity mechanism regarding domain wall pinning or domain nucleation by
the following equation
𝐻 =𝛼
where 𝑁

−𝑁

𝑀,

(1.26)

is an effective demagnetization factor including macroscopic and microscopic

demagnetizing effects, α corresponds to a parameter related to microstructure and causes the
decreasing of the Hc. Both the coercivity from domain nucleation and domain wall pinning
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M
1 nucleation

2 pinning

H

Fig. 1.6 An illustration for the initial curves for typical domain nucleation and domain wall
pinning mechanism for coercivity.

mechanism can be fitted to this relation, so the two mechanisms cannot be differentiated by
equation (1.25). However, by analyzing initial M-H curves, the nucleation and pinning
mechanism might be differentiated. An illustration for the initial curves for typical domain
nucleation and domain wall pinning mechanism is shown in Fig. 1.6.
1) For the nucleation mechanism, the initial curve shows considerable magnetization
increases with low magnetic field and saturate at relatively low magnetic field, as initial curve 1
shown in Fig. 1.6.
2) For the domain wall pinning mechanism, the magnetization almost doesn’t increase with
low magnetic field. The magnetization stays low until relatively high field and rapidly saturate,
as initial curve 2 shown in Fig. 1.6.
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Additionally, according to Kronmuller, the pinning site size r o can be estimated by the slope
of the linear fitting, by roughly assuming the exchange constant A' and the anisotropy constant
K' for the pinning site to be 1/2 A and 0, respectively, according to the following equation for
thin inhomogeneity
𝐻 =

−

√

−𝑁

𝑀,

(1.27)

where the 𝛿 can be estimated by
δ = 𝜋 𝐴/𝐾.

The 𝑁

(1.28)

can also be estimated by the linear fitting intercept of equations (1.26). With these

methods, one can get some information about the coercivity mechanism.
1.4 Objectives
In general, the magnetic properties of Mn-X alloys including ferromagnetic L10 MnAl,
ferromagnetic L10 MnGa and ferromagnetic D022 Mn3-δGa are favorable for applications in
modern industry such as motors and MEMS, so it is of interest to investigate the magnetic
properties in conjunction with structure of the Mn-X alloy thin films. Furthermore, all of these
Mn-X alloys show high magnetic anisotropy energy (MAE) and consequently high coercivity H c.
It is of interest to understand the mechanism behind the high MAE and H c. Therefore, the present
dissertation work aims to shed light on the magnetic anisotropy and coercivity mechanism in
conjunction with the structure.
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2

EXPERIMENTAL PROCEDURES AND APPARATUSES

2.1 Introduction
As mentioned in the previous chapter, the present study aims to understand the magnetic and
structural properties for Mn-X system alloys, and for each type of alloy, the material is sensitive
to the composition. The materials that are of interest, meaning L10 MnAl, L10 MnGa and D022
Mn3-δGa (δ=0~1), are not present in the bulk phase diagram of Mn-X alloys. Therefore, it is
needed to investigate a wide range of composition of these alloys. The Mn alloys are also well
known to be sensitive to the distances between adjacent Mn atoms, in other words the lattice
constants. The thin films deposition then become a useful method to fabricate these alloys and to
engineer the lattice constants by applying different fabrication conditions such as substrate
deposition temperatures. Considering the physical vapor deposition (PVD) is applicable for high
purity deposition at high vacuum level and the targets that are used in this research is mostly
metal targets, the DC magnetron sputtering method was used. To precisely control the thin film
thickness, the sputtering power was relatively low, between 15 to 60W.
The magnetic properties were characterized by several types of magnetometer, including
alternating gradient magnetometer (AGM), vibrating sample magnetometer (VSM), and torque
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magnetometer. The structural properties were characterized by X-ray diffraction (XRD), so as to
get better understanding of the macro- and microstructure.

2.2 Sample preparation
The multilayers thin films of Mn-X alloys were deposited onto silica glass, MgO (100) and
STO(100) substrates by the previous mentioned DC magnetron sputtering system. A schematic
sketch of the ultra-high vacuum confocal sputtering system is shown in Fig. 2.1. Five guns are
installed in the system in total, including Mn, Al, Mn 50Ga50 and Ru target. The targets are
circular shaped. There are two types of diameters of the targets: 38 and 51 mm. The height of the
targets are 3~5 mm. The purity of these targets are approximately 99.999%. The four guns are

Shutter

25 cm

Gun E

45o

Sample holder + mask
Sample stage
Heater
Rotator

Fig. 2.1 A sketch of the ultra-high vacuum confocal sputtering system.
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located at 45o to the sample stage. The fifth gun is located on the top of the chamber, and around
25 cm above the sample stage. The top gun is usually equipped with Ru or other capping layer
target. The base pressure of the sputtering system is low as 10 -9 Torr.
The sample stage is fixed in the center of the vacuum chamber, and connected to a rotation
motor and a heating wire. The heater has a resistivity of 0.5 Ω, can be heated to up to 600 oC
with a current limit around 20 A. The sample holder can be placed on the sample stage by a
mechanical arm from the load lock chamber to the main chamber. The size of the sample holder
is around 60×60 mm2, and the mask is around 35×35 mm2. The two types of sample size are 3×3
and 5×5 mm2. A schematic sketch of the sample holder and the mask is shown in Fig. 2.2.

Fig. 2.2 A sketch of the sample holder and the mask.
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The deposition rates were calibrated by the total thickness divided by a certain time, where
the total thickness is calibrated by X-ray reflectivity (XRR). The deposition rates for Mn,
Mn50Ga50, Al and Ru targets are relatively low, around 0.01, 003, 0.03, and 0.03 nm/s,
respectively. Therefore, the thin film layer thickness can be precisely controlled, so that the
composition of the samples is varied. All of the samples are around 50~ 70 nm thick. The
thickness uniformity distribution were calibrated by depositing samples at different positions on
the sample holder, as shown in Fig. 2.2, and found to show approximately 3% difference in Mn
concentration for 16 mm distance on the sample holder near the center, though the sample stage
was rotated during deposition. The film composition was determined by energy dispersive X-ray
spectroscopy (EDS).

2.3 Structural analyses
2.3.1 X-ray diffraction
The structural analyses by 2- scan X-ray diffraction at ψ=0 and 43.5o were carried out,
where the ψ is the angle between the film normal and the bisector of the incident and diffracted
beam, as shown in the schematic sketch of the X-ray diffraction measurement set up in Fig. 2.3.
The angle 43.5o is the angle between L10 MnGa (202) and (002) planes, as shown in Fig. 2.4. The
voltage and current of the X-ray equipment is 45kV and 40mA, respectively. The copper filter,
Ni filter and graphite monochromator were selectively used in the measurement. The Cu or Co
Kα radiation with a wavelength of approximately 0.154 and 0.179 nm was used. The lattice
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constants along the film normal was estimated by Bragg’s law as following
2𝑑
where 𝑑

(2.1)

𝑠𝑖𝑛𝜃 = 𝑛𝜆,

is the distance between two {hkl} planes, 𝜃 is the one half of angle between

the incident beam and the reflected beam, 𝑛 represents the repeating of the lattice planes,
and 𝜆 is the wavelength of X-ray. The conversion of the diffraction peaks to 𝑑

can also

identify the material type, since every material has a set of unique d-spacings. The  scan was
carried out for the epitaxial L10 MnGa thin films, so as to obtain the fitting information
between the substrate and the thin film. For example, the L10 MnGa thin films show a
four-fold symmetry of 360o  scan, and the MgO substrates show similarly a single crystal
peak at every 90o. The samples can then be treated as single crystal or epitaxial. The rocking
curves ( scan) measurement was carried out in order to estimate the c-axis dispersion angle.

Fig. 2.3 A sketch of X-ray diffraction set up.
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Fig. 2.4 An illustration of the angle between the L10 MnGa (101) and (001) plane, and the
corresponding 2- scan X-ray beam direction.

The low angle X-ray reflectivity measurement (-2 scan) is used in the present study to
calibrate the thickness of the thin films with a sharp interface. The basic idea is to reflect the
X-ray beam from a flat surface and to then measure the reflected beam intensity. The reflected
angle is equal to incident angle, so the reflected beam interferes with each other and generated
periodic peak patterns. If the interface is not perfectly sharp and smooth, then the reflected
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intensity will deviate from the incident beam, and can be analyzed to obtain the density, surface
roughness, absorption ratio information of the sample by fitting the patterns to a simulation. The
details of the X-ray reflectivity analyses and fitting are discussed in Appendix A.

2.3.2 Scanning electron microscopy
The scanning electron microscopy is an equipment to produce the image on the sample
surface with a focused beam of electrons. The various types of signals are generated from
interactions of the electron beam with atoms at various depths within the sample, such as
secondary electrons (SE), reflected or back-scattered electrons (BSE), and characteristic X-rays.
In the present study, the electron energy that used was between 10 to 30 keV.
The SE is emitted by the atoms near the surface of a sample, when their electrons are excited
by the high energy electron beam and escape the sample surface. The SE is therefore, sensitive to
the sample surface. Other than ejecting the electrons from sample surface with high energy, the
incident electrons might also be backscattered by the heavy nucleus. The observation depth of
the BSE can be deeper than that of the secondary electrons, and the BSE are not suitable for high
resolution observation of the sample surface, however, BSE are sensitive to the atomic mass of
the nucleus that they are scattered from. Therefore, the heavier elements appear brighter than
lighter elements in a BSE image, due to the more effective scattering of heavy elements.
The high energy electrons can stimulate the emission of characteristic X-rays from a sample,
when focused into the sample being studied. Since the atoms contain ground state electrons in
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discrete energy levels, the incident beam may excite an electron in an inner low energy level
shell and eject it from the shell. Then, the original electron position becomes empty as an
electron hole, the electrons from an outer higher energy shell then jump to fill the hole. The
difference in the energy between the higher and the lower energy level can be released in the
form of an characteristic X-ray, due to the different electron structure for different elements. The
energy of the X-rays can be measured by an energy dispersive spectroscopy, and can be used to
differentiate elements to obtain the composition information.

2.4 Measurements of magnetic properties
2.4.1 Magnetization curves
The magnetization curves can provide some basic information of the magnetic materials,
such as the saturation magnetization Ms, coercive field Hc, remanence Mr, anisotropy field Hk
and rough estimation of magnetic anisotropy Ku, as shown in the Fig. 1.1.
In the present study, the M-H curves were measured mainly by using a vibrating sample
magnetometer (VSM) and alternating gradient magnetometer (AGM).
The VSM is based on Faraday's law, in which the sample is vertically vibrated in a uniform
magnetic field, and the pick-up coils then detect the change in magnetic flux, and generates a
voltage in the coil. This voltage is consequently proportional to the magnetic moment of the
sample. The VSM has a sensitivity of 10-5 emu. The VSM is quite versatile. It may be used for
both weak and strong magnetic substances. The ideal sample shape for the VSM system used in
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the present study is the thin disc shaped samples. An illustration of the VSM is shown in Fig. 2.5.

Reference magnet

Pick up coils

Vibration (Hz)
Happ
sample
Pick up coils

Electromagnet

Fig. 2.5 A schematic illustration of the vibrating sample magnetometer (VSM).
In an AGM, the sample is magnetized by a dc field, and is subjected to a small alternating
field gradient at the same time. The alternating field gradient then exerts an alternating
mechanical force on the sample, which is proportional to the magnitude of the field gradient and
to the magnetic moment of the sample. Resulting from the alternating force, the cantilever rod is
deflected, and can be detected by a measured by the piezoelectric element connected to the
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cantilever. If the operating frequency is at or near a mechanical resonance frequency of the
cantilever, the output signal could be amplified. Thus the measuring sensitivity of AGM is
relatively high, which is approximately 10-6 emu, compared to a common used VSM. The ideal
samples for the AGM system used in the present study are infinitely small spherical samples. A
schematic illustration of the AGM is shown in Fig. 2.6.

Piezoelectric
sensor

Signal

Cantilever
HAC
Happ

sample

Gradient
coils

Fig. 2.6 A schematic illustration of the alternating gradient magnetometer (AGM).
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2.4.2 Magnetic anisotropy constants
The magnetic anisotropy is a critical property of ferromagnetic materials, as mentioned
before. For ferromagnetic magnetic materials, the spontaneous magnetization is aligned along a
specific direction which is called easy axis. The easy axis direction is usually dependent on the
crystal structure or shape of the ferromagnetic material. The energy that is needed to switch the
magnetization from easy axis to hard axis is the magnetic anisotropy energy.
In the present study, the magnetic anisotropy energy is estimated by a torque magnetometer
option of a physical properties measurement system (PPMS) in applied magnetic field up to 90
kOe. The magnetic field direction is fixed, and along the longitudinal direction of the sample
probe, as shown in Fig. 2.7. The sample is sealed in a vacuum space, and can be heated by
heaters or cooled down by pumping in liquid helium to the cooling annulus. The temperature
range from 4 to 400 K can be achieved. A horizontal motor is connected to the sample platform,
which enables the variation of the angle between applied magnetic field and the sample.
The sample size is between 1×1 to 2×2 mm2 that can be put on the chip lever, so that the
torque signal can be detected by the piezo sensors on the chip. The electrical resistivity is
transformed to a signal though a Wheatstone bridge. The chip is then plugged in the platform that
connects the chip and rotation motor. The platform can be rotated along an axis so that the
magnetic torque can be measured for 360o. The angle between the Happ and the film normal is
defined as H here, and the angle between the magnetization M and the film normal M. A
schematic illustration of the torque measurement chip is shown in Fig. 2.8.
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To estimate the temperature dependence of Ku, the torque curves were measured at various
temperatures from 4 to 400K and applied magnetic fields H app from 0 kOe to 90 kOe in the
present study. The magnitude of the torque curves gradually increases with increasing of H app,
and show hysteresis loss at low Happ. The uniaxial magnetic anisotropy Ku can be estimated from

Motor

Heaters and
thermometers

Cooling
annulus

Sealed

Chip
Platform

Magnetic
field

H

Fig. 2.7 A schematic illustration of the PPMS torque magnetometer option.
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Fig. 2.8 A schematic illustration of the magnetic torque measurement chip and the platform that
connects the chip and rotation motor.
the two fold symmetry amplitude A2. The negative slope of the torque curves indicates the easy
axis direction, for example in the present case, the applied magnetic field is along the film
normal if H=0o. The negative slope at H=0o then indicate the easy axis along film normal.
On the other hand, if the negative slope occurs at H=90o, then the easy axis is along the film
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plane. The torque curves can be expressed as
𝐿 = [𝐾

− (𝐾

+ 𝐾 )]𝑠𝑖𝑛2 + 𝐾 𝑠𝑖𝑛4 ,

(2.2)

if ignoring higher order components. The torque curves can be measured as a function of the
angle H. The angle θM can be estimated from H by the following relation

 = 𝜑 − 𝑎𝑟𝑐𝑠𝑖𝑛 −

,

(2.3)

+ 𝐴 𝑠𝑖𝑛4 ,

(2.4)

Then the torque curves can be fitted to Fourier series as following
𝐿 = 𝐴 𝑠𝑖𝑛

+ 𝐴 𝑠𝑖𝑛2

+ 𝐴 𝑠𝑖𝑛3

Here the fitting result is determined by least square method, where the least difference between
the sum of the squares of the fitting data Lcal and the experimental data Lexp at various θM were
found, as the following relation
∑(𝐿

−𝐿

) ,

(2.5)

and determined to be the best fitting results, in order to find the two fold and four fold symmetry
amplitude 𝐴 and 𝐴 . Then from equations (2.2) and (2.4), the two fold symmetry amplitude
equals the uniaxial magnetic anisotropy if not considering the shape magnetic anisotropy, as the
flowing relation
𝐴 = −(𝐾

+ 𝐾 ),

(2.6)

The shape magnetic anisotropy is dependent on the shape of the sample. For example for the
ideally infinite thin films, the shape magnetic anisotropy is 2𝜋𝑀 . The correction of the shape
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magnetic anisotropy is discussed in details for each sample in Chapter 3 and Appendix C. The
estimated A2 values were plotted out as a function of 1/Happ, and interpolated to the infinite field
(1/Happ=0). Finally, the uniaxial magnetic anisotropy can be estimated by
𝐾 = −𝐴
where 𝐾

=0 +𝐾

,

(2.7)

is the shape magnetic anisotropy constant. The details of the estimation of the

magnetic anisotropy are discussed in Appendix B.
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3

MAGNETIC AND STRUCTURAL PROPERTIES

3.1 Introduction
The magnetic properties for Mn-X alloys are of interest to investigate, as discussed in
Chapter 1, and are sensitive to composition and structure. Therefore, it is critical to understand
the magnetic properties in conjunction with them. In the present study, the magnetic properties
were studied as functions of composition, annealing temperature, substrate temperature and
measuring temperature. The results are discussed in details in Chapter 4 and 5 for a
comprehensive understanding of the magnetic anisotropy and coercivity mechanisms.

3.2 Mn-Al alloy system
3.2.1 Introduction
The ferromagnetic L10 MnAl (so called τ-MnAl) was first discovered by Kono in 1958 [1],
followed by extensive investigation regarding the fabrication of τ-MnAl. As can be seen, the
τ-MnAl is of the metastable phase, where Mn concentration is approximately 50~60% and
temperature range approximately 500~750 oC, as shown in Fig. 3.1 [43]. According to the
previous reports [5, 6], the τ-MnAl is hardly obtained without special annealing or quenching
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Fig. 3.1 (a) The phase diagram of the Mn-Al binary system [39]. The τ-MnAl phase is marked in
the diagram by circle. (b) A L10 τ-MnAl phase structure illustration. The lattice constants a =
3.93 Å and c= 3.56 Å. The crystal structure can be treated as distorted B2 structure with a = 2.77
Å and c = 3.54 Å, shown as dashed lines. [9]
process. In addition, τ-MnAl tends to decompose into β-Mn and γ2-MnAl under high temperature
annealing. As the only ferromagnetic phase in the Mn-Al binary system, the τ-MnAl forms
through transformation from its high temperature phase ε-phase [44-46]. In general, two different
models of the formation of τ-MnAl were reported, as following.
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1) The martensite shear model [44] where the tetragonal phase τ is formed in the order
ε→ε’→τ, as shown in Fig. 3.1 (a). In this case, the high temperature hcp (ɛ) phase transforms
into an intermediate orthorhombic phase ɛ’ by metastable ordering transformation, then the ɛ’
transforms into metastable tetragonal phase τ through a martensite transformation where little
long range diffusion occurs. According to this mechanism, twin grains and micro twins are
expected to form and the process is relatively fast.
2) Anther model is that the transformation from ɛ-phase to τ-phase goes through a classic
nucleation and growth process with invariant composition [45, 46]. The new phase nucleates
mainly at the grain boundaries. The transformation rate is limited by grain boundary diffusion,
thus relatively slow.
Although both of these two models were provided supportive proofs, further structural
analysis of τ-MnAl is still necessary to fully understand the formation mechanism.
The τ-MnAl has a primitive tetragonal L10 structure with lattice constants a=3.93 Å and
c=3.56 Å [9]. The Curie temperature for bulk τ-MnAl is around 653K [1]. A sketch of τ-MnAl
crystal structure is shown in Fig. 3.1 (b). The L10 structure can also be treated as a B2 structure
with a=2.77 Å and c=3.54 Å. It is well believed that the magnetic properties of Mn compounds
can be modified by adjusting the lattice constants, since different interactions between Mn atoms
could be generated with various Mn-Mn distances, meaning ferromagnetic coupling with Mn-Mn
distance higher than 2.9 Å and antiferromagnetic coupling with Mn-Mn distance lower than 2.9
Å [23]. Therefore, engineering of lattice constants plays an important role in tuning the magnetic
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properties of Mn compounds.
In fact, a theoretical calculation [9] reported that change of lattice constants of τ-MnAl leads
to drastic change of uniaxial anisotropy. It is found that with the increasing of lattice constants
c/a ratio from 0.62 to approximately 0.8, magnetic anisotropy energy (MAE) of τ-MnAl
increases from -2.5×107 to 2.5×107erg/cm3. The preferred stable axial ratio is found to be c/a
=0.9058 which is being accompanied with the enhancement of the spin polarization. The MAE
of τ-MnAl then can be determined to be 1.5×107 erg/cm3 at the stable state, which is considerably
high. According to the same report, τ-MnAl has a magnetic moment of 2.4 μ B with the help of
tetragonal distortion from cubic B2 to L10. [9]
Voluminous work has been carried out regarding fabrication of τ-MnAl. According to
previous reports, various substrates could be used in order to obtain τ-MnAl such as glass [47],
GaAs [48] and MgO [49]. Buffer layer has an effect on the formation of τ-MnAl as well. Buffer
layers Al [46], AlAs [48], Cr [49] or no buffer layer [50] have been employed to fabricate Mn-Al
thin films. Additionally, multilayer deposition and post-annealing have been proved to be an
effective way to obtain τ-MnAl [50]. In this project, the effect of various fabrication conditions
will be investigated so as to acquire τ-MnAl and to investigate the magnetism behind the high
magnetic anisotropy energy.
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3.2.2 Fabrication of samples
In the present study, multilayer thin films of [Mn(x1 nm)/Al(y nm)]×N (x1, y=0.5 to 7, N=10
to 40) were sputter-deposited onto silica glass substrates at an ambient temperature using a DC
magnetron sputtering system, followed by post annealing in vacuum at annealing temperatures
Ta from 430 ºC to 580 ºC for annealing time ta up to 600 min. The base pressure prior to
deposition was approximately 10-9 Torr. The deposition rates for Mn, Al, and Ru were
approximately 0.01, 0.03, and 0.03 nm/s, respectively. Under- and capping- layers of Ru (5~8nm)
were deposited at ambient temperature before and after the multilayer deposition. The deposition
conditions are summarized in Tab. 3.1. Magnetic properties were characterized using an
alternating gradient magnetometer with applied magnetic fields up to 18 kOe and a vibrating
sample magnetometer together with torque magnetometer in fields up to 90 kOe over a
temperature range from 4 to 400 K. Structural analyses were carried out using an X-ray
diffractometer with Co Kα radiation and a transmission electron microscopy. Fig. 3.2 shows a
sketch of the Mn-Al multilayer sample structure.

N

Ru
Al (y nm)
Mn (x1 nm)

2
1

Al (y nm)
Mn (x1 nm)
Ru
Substrate(SiO2)

Fig. 3.2 The multilayer structure illustration of Mn-Al alloy thin films.
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Targets Layer thickness Repetition Deposition rate
Annealing
(nm)
N
(nm/s)
temperature Ta (oC)
Mn
x1 (0.5~7)
0.01
10~40
430~580
Al
y (0.5~7)
0.03
Ru
5~8
1
0.03
N/A
Tab. 3.1 The deposition conditions for Mn-Al alloy thin films

Annealing
time ta (min)
10~600
N/A

3.2.3 Structural analyses
3.2.3-i X-ray diffraction
Figure 3.3 shows the XRD patterns measured for samples with Mn52Al48 and various
annealing time ta, together with the as-deposited sample. The as-deposited sample shows only the
diffraction peaks for f.c.c. Al, h.c.p. Ru under- and overcoat-layers, in addition to some
-Mn
fcc-Al
hcp-Ru

-MnAl

(110)

(003)

(102)

(110)

(101)
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(100)
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Fig. 3.3 The XRD patterns for L10 Mn52Al48 samples with various annealing time ta.
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predominant hcp ε-MnAl phase. The sample with ta=10 min shows a peak for β-Mn, whereas no
L10 τ-phase peaks are observed. Upon annealing for longer time, the τ-phase (101) and (110)
peaks are observed, though the (110) peaks are weak. The peaks for the non-magnetic hcp
ε-MnAl phase are observed for all the samples. The values of d 101 of the τ-phase for the samples
with ta = 190 and 600 min are 0.213, and 0.214 nm, respectively, smaller by 1.8% and 2.1% than
the bulk value (= 0.218 nm). There is little change in d101 with ta.

3.2.3-ii Cross-sectional transition electron microscopy observations for polycrystalline L10
Mn52Al48 alloy thin films
Figure 3.4 (a) shows the cross-sectional TEM images at low magnification for the sample
with x1 = 1, y = 1.25, N = 30, Ta = 580 °C, and ta = 190 min since this sample with ta = 190 min
shows relatively high magnetization and coercivity, as discussed in Chapter 3.2.4-i. Little
evidence of the multilayer structure is seen in this cross-sectional view. It can be noticed that the
MnAl thin film contains plate-like grains, which may be formed through the martensitic
transformation. Fig. 3.4 (b) shows a high-resolution cross-sectional image of the same sample.
Microtwins can be observed in the high-resolution view, which can be another indication of the
martensitic transformation. Fig. 3.4 (c) shows the fast Fourier transformation (FFT) image of Fig.
3.4 (b). Two sets of dots are observed in the FFT image, revealing that the distances between the
adjacent lattice planes of this sample are 0.220, and 0.192 nm, respectively. These values are in
reasonable agreement with those by XRR, and are 0.9% and 2% smaller than the d 101 (= 0.218
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nm) and d110 (= 0.196 nm) of the τ-MnAl phase. The EDS measurement was carried out, so as to
obtain the composition of the sample with x 1 = 1, y = 1.25, which is Mn52Al48.

Fig. 3.4 (a) The cross-sectional TEM images. (b) The high-resolution TEM image for the
thin-film samples with x1 = 1, y = 1.25, N = 30, Ta = 580 °C, and ta = 190 min. (c) The fast
Fourier transformation image of (b).

3.2.4 Magnetic properties
3.2.4-i Deposition condition dependences of magnetic properties
In order to investigate the magnetic properties of the Mn-Al alloys with a wide range of
composition, the multilayer thin films with various Mn and Al layer thickness x 1 and y from 0.5
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to 2.5 nm were examined. The annealing temperature was Ta=580 oC and the annealing time was
ta=70 min. Fig. 3.5 shows the in-plane and out-of-plane M-H curves measured for samples with
x1, y =0.5 ~ 2.5 nm. As can be seen, the samples with relatively close value of x 1 and y show the
ferromagnetic behavior, i. e. (x1, y) = (0.5, 1.0), (1.0, 1.5), (1.0, 2.0), (1.5, 1.5), (1.5, 2.0), (2.0,
2.0). Among these samples, the samples with x 1=1.0, y=1.5 and x1=1.5, y=1.5 show the highest
magnetization and coercivity. This survey is an evidence of the fact that the L10 MnGa is
sensitive to the composition. Therefore, further study was carried out to examine the magnetic
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Fig. 3.5 The in-plane and out-of-plane M-H curves measured for the samples with various Mn
and Al layer thicknesses x1 and y from 0.5 to 2.5 nm and N = 30, Ta = 580 °C, ta = 70 min.
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properties of samples with x1=1 and y=1.15 to 1.45.
Figure 3.6 shows the normalized M-H curves measured for the samples with fixed Mn layer
thickness x1=1 nm and Al layer thickness y varies from 1.15 to 1.45 nm. The annealing
temperature was Ta=580 oC and the annealing time was ta=70 min. All of the samples show no
favored easy axis along film plane or film normal. Therefore, the samples are likely to be
magnetically isotropic, and consistent with the polycrystalline XRD patterns shown in Fig. 3.3
and the cross-sectional TEM images shown in Fig. 3.4.
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Fig. 3.6 The normalized M-H curves for samples with x 1 = 1, y = 1.15 to 1.45, N = 30, Ta =
580 °C and ta = 70 min.
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The Al layer thickness y dependence of the out-of-plane squareness M r⊥/Ms⊥ and coercivity
Hc⊥ is shown in Fig. 3.7. Both the Mr⊥/Ms⊥ and Hc⊥ increase from y=1.15 to 1.25, and then
decreases with y=1.25 to 1.45. The squareness for the sample with y=1.25 is as high as around
0.85. The sample with y=1.25, which corresponds to Mn 52Al48, shows the highest coercivity of
about 3.7 kOe, is further studied to optimize the bilayer repeating periods N.
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Fig. 3.7 The Al layer thickness y dependence of the out-of-plane squareness M r⊥/Ms⊥ and
coercivity Hc⊥ for samples with x1 = 1, N = 30, Ta = 580 °C and ta = 70 min.

The M-H curves for the samples with fixed Mn and Al layer thicknesses x 1=1 and y=1.25
and various bilayer repeating periods N are measured and shown in Fig. 3.8. The annealing
temperature is fixed as Ta=580 oC and the annealing time is ta=70 min. It can be seen that all of
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the samples show polycrystalline behavior, similar as in Fig. 3.6. The magnetization and
coericivity reach maximum for sample with N=30. The remanence M r for all of the samples is
close to saturation magnetization Ms, thus show a high squareness.
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Fig. 3.8 The M-H curves for samples with x1 = 1 and y = 1.25, Ta = 580o, ta = 70 min and various
bilayer repeating periods N = 10 to 40.

The bilayer repeating period N dependences of the out-of-plane coercivity (H c⊥) and
in-plane coercivity (Hc//) are shown in Fig. 3.9. It can be seen that the Hc⊥ and Hc// show similar
trend. The Hc⊥ and Hc// both increase with N from 10 to 30, and then decrease with N from 30 to
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40. The maximum Hc⊥ and Hc// are around 3.7 and 2.9 kOe. For N<30, the thicker the thin films
are, the higher the Hc, indicating that the thin films are within the single domain range, as shown
in Fig. 1.2. However for N>30, the even thicker thin film changes the magnetic properties from
thin film to bulk type, which is within the multi-domain range. Therefore, the H c decreases with
N larger than 30. With these preliminary experiments, the optimized sample structure is fixed to
be Ru 5 nm/(Mn 1 nm/ Al 1.25 nm) ×30/Ru 8 nm/SiO2. This structure is used for further
investigation.
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Hc

Hc (kOe)
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Hc//
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Fig. 3.9 The bilayer repeating period N dependences of the out-of-plane coercivity (H c⊥) and
in-plane coercivity (Hc//) for samples with x1 = 1, y = 1.25, N = 10 to 40, Ta = 580 °C and ta = 70
min.
Finally, the annealing condition is also optimized. The annealing time t a was varied from 10
to 600 min and the annealing temperature Ta was optimized to be around 580 oC. The Ta
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dependence of the magnetization M at H = 18 kOe for samples with x 1 = 1, y = 1.25, N = 30, and
Ta = 580 °C with various ta from 10 to 600 min, together with the in-plane coercivity (Hc//) and
the out-of-plane coercivity (Hc⊥) are shown in Fig. 3.10. The magnetization M remains nearly
constant for ta from 10 to 130 min, and then decreases with t a from 190 to 600 min. The decrease
in M could be due to the fact that the τ-phase is not a stable phase at high temperatures and thus
tends to decompose into non-magnetic cubic γ2- and β-phases. The H c⊥ gradually increases with
ta up to 200 min and then decreases. On the other hand, H c// remains nearly constant with ta less
than 130 min, but increases with ta beyond 200 min.
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Fig. 3.10 The Ta dependence of the magnetization M at H = 18 kOe for samples with x 1 = 1, y =
1.25, N = 30, and Ta = 580 °C with various ta from 10 to 600 min, together with the in-plane
coercivity (Hc//) and the out-of-plane coercivity (H c⊥).
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3.2.4-ii Temperature dependence of magnetic properties for polycrystalline L10 Mn52Al48 alloy
thin films
The temperature dependent magnetic properties were measured for the sample with x 1 = 1, y
= 1.25, N = 30, which corresponds to Mn52Al48, and Ta = 580 oC, ta = 190 min. Fig. 3.11 shows
the M-H curves measured at various temperatures. The saturation magnetization was estimated
by interpolating the magnetization from high field 90 kOe to 0 Oe.
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Fig. 3.11 The M-H curves measured at various temperatures for the sample with x 1 = 1, y = 1.25,
N = 30, which corresponds to Mn52Al48. (Ta = 580 °C, ta = 190 min)

Figure 3.12 shows the temperature dependence of saturation magnetization M s and in-plane
and out-of-plane Hc. It can be found that both Hc and Ms monotonically decrease as T increases
52

to 400 K. The temperature dependence of Ms was fitted to an empirical relation
Ms(T)/Ms(5K) = (1‒T/Tc)β,

(3.1)

shown as a dashed line in Fig. 3.12, where Tc is a Curie point and β is an empirical parameter
[51]. The Tc thus estimated was around 633 K with β=0.54, which is consistent with 600~650 K
for bulk [1, 2].
The sample shows similar in-plane and out-of-plane H c, which implies the samples are
magnetically isotropic, which agrees with the fact that the samples are polycrystalline without
preferred crystal orientation, as shown in Fig. 3.3 and 3.4. The dashed lines show the prediction
towards the estimated Tc.
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Fig. 3.12 The temperature dependence of Ms, out-of-plane and in-plane Hc for the sample
Mn52Al48 with Ta = 580 oC and ta = 190 min.
In order to understand the magnetic anisotropy mechanism in τ-MnAl thin films, a
perpendicular magnetic torque measurement from 10 to 90 kOe and 4 to 400 K was performed
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for same sample with x1 = 1, y = 1.25, N = 30, which corresponds to Mn52Al48. The magnetic
anisotropy constant was thus estimated by interpolating the torque curves two-fold magnitude A 2
to infinite applied field (1/H = 0). Fig. 3.13 shows an example of the torque curves measured for
the sample Mn52Al48 with Ta = 580 oC and ta = 190 min at 300 K. The torque curve shows a
twofold symmetry which is the uniaxial magnetic behavior. The torque curves were fitted to a

Fig. 3.13 An example of torque curves measured for sample Mn52Al48 with Ta = 580 oC and ta =
190 min at 300 K.
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Fourier series as discussed before, shown in equation (2.4) to estimate K u and the demagnetizing
effect was corrected by 2Ms2 as an infinite thin film. The interpolation of A2 from low field to
infinite field where 1/H=0 for the torque curves measured at 300K for sample Mn 52Al48 with Ta
= 580 oC and ta = 190 min is shown as an example in Fig. 3.14. It can be noticed that the A2 is
not saturated even at high field 90 kOe, and the A2 at the infinite field can be obtained from the
interpolation.

Happ (Oe)
90k

A2 (x106erg/cm3)

1.0

20k

10k
300K

A2 (H)
0.5

0.0

0

5

-5

-1

10

1/H (10 Oe )
Fig. 3.14 The interpolation of A2 from low field to infinite field where 1/H=0 for the torque
curves measured at 300K for sample Mn52Al48 with Ta = 580 oC and ta = 190 min.

Therefore, Ku can be estimated by A2 at infinite applied field (1/H = 0) plus 2πM s2 to correct
the demagnetizing effect, since the thin films are uniform according to the cross-sectional TEM
image. The thus estimated Ku values at various temperatures are shown in Fig. 3.15. The inset
shows A2 estimated at infinite field and different temperatures from 4 to 400 K. The dashed line
shows the prediction towards the estimated Tc. The magnetic anisotropy mechanism of L10 MnAl
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-A2(106 erg/cm3)

regarding temperature dependence of Ms and Ku is discussed in details in Chapter 4.
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Fig. 3.15 The Temperature dependence of magnetic anisotropy constant K u for sample Mn52Al48
with Ta = 580 oC and ta = 190 min. The inset shows A2 estimated at infinite field and different
temperatures from 4 to 400 K.

3.3 Mn-Ga alloy system
3.3.1 Introduction
The Mn-Ga alloys possess a complicated phase diagram, as shown in Fig. 3.16. The Mn-Ga
alloys that exhibit interesting magnetic properties include ferromagnetic tetragonal ferromagnetic
Mn2Ga5, tetragonal L10 type MnGa [3], ferrimagnetic tetragonal D022 type [4] and the
antiferromagnetic hexagonal D019 Mn3-δGa (δ = 0~1) [15]. The tetragonal ferromagnetic Mn2Ga5
has been reported to show coercivity higher than 5 kOe at room temperature [14]. Additionally,
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Fig. 3.16 Binary phase diagram of Mn-Ga system. The tetragonal Mn 2Ga5, L10 type MnGa, D022
type Mn3-δGa and D019 type Mn3-δGa were marked by circles. [43]

the tetragonal Mn2Ga is targeted to obtain a higher magnetization, where the magnetic moment
of Mn at 4d sites is not compensated due to lack of Mn at 2b sites [16]. None of the tetragonal
Mn2Ga5, L10 MnGa, D022 Mn3-δGa and D019 Mn3-δGa was designated in the original phase
diagram, as shown in Fig. 3.16 [43]. However, according to the previous reports of Mn-Ga alloys,
one can approximately mark the regions in the phase diagram where they can be obtained [3, 14,
15, 52], as shown in Fig. 3.16. The tetragonal Mn2Ga5 can be achieved by thin film deposition on
heated substrates at around 200 oC [14]. The L10 type MnGa bulk can be obtained by annealing
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at around 560~570 oC for one week and quenched in ice water [3]. On the other hand, D019 type
Mn3-δGa can be easily obtained by arc-melting [15] while D022 type Mn3-δGa can be achieved by
annealing the hexagonal material at 350~400oC for 1~2 weeks [52].
As discussed before, the Mn-Ga alloys that are of interest include tetragonal ferromagnetic
Mn2Ga5 [14, 53], ferromagnetic L10 MnGa [3], to ferrimagnetic D022 type Mn3-δGa [4] and the
antiferromagnetic hexagonal D019 Mn3-δGa [15]. The magnetic and structural features of these

Crystal
Structure

Lattice
Constants
(Å)

Mn2Ga5
Mn3-δGa
(2.67≤δ
≤2.46)

tP14
(P4/mbm)
Tetragonal

a,b: 8.8590
c: 2.7094
c/a= 0.306

MnGa
Mn3-δGa
(1.2≤δ≤2)

L10
(P4/mmm)
Tetragonal
(δ-phase)

Mn3-δGa
(0.15≤δ
≤1.06)

D022
(I4/mmm)
Tetragonal
(τ-phase)

Magnetism

Bulk M
(emu/g)

Tc
(K)

Ku
(erg/cm3)

F

Similar to
D022 in thin
films [53]

450 [53]

≈60 [31]

600~650
[31]

2.6×10

730~770
[54]

8.9×10

F [13]
a,b: 3.880
c: 3.680
c/a= 0.948

Mn (2.51μB)
Ga (-0.09μB)

7

[13]

FR [4]
a,b: 3.904
c: 7.088
c/a= 1.816

MI (2.8 μB)
MII (1.6 μB)

50 [52]

6

[54]

D019
a,b: 5.400
TN≈470
(I4/mmm)
c: 4.353
AF
(0.15≤δ
Hexagonal
c/a=0.806
[15]
≤1.06)
(ε-phase)
Tab. 3.2 Magnetic and structural features of tP14, L10, D022 and D019 Mn-Ga alloys at room
temperature where F represents ferromagnetic, FR represents ferrimagnetic and AF represents
antiferromagnetic
Mn3-δGa
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alloys in bulk are shown in Tab. 3.2 where F represents ferromagnetic, FR represents
ferrimagnetic and AF represents antiferromagnetic. It can be seen that the magnetism changes
significantly with the composition of Mn-Ga alloys. Therefore, it is worthwhile investigating the
structural and magnetic properties over a wide range of the composition.
Figure 3.17 shows the L10 type MnGa and D022 type Mn3-δGa crystal structure illustrations
[4]. The arrows denote alternating up and down moments of Mn atoms in D022 type Mn3-δGa.
The L10 type MnGa doesn’t exhibit different spin directions of Mn atoms. In the present study,
2b sites Mn atoms are marked as MnI and 4d sites Mn atoms are marked as MnII. As discussed
earlier, the distances between neighboring Mn atoms have an effect on the exchange coupling
type between them, i.e. direct exchange coupling between neighboring Mn atoms is
ferromagnetic with Mn-Mn distance higher than 2.9 Å, while becomes antiferromagnetic with
Mn-Mn distance lower than 2.9 Å [23]. Thus the magnetism in L10 MnGa and D022 Mn3-δGa
could be roughly predicted by estimating the distances between neighboring Mn atoms [54].
Table 3.3 shows the corresponding estimation of the exchange coupling types of Mn atoms
for both L10 type MnGa and D022 type Mn3-δGa where F represents ferromagnetic and AF
represents antiferromagnetic. It is found that MnI and MnI atoms of D022 Mn3-δGa possess
ferromagnetic exchange coupling, whereas MnII and MnII atoms possess both ferromagnetic and
the same direction, so as to remain a stable energy status. In fact, according to the theoretical
calculations, Mn atoms at different sites of the D022 crystal couple in an antiparallel way, which
means antiferromagnetic exchange coupling [54]. One assumption can be made here is that the
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stronger antiferromagnetic coupling between MnI and MnII atoms forces the spins of MnII
atoms align in the same direction, so as to remain a stable energy status. In fact, according to the
theoretical calculations, Mn atoms at different sites of the D022 crystal couple in an antiparallel
way, which means a ferrimagnetism is responsible for the magnetic behavior of D022 Mn3-δGa
[13]. On the other hand, the L10 type MnGa case is explained in the same report [13] that
hybridization between the Mn d electrons and the delocalized Ga p electrons promotes an
itinerancy of the Mn d electrons, subsequently this reduces the Mn moment from 2.61 to 2.51 μ B
but aligns the moments from anti-ferromagnetically to ferromagnetically along the c-axis with K u
= 2.6×107 erg/cm3.

Fig. 3.17 L10 type MnGa (left) and D022 type Mn3Ga (right) crystal structure illustrations where
the arrows denote alternating up and down moments of Mn atoms [4].
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Type
Separation distance (Å) Coupling
MnI-MnI (D022)
3.90 and 4.49
F and F
MnII-MnII (D022)
2.76 and 3.54
AF and F
MnI-MnII (D022)
2.63
AF
Mn-Mn (L10)
2.74 and 3.68
AF and F
Tab. 3.3 Estimated distances between neighboring Mn atoms and the exchange coupling types
for L10 type MnGa and D022 type Mn3-δGa [13] where F represents ferromagnetic and AF
represents antiferromagnetic

As mentioned before, because of the high magnetic anisotropy energy of the Mn-Ga alloys
including ferromagnetic L10 MnGa and ferrimagnetic D022 Mn3-δGa, voluminous work regarding
the fabrication of Mn-Ga compounds has been carried out. The tetragonal Mn 2Ga is targeted to
obtain a higher magnetization, since theoretically the magnetic moment of Mn at 4d sites is not
compensated due to lack of Mn at 2b sites, which may lead to a completely ferromagnetic
coupling [16]. Various approaches have been made to fabricate of these alloys. For instance, DC
magnetron sputtering [55, 56] and molecular beam epitaxy [57, 58] have been demonstrated to be
applicable deposition methods. Both annealing during deposition [8] and post-annealing [7]
processes were proved to be reliable to produce L10 MnGa and D022 Mn3-δGa. Various substrates
and buffer-layers such as GaAs [59], MgO [60], GaN [8], ScN [61] have been employed to
produce those alloys. In the present project, a systematic study of the structural and magnetic
properties for Mn-Ga multilayer thin films has been carried out, aiming to investigate the
magnetic anisotropy mechanism.
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3.3.2 Fabrication of samples
In the present study, the polycrystalline Mn-Ga alloy thin films were deposited as following
ways. Multilayer thin films [MnGa 2 nm/Mn x2 nm] ×25 (x2=0.2~3.5) were deposited onto silica
glass substrates by DC magnetron sputtering with a base pressure of approximately 10 -9 Torr.
The samples deposited on silica glass were then post annealed in vacuum for 10 hours at
annealing temperature Ta from 200 to 500 oC. A 5nm thick capping layer of Ru was deposited at
ambient temperature after annealing. The atomic compositions measured by Energy-dispersive
X-ray spectroscopy (EDS) for the samples with x 2=0.2, 0.3, 0.5, 0.8,1.0, 2.0, 2.5, 3.0, 3.5 were
approximately Mn45Ga55, Mn50Ga50, Mn52Ga48, Mn58Ga42, Mn62Ga38, Mn71Ga29, Mn74Ga26,
Mn81Ga19, Mn82Ga18.
The epitaxial samples on MgO (100) and SrTiO3 (STO) (100) were deposited at an elevated
temperature from 450 to 600 oC. The multilayer thin films [MnGa 2 nm/Mn 0.5 nm] ×25 were
deposited onto MgO (100) and SrTiO3 (100) substrates. A 5nm thick capping layer of Ru was
deposited at ambient temperature after system cooling down. The compositions measured by
EDS was Mn53Ga47 and Mn56Ga44 for samples onto MgO (100) and SrTiO 3 (100), respectively.
Both Mn50Ga50 alloy targets and pure Mn targets were used. The thin film thicknesses were
calibrated using X-ray reflectivity. The deposition rates for MnGa and Mn were roughly
0.03nm/s and 0.01nm/s, respectively. Magnetic properties of the samples were measured by
using an alternating gradient magnetometer (AGM) in fields up to 18 kOe. Temperature
dependent magnetic properties measurement was carried out using vibrating sample
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magnetometer (VSM) and torque options of physical properties measuring system (PPMS) in
fields up to 90 kOe. Structural characterization was carried out using X-ray Diffraction (XRD)
with Cu Kα radiation and a transmission electron microscopy (TEM). Fig. 3.18 shows a sketch
of the sample structure of Mn-Ga alloy thin films. Tab. 3.4 shows the deposition conditions for
Mn-Ga alloy thin films.

Ru
Mn (x2 nm)
MnGa (2 nm)

25

2

Mn (x2 nm)
MnGa (2 nm)
SiO2, MgO (100)
or SrTiO3 (100)

1

Fig. 3.18 The multilayer structure illustration of the Mn-Ga alloy thin films.

Deposition
Deposition
Annealing
Annealing
temp.
Targets
N
rate
temp.
time
(nm)
o
o
(nm/s)
Ta ( C)
ta (min)
Ts ( C)
Ambient (poly.)
MnGa
2
0.03
200~500 (poly.)
25
600
600 (epi.)
Mn
x2 (0.2~3.5)
0.01
N/A (epi.)
N/A
Ru
5
1
0.03
N/A
N/A
Tab. 3.4 The deposition conditions for Mn-Ga alloy thin films. (poly. = polycrystalline; epi. =
epitaxial)
Thickness
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3.3.3 Polycrystalline Mn-Ga alloy thin films
3.3.3-i X-ray diffraction analyses for polycrystalline Mn-Ga alloy thin films
Figure 3.19 shows a series of the XRD patterns measured for the samples with x 2=0.3~3.5
onto silica glass substrates, together with the schematic diffraction patterns for the various phases
of the bulk Mn-Ga alloys. [62] Care has been taken for the XRD measurements so as to increase

Mn50Ga50 (x2=0.3)
(111)
Mn52Ga48 (0.5)

(200)

Mn58Ga42 (0.8)
(112)

I (a.u.)

Mn71Ga29 (2.0)
(221)

Mn74Ga26 (2.5)

Mn81Ga19 (3.0)

25

Mn82Ga18 (3.5)
L10MnGa

Bulk

D022 Mn3Ga
-Mn

40

42

44

46

48

2 (deg)

Fig. 3.19 The XRD patterns for the samples onto silica glass substrates with various Mn layer
thickness x2 and Ta=325oC.
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the signal to noise ratio for all the measurements. As seen, the overall XRD patterns for all the
samples do not exhibit clear diffraction peaks. This result suggests the majority of the samples
are of either a nano-crystalline or amorphous phases. For the samples Mn 50Ga50 and Mn58Ga42
(x2=0.3 and 0.8), the XRD patterns show little sign of crystalline peaks. The sample Mn 52Ga48
(x2=0.5) shows a peak at around 40.8 and 46.9o, which corresponds to the (111) and (200) peak
of the L10 phase. The samples Mn71Ga29, Mn74Ga26, and Mn81Ga19 (x2=2.0, 2.5 and 3.0) exhibit
the peaks at around 41.3°, which is believed to correspond to the (112) of the D022 phase. No
other peaks for the D022 phase are found. The sample Mn82Ga18 (x2=3.5) shows the sharp peak of
β-Mn (221). In short, those XRD patterns indicate that the samples for Mn 52Ga48 and
Mn71~81Ga29~19 are of nano-crystalline phases, but those Mn50Ga50 and Mn58Ga42 exhibit little
evidence of any crystalline phases.

3.3.3-ii Cross-sectional transition electron microscopy observations for polycrystalline D022
Mn71Ga29

Figure 3.20 shows the cross-sectional TEM images of the sample Mn71Ga29 (x2=2.0) onto
silica glass substrates, which is found to consist partially of the D022 structure by the XRD
pattern. The low magnification TEM image (a) reveals that the overall morphology is uniform
and little sign of grains are observed. The higher magnification image (b) indicates the sample
contains nanocrystalline phase. The high resolution TEM image (c) together with the fast Fourier
transformation pattern, which is shown as the inset image, clearly shows the crystalline phase,
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the structure of which is found to be the D022 phase. This TEM result is consistent with the XRD
pattern for Mn71Ga29. The lattice distances that observed from the high resolution image are
0.218, 0.179 and 0.195 nm respectively, which correspond to (112), (004) and (200) of the D022
phase.

Fig. 3.20 (a), (b) Low magnification and (c) high magnification cross-sectional TEM images for
the sample Mn71Ga29 onto silica glass substrates. The inset figure of (c) shows the fast Fourier
transformation of (c).
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3.3.3-iii Annealing temperature and compositional dependence of magnetic properties for
polycrystalline Mn-Ga alloy thin films

Figure 3.21 shows annealing temperature Ta dependence of magnetization M and coercivity
Hc measured at fields up to 18 kOe for samples Mn52Ga48 and Mn71Ga29 (x2=0.5 and 2.0). In the
case of Mn52Ga48, both M and Hc increase dramatically from nonmagnetic to maximum values
with increasing of Ta from 200 to 325 oC, then slightly decrease for Ta from 325 to 500 oC. On
the other hand, for sample Mn71Ga29, the M and Hc increase with increasing of Ta from 200 to 325
o

C. The M and out-of-plane Hc (Hc⊥) reach maximum value at around 325 oC, and then decrease

with Ta from 325 to 450 oC, while in-plane Hc (Hc//) increases with Ta from 325 to 350 oC and
then decreases. Thus Ta=325 is treated as an effective annealing temperature in the present study.
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Fig. 3.21 The annealing temperature Ta dependences of samples Mn52Ga48 and Mn71Ga29 onto
silica glass substrates.

Figure 3.22 shows Mn concentration dependence of M and Hc measured at 18 kOe for
sample with x2=0.2 to 3.5 and Ta=325 oC. It can be noticed that the magnetic properties change
significantly with x2 or Mn concentration. In the range of Mn at%45~62, which is the Mn
content range of L10 MnGa, the M and Hc become maximum at around Mn at%52. However,
much lower M and Hc are observed with Mn at%45. That is to say, slight change of Mn content
(7% drop) leads to a drastic drop of M and Hc. On the other hand, in the range of Mn at%62~82,
nominally the range of Mn2Ga and Mn3Ga, the M and Hc⊥ increase from almost zero to
maximum at around Mn at%71 and then decrease, whereas the H c// reaches maximum at around
Mn at%81 and then decrease.
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Fig. 3.22 The Mn concentration dependence of M at 1.8 kOe and H c for samples onto silica glass
substrates.
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3.3.3-iv Temperature dependence of magnetic properties for polycrystalline L10 Mn52Ga48 and
D022 Mn71Ga29
Figure 3.23 shows the M-H curves for the samples with x=0.5 and 2.0, which are Mn 52Ga48
and Mn71Ga29, measured at 4 and 400K in applied fields up to 90 kOe. It is noted that the
magnetization linearly increases with H beyond 40 kOe in both the M-H curves, indicating that
there is a paramagnetic component.
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Fig. 3.23 The M-H curves measured for the samples (a) Mn 52Ga48 and (b) Mn71Ga29 onto silica
glass substrates at 4 and 400K in applied fields up to 90 kOe.

In order to estimate the saturation magnetization for each sample, the interpolation of M
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values with H from 90 kOe to zero fields was made. In order to estimate the uniaxial magnetic
anisotropy Ku for the samples with x=0.5 and 2.0 which are Mn52Ga48 and Mn71Ga29, the
out-of-plane torque curves were measured. One example of the torque curves measured for
Mn71Ga29 is shown in Fig. 3.24. As can be seen, the torque curves show two fold symmetry A 2,
indicating uniaxial magnetic anisotropy. The Ku was estimated by equation (2.7) like discussed
before. The demagnetizing effect was corrected by 2Ms2 as an infinite thin film.

Fig. 3.24 An example of the torque curves measured for the sample Mn 71Ga29 onto silica glass
substrates at 300 K from 10 t0 90 kOe.
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Figure 3.25 (a) shows the saturation magnetization Ms and Ku thus obtained as a function of
temperature for x=0.5 and 2.0 or Mn52Ga48 and Mn71Ga29. For Mn52Ga48, the saturation
magnetization Ms gradually decreases with T. The Curie point of the L10 type bulk is about
600-650 K [59], thus not observed in the 400 K measurement range. On the other hand, the
saturation magnetization Ms for Mn71Ga29 remains nearly constant over a temperature range from
4 to 400K. The Curie temperature of the D022 bulk is reported to be 730~770 K [54]. The dashed
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Fig. 3.25 The temperature dependence of Ms and Ku for polycrystalline L10 Mn52Ga48 and D022
Mn71Ga29 onto silica glass substrates.
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line shows the fitting according to an empirical relation M s(T)/Ms(5K) = (1‒T/Tc)β, as discussed
for equation (3.1), where Tc is a Curie point and β is an empirical parameter [51] The T c thus
estimated was found to be around 580 and 708 K for the samples Mn 52Ga48 and Mn71Ga29,
respectively. Fig. 3.25 (b) shows the temperature dependence of Ku for the samples Mn52Ga48
and Mn71Ga29 over a temperature range 4 to 350 K. The K u for both samples decreases with T.
The dashed line shows the prediction towards the estimated T c. The relation between Ku and Ms
is discussed in details in Chapter 4.

3.3.4 Epitaxial Mn-Ga alloy thin films
3.3.4-i X-ray diffraction analyses for epitaxial L10 Mn53Ga47 alloy thin films
The 2- XRD patterns measured for samples with various T s from 450 to 600 oC at ψ = 0o
are shown in Fig. 3.26. The upper side figures show the patterns for samples deposited onto
MgO (100) which is Mn53Ga47 and the lower side figure show samples onto SrTiO 3 (100) which
is Mn56Ga44. The XRD patterns at ψ=0o show that the samples thus fabricated are epitaxial films
with the c-axis orientation along film normal. All the samples on both MgO (100) and SrTiO 3
(100) show L10 (001), (002) and (004) peaks. There is little evidence of the presence of other
peaks. The peak intensities exhibit low fluctuation with various T s except the sample with Ts=450
o

C shows lower intensity.
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Fig. 3.26 The XRD patterns measured at ψ = 0o for samples deposited onto MgO (100) and
SrTiO3 (100) substrates with various Ts from 450 to 600 oC.

The Fig. 3.27 shows the rocking curves measured for L10 MnGa (002) peak for the samples
deposited onto MgO (100) and SrTiO3 (100) substrates with various Ts from 450 to 600 oC,
together with the normalized ones, in order to check the full width at half maximum (FWHM)
clearly. It was found that the FWHM decreases with increasing of T s, indicating better
crystallinity with higher Ts. The c-axis dispersion for samples onto MgO (100) can be estimated
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to be around 2~6o, while the samples onto SrTiO3 (100) shows around 1.5~3o, which is smaller
than that of MgO (100).
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Fig. 3.27 The rocking curves ( scan) for L10 MnGa (002) together with normalized patterns for
the samples deposited onto MgO (100) and SrTiO 3 (100) substrates with various Ts from 450 to
600 oC.

The order parameter S was estimated from the superlattice (001) and fundamental (002) peak
intensities. Considering that the theoretical integrated intensity I of x-ray diffraction peaks can be
written as
(𝐼

)

= 𝑘𝑝Ʌ(θ)A(θ)e

(θ)|F

| ,

where k is the scale factor which is independent of the reflecting planes, p is the multiplicity
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(3.2)

factor, Ʌ(θ) is the Lorentz-polarization factor, A(θ) is the absorption factor, e
temperature factor and 𝑀 = 𝐵
and |F

is the

where B is temperature dependent Debye-Waller factor,

| is the square of structure factor. Here the angle  is the diffraction angle. In the

present estimations, it is assumed that Mn mainly occupies the (0, 0, 0) and (½, ½, 0) sites and
Ga mainly occupies the (½, 0, ½) and (0, ½, ½) sites. It is also assumed that no vacancies are
present. The temperature factor e

is ignored because the factor is approximately 0.90~0.99

[63] and causes smaller error compared to other factors. Therefore, the structure factors of (002)
and (001) planes are:
F

= 4𝑋

f

F
where f

and f

+ 4(1 − 𝑋

= 2𝑆(f

)f ,

(3.3)
(3.4)

− f ),

stand for the atomic structure factor for Mn and Ga, respectively, and X Mn is

Mn atomic percentage. Then from equations (1) (2) and (3), one obtains
𝑆=
where Ʌ(θ) =



(

[
(

)
) Ʌ(

and A(θ) = 1 − 𝑒

] Ʌ(
) (
/

) (
)

(

)
(

)

)

(3.5)

, which is approximated for a thin film

case [64]. Here, the ’ is the Bragg angle of single crystal graphite monochromator which can be
treated as a constant, µ is the linear absorption coefficient and t is the thickness of the thin film.
In order to estimate the lattice constant a, the XRD patterns at ψ=43.5o were measured, so
that the d spacing that the X-ray is scanning is the d202. The L10 (202) peaks were observed for
all of the samples as in Fig. 3.28, showing that the samples are epitaxially grown. The dotted
lines are merely the guide for eyes for the peak shift with T s.
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Fig. 3.28 The XRD patterns measured at ψ = 43.5 o for samples deposited on MgO (100) and
SrTiO3 (100) substrates with various Ts from 450 to 600 oC.

Figure 3.29 shows the  scan XRD patterns for L10 {202} peaks at ψ=43.5o and MgO {220}
peaks at ψ=45o for a range of 360o, where the angle  is the rotation angle whose axis is the thin
film normal. As can be seen, the L10 {202} peaks show a four-fold symmetry, demonstrating a
tetragonal structure. On the other hand, the MgO {220} peaks show similar four-fold symmetry.
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No offset was observed for the L10 {202} and MgO {220} peaks. Therefore, it can be determined
that the L10 MnGa is grown on the MgO lattice in an epitaxial way and well ordered.
The estimated order parameter S, FWHM for L10 MnGa (002), together with lattice
constants a and c for the samples deposited onto MgO (100) and SrTiO3 (100) at various Ts are
shown in Fig. 3.30. The lattice constants c are approximately 1.1~2.0% different from bulk value
(=0.371 nm), while the lattice constants a are 0.1~1.1% different from bulk (=0.388 nm) [62].
There is no obvious trend of the lattice constants as a function of T s, therefore, one may say both
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Fig. 3.29 The  scan XRD patterns for L10 {202} peaks at ψ=43.5o and MgO {220} peaks at
ψ=45o.
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350

the lattice constants a and c are independent of Ts. It is noticed that the lattice constants a for
MgO and SrTiO3 substrates are approximately 0.422 and 0.391 nm [62], respectively, showing
8.7% and 0.6% lattice mismatch with L10 MnGa. The measured lattice constant a for samples
onto SrTiO3 (100) are smaller than MgO (100) by 0.2~0.6%, except the one deposited at T s =
550 oC is 0.3% larger. The c values of the samples exhibit within ±0.2% difference between
MgO (100) and SrTiO3 (100) substrates, except the one with Ts = 600 oC shows 0.9% difference.

c (Å)

a (Å)

4.0
3.9

3.7

a (SrTiO3)
c (SrTiO3)

c (bulk L10 Mn53Ga47)

c (MgO)

3.6

0.8

S

a (bulk L10 Mn53Ga47)

3.8

3.5
0.9

FWHM (deg)

a (MgO)

S (SrTiO3)
S (MgO)

0.7
0.6
FWHM (MgO)
2
1

FWHM (SrTiO3)

0
400

450

500

550

600

650

Ts (oC)
Fig. 3.30 The estimated lattice constants a, c and order parameter S for deposited on MgO (100)
and SrTiO3 (100) substrates with various Ts from 450 to 600 oC.
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The trend difference between samples onto MgO (100) and SrTiO3 (100) is unknown. On the
other hand, the order parameter S estimated for samples onto MgO (100) is around 0.71~0.79,
which increases from Ts=450 to 500 oC and then almost doesn’t change with Ts=500~600 oC,
while samples onto SrTiO3 (100) show S approximately 0.80~0.88 and increases with T s. The S
for samples onto SrTiO3 (100) are higher than MgO (100). This is possibly due to the smaller
lattice mismatch between L10 MnGa and SrTiO3, but the reason is unknown. The FWHM values
indicate a c-axis dispersion angle approximately 1.5-6o for the samples deposited at various Ts. It
was found that the FWHM decreases with increasing Ts for both samples onto MgO (100) and
SrTiO3 (100), which imply a better crystallinity at higher Ts. The FWHM of samples onto SrTiO3
(100) is smaller than that of MgO (100), means better crystallinity for samples onto SrTiO 3 (100).
The reason might be same as the order parameter S. Nonetheless, the Mn at% of sample
deposited on MgO (100) is 3% lower than the sample onto SrTiO 3 (100), but the estimated order
parameter difference is only ±0.01, thus may not be the reason of the roughly 0.1 difference
between the S for samples onto MgO (100) and SrTiO3 (100).
3.3.4-ii Scanning electron microscopy and cross-sectional transition electron microscopy
observations for epitaxial L10 Mn53Ga47
Figure 3.31 show the plain view SEM images of the samples deposited with T s=450, 550
and 600 oC onto (a-c) MgO (100) and (d-f) STO(100), respectively. It can be noticed that the
sample deposited at 450 oC possess porosity structure, and the size of these pores are roughly
10~20 nm. The reason of the formation of this porosity structure is not clear. It is possible that
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the formation of the pores are from vaporization of excess Ga, since the melting point of the Ga
is only 30 oC. Furthermore, with Ts increases to 550 oC, the large grains with approximately
100~400 nm size are formed. With further higher T s, the island structure with a similar size of
100~300nm forms. The Mn atomic percentage estimated for the samples onto SrTiO 3 (100) for
all over the Ts range from 450 to 600oC are approximately 3% higher than samples onto MgO
(100).
Figure 3.32 (a) shows the cross sectional STEM image of the sample onto MgO (100) with
Ts=600 oC. The sample was covered by a 50 nm Ru layer and a Pt protection layer before
preparition by FIB, as shown in the figure. As seen in (a), the samples consists of trapezoid
shaped islands with 50~70 nm in height and 100~200nm in width, which is consistent with the
SEM image in Fig. 3.31. The surface of the islands are rather flat and parallel to the substrate.
Such an island growth is known as Volmer-Weber growth-model. [65] Considering the wetting
angle of this sample is approximately 90o, one can estimate the interface energy γ(MnGa/MgO)
between L10 MnGa and MgO according to Young’s equation as follows,
γ(MnGa/MgO) = γ(MgO)‒ γ(MnGa)cos,

(3.6)

where γ(MgO) and γ(MnGa) are the surface energy of MgO and MnGa in air, and  is the
wetting angle (≈ 90o ). Here the γ(MgO)=1.2 J/m2 [66]. Therefore, the γ(MnGa/MgO) is 1.2 J/m2.
Then the so called spread parameter can be estimated by
γ(MgO)-γ(MnGa)-γ(MnGa/MgO) = ‒γ(MnGa),

(3.7)

thus negative. That means the atoms of L10 MnGa are easier to bind with each other as islands,
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instead of binding to the substrate. Such an island growth is known as Volmer-Weber
growth-model. [65] Fig. 3.32 (b) shows EDS mapping results for the cross sectional area shown

Fig. 3.31 The plain view SEM images for samples onto (a-c) MgO (100), (d-f) STO(100) with
Ts=450, 550 and 600 oC.
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Fig. 3.32 (a) The cross sectional STEM image together with (b) the EDS mapping results for the
sample onto MgO (100) with Ts=600 oC.

in the STEM image Fig. 3.32 (b). It can be seen that the Mn and Ga elements are uniformly
distributed within the islands area, and the composition does not change from grain to grain. The
Ga was identified outside of the islands as well, possibly due to the ion type that used in FIB
cutting was Ga ions. The O element was identified both in substrates and in islands, indicating
that the sample was slightly oxidized.
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3.3.4-iii Substrate-deposition temperature dependence of magnetic properties for epitaxial L10
Mn53Ga47 thin films
Figure 3.33 shows the room temperature M-H curves measured in the directions both
parallel (//) and perpendicular (⊥) to the film plane. The applied magnetic field is up to 18 kOe.
For the sample with Ts=600 oC, the hysteresis loops are minor loops, showing the samples are
not fully saturated even at this applied field. All the samples show a behavior of the easy axis
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Fig. 3.33 The M-H curves measured for the island samples grown onto MgO (100) and SrTiO 3
(100) with various substrate temperatures Ts from 450 to 600 oC.
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perpendicular to the film plane. All the in-plane hysteresis loops show coercivity H c≈0. The Ms
values were estimated by interpolating the M values from high field around 20~90 kOe to 0 Oe.
Figure 3.34 shows the substrate-deposition temperature T s dependence of out-of-plane Ms
and Hc for the samples with various Ts. It can be seen that the out-of-plane Hc increases with Ts
from 5 kOe at 400 oC to 13 kOe at 600 oC for the samples onto MgO (100), and from 4 kOe to 9
kOe for samples onto SrTiO3 (100). The change of Ms with Ts is little for a range of Ts from 450
to 500 oC, and then increases to about 350 emu/cm3 at 600 oC for samples onto MgO (100). The
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Fig. 3.34 The substrate-deposition temperature Ts dependence of out-of-plane Ms and Hc for the
island samples with various Ts.
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Ms gradually increases with Ts to about 270 emu/cm3 for samples onto SrTiO3 (100). The reason
for this increase of Ms may be as follows: The M-H curves for Ts from 450 to 550 oC onto MgO
(100) and all samples with Ts from 450 to 600 oC SrTiO3 (100) show a positive slope of M with
H, indicating the presence of a paramagnetic component. On the other hand, the M-H curve at
Ts=600 oC onto MgO (100) does not exhibit such a positive slope, thus little evidence for the
presence of the paramagnetic phase. Since the magnetization values noted in the present work is
the one using the nominal total thickness, the saturation magnetization values for T s =450 to 600
o

C are underestimated. What does this mean is that if one corrects the M s values by taking into

account the amount of the volume of paramagnetic phase, then the M s values may be unchanged
over the Ts range under consideration. The fact that the Ms of the samples onto MgO (100) is
higher than that of the SrTiO3 (100) may be partly due to the overestimation of the L10 phase. In
addition, the Mn at% of sample deposited on MgO (100) is 3% lower than the sample onto
SrTiO3 (100). Since the Ms decreases with increasing of Mn at% within the range of Mn 50~60%,
as reported by other groups [8, 67], the Ms for the samples onto SrTiO3 (100) lower than MgO
(100) may be partly due to that as well. Additionally, as mentioned in Fig. 3.30, the order
parameters for samples deposited onto MgO are lower than SrTiO 3 (100). Therefore, it can be
seen that the ordering of samples doesn’t affect the Ms, as well known, but Ms is much more
sensitive to the composition difference.
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3.3.4-iv Temperature dependence of magnetic properties for epitaxial L10 Mn53Ga47
Figure 3.35 shows the out-of-plane M-H curves measured for samples with T s=600 oC onto
MgO (100) and SrTiO3 (100) at various temperatures from 5 to 400 K. All the hysteresis loops
show high squarenesses. The interpolation of M values from 90 kOe to 0 Oe was carried out in
order to estimate the saturation magnetization M s. The interpolation is shown as a dashed line in
the figure.
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Fig. 3.35 The perpendicular M-H curves measured for the island samples onto MgO (100) and
SrTiO3 (100) with Ts=600 oC from 5 to 400 K.
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Figure 3.36 shows the temperature dependence of perpendicular Ms and Hc for the samples
onto MgO (100) and SrTiO3 (100) with Ts=600 oC. The dashed lines show the fitting according
to an empirical relation Ms(T)/Ms(5K) = (1‒T/Tc)β, as discussed for equation (3.1), where Tc is a
Curie point and β is an empirical parameter [51]. The T c was found to be around 600 K for both
samples onto MgO (100) and SrTiO3 (100), and β = 0.10 and 0.13, respectively. The present
results are in reasonable agreement with reported experimental results for bulk L10 Mn53Ga47, as
shown in the inset of Fig. 3.36. For both samples onto MgO (100) and SrTiO3 (100), the Hc
decreases with increasing T, while the saturation magnetization M s stays almost constant with
increasing T from 5 to 300 K and slightly decreases from 300 to 400 K. The H c and Ms values of

Ms (emu/cm3)

300

600
Lu et al
400
200
0
0 200 400 600
T (K)

Ms (STO)

35
30
25
20

200

15

Hc (MgO)

10

100
Hc (STO)

0

Hc (kOe)

Ms (MgO)

400

40

Ms (emu/cm3)

500

0

Tc

5

0
100 200 300 400 500 600 700

T (K)
Fig. 3.36 The temperature dependence of perpendicular M s and Hc for the island samples onto
MgO (100) and SrTiO3 (100) with Ts=600 oC. The inset figures show reported experimental
results for bulk L10 Mn53Ga47.
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overestimation of the L10 phase, and the 3% Mn at% difference between the samples onto MgO
(100) and SrTiO3 (100), as explained in Chapter 3.3.4-iii.
In order to estimate the temperature dependence of Ku, the out-of-plane torque curves were
measured at various magnetic fields from 0 to 90 kOe and temperature range from 5 to 400 K.
Fig. 3.37 shows a series of representing torque curves measured at 300 K for the sample onto
MgO (100) and SrTiO3 (100) with Ts=600 oC. The angle  is the one between film normal and
Happ. The hysteresis loss was observed at H up to 30 kOe. All the torque curves at H higher than
about 20 kOe exhibit predominantly the two fold symmetry, implying the contribution of Ku1 to
the Ku. The estimated amplitude values at various H was interpolated to the infinite field (1/H=0)
in order to estimate the Ku1 values. Also the demagnetization effect of such islands was taken
into account to estimate the Ku1 values. By assuming the islands to be a rectangular prism shape
of 200 nm width and 60 nm height, one obtains the demagnetizing energy to be 3.9M s2 [68]. As a
result, the Ku was obtained as Ku=A2+3.9Ms2 according to equation (2.7) where A2 is the torque
amplitude at 1/H=0.
Figure 3.38 shows the temperature dependence of the estimated Ku for samples onto MgO
(100) and SrTiO3 (100) with Ts=600 oC. The dash line shows the prediction towards Curie
temperature Tc. It can be noticed that the Ku constants monotonically decreases with increasing T.
The estimated Ku values are around 1.1×107 and 6.8×106 erg/cm3 at 5 K and 8.3×106 and 5.5×106
erg/cm3 at 300 K for samples onto MgO (100) and SrTiO3 (100), respectively. The reason for the
difference of Ku for samples onto MgO and SrTiO3 are possibility due to the same reason as Ms,
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which is the overestimation of the volume of ferromagnetic L10 phase, and the fact that the Mn
concentration is 3% higher for MgO than SrTiO 3. However, the order parameter for sample on
MgO is lower than SrTiO3, which should cause a lower Ku than SrTiO3, but not observed in the
present study. The reason for this is not clear. A possibility is that the K u is more sensitive to 3%

Fig. 3.37 The torque curves measured at the various fields at 300 K for the islands sample with
Ts=600 oC onto MgO (100) and SrTiO3 (100).

composition change, as reported by other group [69]. Additionally, the sample on SrTiO 3 shows
approximately 1% larger lattice constant c than MgO. According to the first principle theoretical
calculations by Al-Aqtash and Sabirianov, the Ku is sensitive to change of lattice constant c. The
present difference of Ku between MgO and SrTiO3 is consistent with their calculations.
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Fig. 3.38 The temperature dependence of Ku estimated for island samples onto MgO (100) and
SrTiO3 (100) with Ts=600 oC.

3.4 Mn-Ga-Al alloy system
3.4.1 Introduction
As discussed in Chapter 3.3.1, the L10 MnGa possess a high magnetic anisotropy constant
Ku and consequently high Hc, which is attractive for rare-earth free permanent magnets and
spintronics applications [51, 54]. In the bulk phase diagram of Mn-Ga alloy system as shown in
Fig. 3.16, the L10 phase is stable over a temperature range of 400~600 oC, and Mn content range
of about 55~63 at% [43]. In the case of thin films, much work on magnetic properties has been
made for the Mn composition range over 55 at% (or Mn:Ga ratio>1), but few studies have been
found in literature for Mn <50 at%. In the present work, a thin layer of Al was added to the L10
MnGa island structured sample, as discussed in Chapter 3.3.4. It was found that the highly
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ordered L10 phase existed in the samples with Mn 50 and 53 at%, which is beyond the phase
boundary of L10 MnGa. Therefore, it is of interest to investigate the effect of Al addition on
magnetic and structural properties of L10 MnGa thin films. It is expected that the lattice constants
a and c would change with addition of Al, since the L10 MnAl and L10 MnGa possess same
crystal structure with relatively close lattice constants. Tab. 3.5 shows some magnetic and
structural features of L10 MnAl and L10 MnGa.
Lattice
Lattice
Bulk
Curie
Magnetic
constants constants
Magnetization
temperature
anisotropy
3
a (Å)
c (Å)
Ms (emu/cm )
Tc (K)
Ku (erg/cm3)
L10 MnGa
3.88
3.68
~300-400
600-650
~2.6×10 7
L10 MnAl
3.94
3.56
~490
650
~1.5×107
Tab. 3.5 Some magnetic features of L10 MnAl and L10 MnGa

3.4.2 Fabrication of samples
Multilayers of Mn50Ga50, Mn and Al were fabricated onto MgO (100) substrate held at about
600 oC during deposition in a multi-target UHV confocal sputtering system. The final film
composition thus fabricated was controlled by changing an Al layer thickness, which was
determined by energy dispersive X-Ray spectroscopy (EDS). Three samples of Mn 53-xAlxGa47
with x=0, 3 and 6 were chosen in the present experiment, namely Mn53Ga47, Mn50Ga47Al3 and
Mn47Ga47Al6. (±1 at%). The nominal film thickness for all the samples was 50~60 nm. The
structural analyses were performed by Cu Kα X-ray diffraction (XRD) at ψ=0 and 43.5 o and
scanning electron microscopy (SEM). Magnetic properties were measured by a vibrating sample
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magnetometer and a torque magnetometer over a temperature range from 5 to 400 K in fields up
to 90 kOe. The illustration of the film structure is shown in Fig. 3.39. Tab. 3.6 shows the
deposition conditions for Mn-Ga-Al ally thin films in the present study.

Fig. 3.39 The multilayer structure illustration of the Mn53-xGa47Alx (x≈0-7) samples.

Targets
MnGa
Mn
Al
Ru

Deposition rate (nm/s) Deposition temp. Ts (oC)
2
0.03
600
0.2
25
0.01
d (0.01~0.41)
0.03
N/A
5
1
0.03
Tab. 3.6 The deposition conditions for Mn-Ga-Al alloy thin films
Thickness (nm)

N

3.4.3 Structural analyses
3.4.3-i X-ray diffraction analyses
Figure 3.40 shows the XRD patterns measured for the L10 Mn53-xGa47Alx (x=0~6) samples
at (a) ψ=0 and (b) 43.5o. The dashed lines are eye guidance for the peak shift. The L10 (001),
(002), and (004) peaks were observed for the XRD patterns measured at ψ=0 o and the L10 (202)
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peaks were observed at ψ=43.5o. The samples were found to be epitaxially grown. The (001)
super-lattice peak was observed for x=0, and decreases its intensity with x or the decrease of Mn
content. The (001) intensity is significantly lower than the samples with x=0 and 3. The lattice
constants a and c were estimated from the L10 (202) and (002) peaks. The order parameter based
on the intensity ratio between I(001)/I(002) was estimated according to equation (3.5), and found
to be 0.9, 0.7, and 0.4 for x=0, 3, and 6, respectively. It is interesting to find that the highly
ordered L10 MnGa is present in Mn 50 and 53 at%, which is beyond the L10 phase boundary in
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Fig. 3.40 The XRD patterns measured at (a) ψ=0 and (b) 43.5 o for L10 Mn53-xGa47Alx samples
with x=0, 3 and 6.

3.4.3-ii Scanning electron microscopy observations
The SEM observation for the L10 Mn53-xGa47Alx samples with (a) x=0, (b) x=3 and (c) x=6
are shown in Fig. 3.41. As can be seen, the sample with x=0, as discussed in Chapter 3.3.7,
forms island structure with around 100~300 nm in width and 50~70 nm in height. With
increasing x, the islands become smaller in width and more rounded in shape, and this smaller
size remains for the sample with x=6. It may be the case that an addition of Al to L10 Mn53Ga47
inhibits the formation of the ordered L10 structure by forming some unknown phase, since the
order parameter dramatically decreases with increasing of x, even with a small amount of Al. The
unknown phase might be a complex structured Mn-Ga-Al-O phase(s), due to the significant
oxygen diffusion of oxygen out of the MgO substrate at high T s (≈600 oC). The unknown phase
may degrade the magnetic properties of the samples, as the Ms and Ku become much lower with
x, as shown in Fig. 3.44. It is noted that the highly ordered L10 MnGa is present in a grain with
Mn 50 and 53 at%, which is much less than the phase boundary in the bulk phase diagram.

Fig. 3.41 The SEM images for L10 Mn53-xGa47Alx samples with (a) x=0, (b) x=3, and (c) x=6.
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Fig. 3.42 shows the position of the present L10 Mn53-xGa47Alx samples with x=0, 3, and 6 in
a Mn-Ga-Al ternary phase diagram. The dashed line shows the Mn content of 50 at%. It can be
seen that the composition of the current samples are not along the direction of Mn 50 at%, but
with decreasing Mn. However, it is expected that the L10 structure will be maintained if the
Mn-Ga-Al composition changes with fixed Mn content of 50 at%. Therefore, the future work of
the present project is suggested to focus on the transition from L10 MnGa to L10 MnAl, since the
lattice constants of the L10 MnGa (a = 3.88, c =3.68 Å) and L10 MnAl (a = 3.94, c =3.56 Å) are
relatively close.
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Fig. 3.42 The position of the present L10 Mn53-xGa47Alx samples with x=0, 3, and 6 in a
Mn-Ga-Al ternary phase diagram.
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3.4.4 Magnetic properties
3.4.4-i Composition dependence of magnetic properties
The out-of-plane M-H curves were measured as a function of temperature from 5 to 400 K
as shown in Fig. 3.43. All the samples exhibit the remanence close to one and possess the easy
axis for magnetization along the film normal. The Ms was estimated by interpolating the M-H
curves from high field 90 kOe to 0 Oe, as discussed in Chapter 3.3.9. The temperature
dependence of Ms was obtained.
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Fig. 3.43 The M-H curves measured at 5 to 400K for for L10 Mn53-xGa47Alx samples with x=0, 3
and 6.
The Ku was estimated by the similar method discussed in Chapter 3.3.9, from the two-fold
symmetry magnitude plus the demagnetizing effect corrected by 3.9M s2. The A2 was obtained by
fitting the torque curves to a Fourier series including sinM, sin2M, sin3M and sin4M
component, where M is the angle between the thin film normal and the magnetization. The
demagnetizing effect is roughly estimated as a rectangular prism with 200 nm in width and 60
nm in height. The obtained A2 values were plotted as a function of 1/H and interpolated to obtain
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the A2 at infinite field.
As a summary, the x dependence of lattice constants a, c and order parameter S together
with Ms, Hc, and Ku (at 300 K) for the samples with x=0, 3, and 6 are shown in Fig. 3.44. It can
be noticed that the lattice constant a slightly decrease with increase of x from 3.90 to 3.89 Å,
while the c increases from 3.67 to 3.70 Å, which is 0.2 to 1.1% different from the bulk L10
Mn53Ga47. [62]. The order parameter clearly decreases with increasing x. On the other hand, the
Ms are slightly higher for the sample x=3 than x=0, then the Ms dramatically decreases with x=6.
The Ku shows monotonically decreases with increasing of x, and the trend is consistent with S.
The Hc shows much smaller value for sample x=3 than x=0, and then increases for x=6.
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Fig. 3.44 The compositional dependence of lattice constants a, c and order parameter S together
with Ms, Hc, and Ku for the samples with x=0, 3, and 6.
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3.4.4-ii Temperature dependence of magnetic properties
Figure 3.45 shows the temperature dependence of Ms, Hc and Ku together with the
estimation of Tc according to the empirical relation for L10 Mn53-xGa47Alx samples with (a) x=0
(b) x=3 and (c) x=6. The inset figure shows the reported experimental result for bulk L10
Mn53Ga47 [67]. The Ms at 5K are found to be 380, 480 and 90 emu/cm 3 for x=0, 3 and 6,
respectively. The Ms values are smaller than the bulk value. It may be partially due to neglecting
the presence of the unknown phases which are likely oxidized ones, thus an overestimation of the
L10 phase amount, since the film volume was estimated by nominal thickness. The K u at 5K are
1.1x107, 6x106 and 2x105 erg/cm3 for x=0, 3 and 6, respectively. The coercivity Hc at 5K are 18,
4 and 11 kOe for x=0, 3 and 6, respectively. The sample with x=6 show one order of magnitude
lower Ms and Ku than the sample x=0, while the Hc is not much smaller. The decrease may be
due to the unknown phases that were formed with addition of Al.
The dashed lines are the fitting curves in the form of M s(T)/Ms(5K) = (1- T/Tc)β, where Tc is
a Curie point and β is a parameter as discussed for equation (3.1) [51]. The behavior of the
temperature dependence of Ms is consistent with the reported results shown in the inserted figure,
where a sharp decrease occurs near Tc for Mn:Ga ratio>1. It is seen that the sample x=6 exhibits
a faster decrease in magnetization with T, compared to x=0 and 3. Using a method of least
squares, it is found that the Tc value x=0 and 3 is about 600K with β=0.10 and 0.15 respectively,
and the Tc for x=6 is about 550K with β =0.27. The estimated T c is found to decrease with
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increasing x, due to the decrease of Mn concentration. The dotted lines show the prediction of
the Ms, Hc and Ku towards the Tc.
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Fig. 3.45 The temperature dependence of Ms, Hc and Ku together with the estimation of Tc
according to the empirical relation for L10 Mn53-xGa47Alx samples with (a) x=0 (b) x=3 and (c)
x=6. The inset figure shows the reported experimental result for bulk L10 Mn53Ga47. [67]
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4

MAGNETIC ANISOTROPY MECHANISM

4.1 The relation between temperature dependent K u(T) and Ms(T)
It was reported around half a century ago by Zener and Callen-Callen [31, 33] that the
relation between Ku(T) and Ms(T) at various temperatures obeys a power law relation, i.e.
K(T)~Ms(T)n where n=l(l+1)/2 and l is the power of magnetic anisotropy function. The history
and change of this theory is discussed in details in Chapter 1.2. This power law relation is related
to the magnetic anisotropy mechanism under the assumption that the spin orbit coupling (SOC)
constant is temperature independent [38], given the theory of temperature dependence of SOC as
well as K in transition metal systems is not fully established. That is, for the first order uniaxial
magnetic anisotropy Ku1, the exponent between Ku(T) and Ms(T) is expected to be around 3 since
l equal to 2 in this case. For example, in the L10 FePt case, an exponent of around n≈2.1 was
found both experimentally [39] and theoretically [38] for the correlation between K u(T) and
Ms(T), and it was suggested that a two-ion model was responsible for the magnetic anisotropy
mechanism. In the case of L10 MnAl and L10 MnGa, very few works have been found in
literature regarding the mechanism from this point of view. Therefore, it is of interest to test the
power dependence of Ku on Ms in the present study.
In order to determine the exponent n, the Ku for polycrystalline sample L10 Mn52Al48 onto
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silica glass was estimated by torque curve analyses, as shown in Fig. 3.15. The values for
K(T)/K(4 K) and Ms(T)/Ms(4 K) estimated at various measuring temperatures were plotted on a
logarithmic scale, each of which is normalized at T = 4 K. The K u2 is negligible compared to Ku1.
As shown in Fig. 4.1, the data was fitted to a power relation to acquire the exponent n. From the
plot, it is found that the value of n is approximately 1.
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0.7 0.8 0.9 1 1.1

Ms(T)/M(4K)
Fig. 4.1 The K(T)/K(4K) vs. Ms(T)/M(4K) power law fits for a measuring temperature range
from 4 to 400 K for polycrystalline sample L10 Mn52Al48.

To compare with the polycrystalline L10 Mn52Al48, Fig. 4.2 shows the correlation between
K(T) and Ms (T) normalized at 4 K for the polycrystalline sample D022 Mn74Al26 deposited onto
silica glass. It is found that the K obeys the nth power dependence of Ms, and n is approximately
1.9.
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Fig. 4.2 The K(T)/K(4K) vs. Ms(T)/M(4K) power law fits at various measuring temperatures
from 4 to 400 K for polycrystalline sample D022 Mn74Ga26.

The correlation between Ku(T) and Ms(T) normalized at Ku(5 K) and Ms(5 K) for epitaxial
island structured L10 Mn53Ga47 sample onto MgO (100) and SrTiO3 (100) was plotted in log
scale, as shown in Fig. 4.3. The data points in different colors for sample onto MgO (100)
represent the three different measurement to test reproducibility. The error bar in M s and Ku is
around 10%. A linear fitting was carried out in order to find the slope in the log scale, which is
the power law exponent n. The exponent n was found to be around 2.9~3.5 for the temperature
range from 5 to 150 K, 2.7~3.3 for 150 to 250 K, and 2.3~2.5 for 250 to 350 K for the sample
deposited onto MgO (100). On the other hand, the n was around 1.9~2.3 for 5 to 150 K, 2.7~3.3
for 150 to 250 K, and 1.6~2.0 for 250 to 400 K for sample deposited onto SrTiO 3 (100).
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Therefore, the possibility is the n is not independent of temperature, and tends to be higher at
lower temperatures. Nonetheless, the exponent n in a whole temperature range from 5 to 400 K
for the sample deposited onto MgO (100) is around 2.6, and 2.2 for sample onto SrTiO 3 (100).

1.1

Ku(T)/Ku(5K)

1

MgO
2.9~3.5
(5~150 K)
2.7~3.3
(150~250 K)
2.6 (5~350 K)
Ku(T) Ms(T)2.3~2.5

0.9
0.8
0.7

(T = 250~350 K)

0.6
1.1

Ku(T)/Ku(5K)

1

STO
1.9~2.3
(5~150 K)
2.7~3.3
(150~250 K)

0.9
0.8
0.7
0.6
0.8

1.6~2.0
(T = 250~400 K)
2.2 (5~400 K)
0.9
1

1.1

Ms(T)/Ms(5K)
Fig. 4.3 The Ku(T)/Ku(5 K) versus Ms(T)/Ms(5 K) power law fit at various measuring
temperatures from 5 to 400 K for epitaxial island L10 Mn53Ga47 onto MgO (100) and SrTiO3
(100). The data points in different colors represent the three different measurement to test
reproducibility. The error bar in Ms and Ku is around 10%.

The epitaxial L10 Mn53-xGa47 Alx (x=0~6) of island structure deposited onto MgO (100) were
also investigated for the purpose of better understanding the magnetic anisotropy. Fig. 4.4 shows
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the relation between Ku(T) and Ms(T) normalized at Ku(5 K) and Ms(5 K) and plotted in a log
scale. For sample x=0, the exponent n was found to be 2.3~2.5, 2.7~3.3, and 2.9~3.5 for the
temperature range 250~350, 150~250, and 5~150 K, respectively, compared to 1.8~2.2, 2.2~2.6,
and 2.0~3.9 for sample x=3. Therefore, the exponent n is not independent of temperature, and
likely to be larger at lower temperature range. The exponent n in a whole temperature range for x
= 0 and 3 are approximately 2.6 and 2.2, respectively. The sample with x=6 shows low K u
approximately 2×105 erg/cm3, and the error bar from the torque magnetometer may become
1.1
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Fig. 4.4 The Ku(T)/Ku(5 K) versus Ms(T)/Ms(5 K) power law fit at various measuring
temperatures from 5 to 400 K for epitaxial L10 Mn53-xGa47 Alx of island structure with x = 0 and
3.
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significant compared to the Ku, therefore not considered for the analyses of magnetic anisotropy
mechanism.

4.2 Magnetic anisotropy mechanism
In the case of Mn system alloys, it is recalled that the free Mn ion without any crystal field
shows uniform d orbital energy levels. In the perfect symmetric case, the d orbitals are subject to
a spherical crystal field, thus will be equally increased to a high energy level, as shown in the Fig.
4.5.
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Fig. 4.5 The schematic illustration of Mn d orbitals splitting to various energy levels.

However, the tetragonal crystal field repels the orbital states 𝑑

and 𝑑

to a

greater extent than the other states 𝑑 , 𝑑 , and 𝑑 . The difference of the energy leads to the
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splitting of the d orbitals to four different levels from high to low: 𝑑

>𝑑

>𝑑 =

𝑑 >𝑑 . The shapes of the d and p orbital states are shown in the Fig. 4.6. As a result, the
charge distribution for Mn d orbitals as a whole tends to be anisotropic.
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Fig. 4.6 The schematic illustration of the charge distribution of 3d and 4p orbitals.

For transition metals like Mn, the magnetocrystalline anisotropy can be generated by the
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electrostatic interaction of the anisotropic orbital states and the crystal field created by the rest of
the lattice, which is called the single ion mechanism. On the other hand, the interaction of two
ions, in other words two anisotropic charge distributions, generates the magnetocrystalline
anisotropy from a so called two-ion mechanism.
It is noted that both a single ion and two ion models are based on the localized electron
model. [31, 33, 38] However, it is the case that the magnetism of Mn-Al and Mn-Ga alloy
systems is often discussed on the basis of itinerant model. In fact, for most of the transition metal
systems, the itinerant model is assumed. Therefore, the single- and two-ion models may not be
applicable. But due to the lack of theory establishment of the temperature dependence of spin
orbit coupling constant as well as Ku for transition metal systems at the current stage, the present
study proposed the following mechanisms.
In the case of polycrystalline L10 Mn52Al48 onto silica glass, clearly this result of n = 1 is at
variance with the theoretical predictions for the single- and two-ion models. The explanation for
n = 1 is unknown. However, the discrepancy between the current exponent n = 1 and the
predicted n = 3 indicates that the magnetic anisotropy is not resulting from single-ion mechanism,
but other mechanism might be responsible. In addition, due to the sample is polycrystalline, the
magnetocrystalline anisotropy is compensated in different directions. Some other components
may be contributing to the total magnetic anisotropy, such as surface/interface anisotropy and
stress induced anisotropy, and may become significant compared to the magnetocrystalline
anisotropy. Therefore, the power law exponent prediction for magnetic anisotropy mechanism is
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not applicable for the polycrystalline case.
For polycrystalline D022 Mn74Al26 onto silica glass, the exponent was found to be n = 1.9,
which again shows discrepancy with the single-ion mechanism exponent n = 3, but one
conjectures that the magnetic anisotropy mechanism in a nanocrystalline structure is much
different from an ordered and/or crystalline phase, due to the compensation of the
magnetocrystalline anisotropy, like the case of polycrystalline L10 Mn52Al48.
The epitaxial island structured L10 Mn53Ga47 onto MgO (100) and SrTiO3 (100) is more
reliable in discussing the magnetic anisotropy mechanism, since the magnetic anisotropy
constant Ku is mostly due to Ku1, and the magnitude of the Ku is relatively high, which is of the
order 107 erg/cm3. The exponent n ≈ 1.6~3.5 is at variance with n = 3 (for single-ion case), and is
dependent on temperature. The n is likely to be larger at low temperatures. Nonetheless, the n in
a whole temperature range from 5 to 400 K is approximately 2.6 for sample deposited onto MgO
(100), and 2.2 for SrTiO3 (100).
In the case of the epitaxial L10 Mn53-xGa47Alx samples of island structure, the temperature
dependence of Ku and Ms shows a similar trend as the epitaxial L10 MnGa, as in Fig. 4.4. The
relation between Ku (T) and Ms (T) normalized at Ku (5 K) and Ms (5 K) is found to obey the
power law relation, and the exponent n is found to vary from 1.8~3.9 for the sample with x=3,
compared to 2.3~3.5 for x=0. The n in a whole temperature range for x = 0 and 3 are
approximately 2.6 and 2.2, respectively. As discussed before, the exponent n is not independent
of the temperature, thus one may not determine either single-ion or two-ion mechanism is
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responsible for the magnetic anisotropy energy simply from the n. In addition, the theory of
temperature dependence of SOC for iterant model transition metal system is not well established,
as mentioned before.
At the current stage, a few considerations for the magnetic anisotropy mechanism may be
made as follows.
The spin orbit coupling (SOC) constants for Mn and Ga are 40 and 155 meV, respectively.
[17] If one compares the L10 MnGa with the L10 FePt [38], the spin orbit coupling of Ga is
roughly three times higher than Mn, like Pt and Fe. Therefore, the magnetic anisotropy may be
also due to an anisotropic exchange from the induced Ga moment, similar to the L10 FePt case
reported by Mryasov et al [38].
In addition, the SOC constant of Mn is low, however, the calculated partial density of states
of L10 MnGa and MnAl by Kota and Sakuma [17] shows the hybridization between the occupied
𝑑

and unoccupied 𝑑

occupied 𝑑

states, the occupied 𝑑

and the unoccupied 𝑑

and unoccupied 𝑑

, and the

states through spin-orbit interaction. Therefore,

the magnetocrystalline anisotropy energy of L10 MnGa and MnAl originates from the favorable
electronic structure described as selection rule, where the selection rule is determined by strength
of spin-orbit interaction and the inverse of the energy difference between the occupied and
unoccupied states on both sides of the Fermi level. On the other hand, Sakuma [13] pointed out
that there is a high possibility that the Mn d orbitals hybridize with the Ga p orbitals through spin
orbit coupling, and contribute to the total magnetic anisotropy. The polarized Ga shows a
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negative moment around -0.1 µB, while the Mn shows 2.5 µB. Additionally, the site decomposed
magnetic anisotropy energies for Mn and Ga are about 0.3 and 0.1 meV/atom [13], respectively.
Therefore, one would expect a different behavior than that of a single-ion model prediction. Fig.
4.7 shows a schematic illustration of the possible magnetic anisotropy mechanism according to
Mn 3d and Ga 4p orbitals hybridization. In the present cases of L10 MnGa and L10 MnGaAl, the
n = 2.2~2.6 for a whole temperature range from 5 to 400 K shows a deviation from the single-ion
mechanism. It is considered to be consistent with the theoretical prediction of the Ga ion
contribution.
In summary, the magnetic anisotropy mechanism is still open for questions at the current
stage of theoretical understanding, due to the lack of data of the temperature dependent spin orbit
coupling constant, and the calculation model imperfections. However, the relation between K(T)
and Ms(T) may provide valuable information of the magnetic anisotropy mechanism. In the
present study, the power law exponent n of relation between K(T) and M s(T) are found to be
around 1 for polycrystalline L10 Mn52Al48, 1.9 for polycrystalline D022 Mn74Ga26, and 1.6~3.9 for

110

Fig. 4.7 A schematic illustration of the magnetic anisotropy mechanism according to Mn 3d and
Ga 4p orbitals hybridization. [17]

the epitaxial L10 Mn53Ga47 and Mn53-xGa47Alx (x ≈ 0-6) of island structure. The n was found to
vary with temperature, and tends to be larger at lower temperatures. Those exponents are at
variance with the theoretical predicted n = 3 for the K u1 of single-ion mechanism. It is not
determined either a single-ion or two-ion mechanism is responsible for the magnetic anisotropy
energy. Nonetheless, the current results of n for a whole temperature range from 5 to 400 K
suggest a deviation from single-ion mechanism, which is consistent with the theoretical
predictions of Ga ion contribution to the total magnetic anisotropy energy. A more detailed
theory needs to be established about the K(T) of transition metals.
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5

COERCIVITY MECHANISM

5.1 Initial M-H curves and “apparent Hc”
The initial M-H curves together with the “apparent Hc” were found to be useful in
understanding the coercivity mechanism [20, 70]. The point is, for domain wall nucleation
mechanism, the magnetization increases rapidly with increasing of applied magnetic field H app,
while the domain wall pinning mechanism leads to the magnetization remains low in initial curve
until a high magnetic field is applied. The “apparent H c” is another method to confirm the
coercivity mechanism, which means the Hc values obtained at various maximum Happ. In the case
of domain wall pinning mechanism, the apparent Hc is much smaller than the real Hc, unless the
Happ increases to much higher than Hc. On the opposite, a domain nucleation mode is likely to be
the case if the apparent Hc is close to the real Hc at low Happ. Therefore, with the initial curves
and the apparent Hc values, one may obtain valuable information about the coercivity mechanism.
Some background information of the coercivity mechanism is discussed in Chapter 1.3.
The initial curves and the apparent Hc for the samples studied in the present work were
measured in order to shed light on the coercivity mechanism. Fig. 5.1 shows the initial curves for
the samples (a) polycrystalline L10 Mn52Al48, (b) polycrystalline L10 Mn52Ga48, (c)
polycrystalline D022 Mn74Ga26, and (d) epitaxial L10 Mn53Ga47 of island structure. The apparent
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Hc values estimated for the same samples are shown in Fig. 5.2.
For the polycrystalline sample L10 Mn52Al48 onto silica glass, the magnetization increases
gradually with the Happ as the mode of domain wall nucleation for the in-plane (//) direction, as
shown in Fig. 5.1 (a). Interestingly, in the out-of-plane (⊥) direction, the magnetization remains
low values until a high magnetic field is applied, thus showing a behavior of pinning mechanism.
The coercivity Hc for polycrystalline L10 Mn52Al48 for both in-plane and out-of-plane directions
are relatively low, which are around 2.5 kOe. On the other hand, the apparent H c// for
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Fig. 5.1 The initial curves for the samples (a) polycrystalline L10 Mn52Al48, (b) polycrystalline
L10 Mn52Ga48, (c) polycrystalline D022 Mn74Ga26, and (d) epitaxial island L10 Mn53Ga47.
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Fig. 5.2 The apparent Hc values estimated for the samples (a) polycrystalline L10 Mn52Al48, (b)
polycrystalline L10 Mn52Ga48, (c) polycrystalline D022 Mn74Ga26, and (d) epitaxial island L10
Mn53Ga47.

kOe, while the apparent Hc⊥ is clearly much smaller than the real Hc⊥, and increases to the real
Hc⊥ until Happ exceeds a high magnetic field (≈ 8 kOe), as shown in Fig. 5.2 (a). In summary, the
pinning mechanism is likely responsible for the H c in the out-of-plane direction, while the
domain wall nucleation mode is dominating for the in-plane direction for polycrystalline L10
Mn52Al48, although the domain wall pinning mode may not be excluded.
The polycrystalline sample L10 Mn52Ga48 onto silica glass shows low Hc around 2.5 kOe as
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well, however slightly different behavior from the L10 Mn52Al48, where the magnetization stays
low until around 2 kOe for both in-plane and out-of-plane directions, and then rapidly increases,
as shown in Fig. 5.1 (b). The apparent Hc⊥ is much smaller than the real Hc⊥, even when the Happ
is much higher than the real Hc⊥, as shown in Fig. 5.2 (b). The apparent Hc// reaches the real Hc//
when the Happ is higher than around 4 kOe. However, the apparent Hc// is almost zero at Happ < 2
kOe, which indicates there are still some unreversed domains at 2 kOe. Therefore, the wall
pinning mechanism is likely to take place under 2 kOe for the H c⊥ and Hc//, judging from both the
initial curves and the apparent Hc, while the domain nucleation may also contribute to the H c//.
The polycrystalline sample D022 Mn74Ga26 onto silica glass shows relatively high Hc (≈ 9
kOe) in both in-plane and out-of-plane directions, and the magnetization for both directions
increases slowly with Happ under 7 kOe, then increases rapidly, as shown in Fig. 5.1 (c). The
behavior of the initial curves is likely to result from domain wall pinning mode. On the other
hand, the apparent Hc⊥ and Hc// clearly show some unreversed domains at H app < 6 kOe are
pinning the magnetization reversal, and the apparent Hc is much smaller than the real Hc even
when Happ exceeds real Hc (≈ 9 kOe), as shown in Fig. 5.2 (c). From that, it is concluded that the
pinning mechanism is dominant for both directions.
The out-of-plane initial curve of the epitaxial L10 Mn53Ga47 deposited onto MgO (100)
shows the out-of-plane magnetization stays low until a high field (≈ 13 kOe), and then rapidly
increases with Happ, as shown in Fig. 5.1 (d). The out-of-plane Hc⊥is around 14 kOe for the
epitaxial L10 Mn53Ga47, while the apparent Hc⊥ is much smaller than the real Hc⊥, even when
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Happ exceeds the real Hc⊥ (≈ 13 kOe), as shown in Fig. 5.2 (d). Therefore, a pinning mechanism
should be dominant for the out-of-plane Hc⊥ for epitaxial L10 Mn53Ga47.

5.2 Delta-M curves
In order to understand the interaction between adjacent islands, i.e. exchange coupling or
magnetostatic interaction, measurements of the so-called δM curves were conducted. The δM is
defined as
δM = [2Mr/Ms-1+Md/Ms],

(5.1)

where Mr, and Md are the isothermal remanence (IRM), and the dc-demagnetization remanence
(DCD), respectively. The plotted δM curves together with the IRM and DCD curves for the
samples (a) polycrystalline L10 Mn52Al48, (b) polycrystalline L10 Mn52Ga48, (c) polycrystalline
D022 Mn74Ga26, and (d) epitaxial L10 Mn53Ga47 of island structure are shown in Fig. 5.3.
For the polycrystalline L10 Mn52Al48 sample onto silica glass, the δM curve in Fig. 5.3 (a)
shows negative peaks for both out-of-plane (⊥) and in-plane (//) directions, which suggests the
magnetostatic interaction dominating over exchange interaction. As the polycrystalline L10
Mn52Al48 sample is of uniform thin film, shown in Fig. 3.4, it is suggested that the L10 Mn52Al48
grains are not exchange coupled, and magnetically isolated from each other.
The polycrystalline L10 Mn52Ga48 interestingly shows different behaviors in out-of-plane
and in-plane directions. The δM⊥ curve shows a negative peak, indicating a magnetostatic
interaction is dominant over exchange interaction, while the δM // shows a positive peak, and
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obviously higher DCD⊥ than the DCD// at H < 3 kOe, as shown in Fig. 5.3 (b). Therefore, a
magnetostatic interaction is responsible for the out-of-plane direction of the polycrystalline L10
Mn52Ga48, while exchanging interaction is dominating over magnetostatic interaction in the
in-plane direction of the polycrystalline L10 Mn52Ga48.
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Fig. 5.3 The dc-demagnetization remanence (DCD), isothermal remanence (IRM) and δM curves
measured for the samples (a) polycrystalline L10 Mn52Al48, (b) polycrystalline L10 Mn52Ga48, (c)
polycrystalline D022 Mn74Ga26, and (d) epitaxial L10 Mn53Ga47 of island structure.

In the case of polycrystalline D022 Mn74Ga26, both the δM⊥ and δM// show negative peaks, as
shown in Fig. 5.3 (c). The negative peaks indicate a magnetostatic interaction is dominating over
the exchange interaction for the grains, considering the polycrystalline D022 Mn74Ga26 are of
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uniform thin films, as shown in Fig. 3.20.
The δM⊥ curve of the epitaxial L10 Mn53Ga47 of island structure is shown in Fig. 5.3 (d). The
negative peak implies that a magnetostatic interaction is dominating over the exchange
interaction. This result is reasonable since the islands are isolated from each other, about 10 nm
apart, on the basis of the cross sectional view in Fig. 3.31.

5.3 Fitting to Kronmuller’s equation
Kronmuller developed the theory on coercivity mechanism by introducing the pinning and
demagnetizing effect, and formulated
Hc(T)=α(2Ku/Ms)-NeffMs,

(5.2)

where α is a coefficient related to the degrading of the Hc from Hcideal (Hk) due to inhomogeneity
such as the regions where Ku and Hc are variant, and Neff is an effective demagnetization factor
including macroscopic and microscopic demagnetizing effects. Fig. 5.4 shows the linear fitting
of Hc/Ms as a function of 2Ku/Ms2 for the samples (a) polycrystalline L10 Mn52Al48, (b)
polycrystalline L10 Mn52Ga48, (c) polycrystalline D022 Mn74Ga26, and (d) epitaxial L10 Mn53Ga47
of island structure.
For the polycrystalline L10 Mn52Al48 deposited onto silica glass, the coefficient α is roughly
estimated to be 0.13, and the Neff is around 0.1. The Neff is smaller than the macroscopic
demagnetizing factor Nmac for uniform thin film, which is 4. Therefore, it indicates a major
contribution from a local non-magnetic inhomogeneity region, since the demagnetizing factor for
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a non-magnetic inhomogeneity region is negative, as discussed by Suzuki [20] before. The
non-magnetic inhomogeneity size r0 can be estimated by the slope of the linear fitting, by
roughly assuming the exchange constant A' and the anisotropy constant K' for the pinning site to
be 1/2 A and 0, respectively [70]. Then according to the equation for thin homogeneities by
Kronmuller [19],
𝐻 =

−

√

−𝑁

𝑀,

(5.3)

where δB is domain wall width, which can be estimated by
δ = 𝜋 𝐴/𝐾 ,
here the A is assumed to be 1×10-6 erg/cm. The δ

is estimated to be around 21~35 nm in a

temperature range from 4 to 400 K for polycrystalline L10 Mn52Al48. With that, the r0 is
estimated to be around 1.1~1.9 nm (4~400 K) according to equation (5.3). It is suggested
therefore, that any defects with approximately 1.1~1.9 nm size are the possible pinning site
responsible for the initial magnetization curve as shown in Fig. 5.1 (a). The smaller
effective demagnetizing factor Neff (≈ 0.1) than Nmac may be due to non-magnetic regions, as
discussed previously in [20].
As shown in Fig. 5.4 (b), the α for polycrystalline L10 Mn52Ga48 deposited onto silica
glass is estimated to be around 0.28, while the Neff is negative, which is around (-2). The
negative Neff indicates a major contribution of local non-magnetic inhomogeneity, as
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Fig. 5.4 The linear fitting of Hc/Ms as a function of 2Ku/Ms2 for the samples (a) polycrystalline
L10 Mn52Al48, (b) polycrystalline L10 Mn52Ga48, (c) polycrystalline D022 Mn74Ga26, and (d)
epitaxial L10 Mn53Ga47 of island structure.

discussed in the case of polycrystalline L10 Mn52Al48. The non-magnetic inhomogeneity size r0 is
estimated according to equation (5.3), by roughly assuming the exchange constant A' and the
anisotropy constant K' for the pinning site to be 1/2 A and 0 as well. The δ

is estimated to be

around 19~28 nm (4~400 K) according to equation (5.4), while the r 0 is estimated to be around
2.2~3.3 nm (4~400 K), according to equation (5.3).
In the case of polycrystalline D022 Mn74Ga26, the relation between Hc/Ms and 2Ku/Ms2 is
clearly not obeyed in the entire range, and extraordinary N eff of (-123) and 130 were found for
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the different temperature range 4~150 K and 150~300 K. The coefficient α was found to be 0.04
and 1.79 for 4~150 K and 150~300 K, one of which is close to 0, and the other one higher than 1.
Both of the α values are irregular, since the α is related to the degrading of H c from the Hk.
Therefore, the empirical relation by Kronmuller seems to be not applicable to the polycrystalline
D022 Mn74Ga26 case. The reason for this irregular behavior is unknown. However, since the
magnitude of Ms and Ku are relatively low, the error bar may become significant when analyzing
the relation between Hc/Ms and 2Ku/Ms2.
The epitaxial L10 Mn53Ga47 are of island structure with 100~300 nm in width and 50~70 nm
in height, much smaller than the single domain critical diameter around 1290 nm, which can be
estimated by
Dc = 9εw/(2πMs2),

(5.5)

where εw is the domain wall energy, εw = 4√𝐴𝐾 and A is the exchange stiffness constant. In the
present case of L10 MnGa, the A is assumed to be 1×10-6 erg/cm, the K and Ms are 8.3×106
erg/cm3 and 350 emu/cm3, respectively (at 300 K). However, the Hc is much smaller than the Hk
(≈38 kOe).
It can be seen from the initial curve shown in Fig. 5.1(d) that the pinning mechanism is
dominant for the Hc of sample with Ts=600 oC, as the magnetization remains low at low applied
magnetic field, and only increases at high field. According to equation (5.2), the slope α was
found to be 0.38, and Neff around 12. Since the islands were found to be isolated from each other,
the islands were assumed to be a rectangular prism shape of approximately 200 nm width and 60
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nm height. The macroscopic demagnetizing factor can then be estimated to be approximately 7.7
[68], which is smaller than the Neff (≈ 12). This discrepancy may be due to a contribution from a
positive Nmag from local magnetic inhomogeneity.
The magnetic inhomogeneity size r0 can then be estimated by α, by roughly assuming the
exchange constant A' and the anisotropy constant K' for the magnetic pinning site to be 1/2 A and
1/2 K, respectively [70]. According to the equation (5.3) and (5.4), the r0 is found to be 2.0~2.8
nm, and the δB is estimated to be 10~14 nm. It is suggested therefore, that any defects with
around 2.0~2.8 nm size are the possible pinning site. The nano-scale magnetic defects add a
negative component to the Neff.
In summary, the coercivity mechanism for polycrystalline sample L10 Mn52Al48 is governed
by the domain nucleation mode in the in-plane direction, although some pinning effect may not
be excluded. The domain wall pinning mode is dominating for L10 Mn52Al48 in the out-of-plane
direction, and for both directions of the polycrystalline L10 Mn52Ga48, and D022 Mn74Ga26 and.
the epitaxial L10 Mn53Ga47 of island structure. Nonetheless, the domain wall nucleation mode
may be also contributing to the polycrystalline L10 Mn52Ga48 in the out-of-plane direction. The
Neff for the polycrystalline L10 Mn52Al48, polycrystalline L10 Mn52Ga48, and epitaxial L10
Mn53Ga47 are 0.1, -2, and 12, respectively, while the pinning sizes are approximately 1.1~1.9
(non-magnetive), 2.2~3.3 (non-magnetive), and 2.0~2.8 nm (magnetive), respectively.
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6

SUMMARY AND CONCLUSIONS

In the present study, the polycrystalline samples L10 Mn52Al48, L10 Mn52Ga48, D022
Mn71Ga29, and epitaxial samples L10 Mn53Ga47 and L10 Mn53-xGa47 Alx (x=0~6) of island
structure were deposited onto various substrates silica glass, MgO (100) and SrTiO 3 (100).
The magnetic anisotropy constant Ku and the saturation magnetization Ms were measured for
the polycrystalline L10 Mn52Al48. The results show the Ku(T) and Ms(T) normalized at Ku(4 K)
and Ms(4 K) obeys a linear relation, which is at variance with the theoretical predictions.
However, since the sample is polycrystalline, the power law exponent prediction is not
applicable. The coercivity mechanism for polycrystalline L10 Mn52Al48 is found to be governed
by domain nucleation in the in-plane direction, while the domain wall pinning mode may also
contribute. The domain wall pinning mode is likely to be responsible for the out-of-plane
direction of L10 Mn52Al48. The effective demagnetizing factor Neff for the polycrystalline L10
Mn52Al48 is around 0.1, and the non-magnetic inhomogeneity size r0 is around 1.1~1.9 nm.
The compositional dependence of magnetic and structural properties was discussed for the
Mn-Ga alloy thin films. The polycrystalline L10 Mn52Ga48 and D022 Mn71Ga29 samples were
obtained. It is found that the magnetic properties of the Mn-Ga alloy thin films are sensitive to
the composition. The correlation between normalized K(T) and M s(T) obeys a power law
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relation K(T)~Ms(T)n, and the exponent n ≈ 1.9 were found for polycrystalline D022 Mn71Ga29.
However, similar to the case of polycrystalline L10 Mn52Al48, the magnetocrystalline anisotropy
is compensated in different directions, therefore not applicable for the prediction of power law
relation. The coercivity for polycrystalline L10 Mn52Ga48 and D022 Mn71Ga29 are both governed
by domain wall pinning for in-plane and out-of-plane directions, although the domain wall
nucleation mode may be present for the polycrystalline L10 Mn52Ga48 in the out-of-plane
direction. The effective demagnetizing factor N eff for the polycrystalline L10 Mn52Ga48 is around
(-2), and the non-magnetic inhomogeneity size r0 is around 2.2~1.9 nm.
The epitaxial L10 Mn53Ga47 thin films were deposited at elevated temperatures and found to
gradually form island structure with increasing of Ts, and the size of the islands for sample with
Ts=600oC is approximately 100~300 nm wide and 50~70 nm high. All of the samples with
Ts=450 to 600oC are of epitaxial grown thin films and show c-axis along plane normal direction.
The order parameters S were estimated to be 0.71~0.79 for the samples onto MgO (100) and
slightly increase with Ts from 450 to 500 oC, then remains constant for Ts from 500 to 600 oC.
The S for the samples deposited onto SrTiO3 (100) were 0.80~0.88, and increases with Ts. The
full width at half maximum (FWHM) decreases with T s for both samples onto MgO (100) and
SrTiO3 (100), indicates better crystallinity for the samples with higher T s. The FWHM for
samples onto SrTiO3 (100) is smaller than the MgO (100). The better crystallinity and higher
order parameter S for the sample onto SrTiO3 (100) than MgO (100) may be due to the lower
lattice mismatch between SrTiO3 (100) and L10 MnGa (0.6%) than MgO (100) (8.7%). The
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FWHM values indicate a c-axis dispersion angle approximately 1.5-6 o for the samples deposited
at various Ts. The temperature dependence of saturation magnetization Ms was fitted to an
empirical relation to estimate Curie temperature T c. The estimated Tc was around 600 K and
consistent with reported value. The uniaxial magnetic anisotropy K u was estimated by torque
curves at various temperatures. The temperature dependent M s, Hc and Ku were fitted to an
empirical relation to study the coercivity mechanism. The coercivity mechanism is found to be
dominated by domain wall pinning with pinning size around 2.0~2.8 nm (5~400 K) for the
sample deposited at 600 oC onto MgO (100) substrate. The Ku(T) was normalized to the Ku (5 K),
and then plotted in the log scale as a function of normalized M s at various temperatures. The
power law relation Ku(T)~Ms(T)n was investigated, and the exponent n was found to be
approximately 1.6~3.5 from 350 to 5 K, and tends to be larger at lower temperatures. Therefore,
one may not determine either a single-ion or two-ion mechanism dominates for the magnetic
anisotropy. However, the current result of n = 2.2~2.6 for a whole temperature range from 5 to
400 K suggests a deviation from single-ion mechanism, which is consistent with the theoretical
predictions of Ga contribution.
A thin layer of Al was added to the epitaxial L10 MnGa of island structure. The magnetic and
structural properties of epitaxial L10 Mn53-xGa47Alx (x=0~6) alloy thin films were reported. The
island size of the sample with x>0 are smaller than x=0, which is around 100 nm wide and more
round shaped. The order parameter for the samples were found to be 0.9, 0.7 and 0.4 for x=0, 3
and 6. The highly ordered L10 phase is present in Mn 50 and 53 at%, much less than Mn 55 at%,
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which is the phase boundary in the bulk phase diagram. The temperature dependence of
saturation magnetization Ms is fitted to an empirical relation, and the T c thus estimated is about
550 K for x=6, and increases with decreasing of x. The power law fitting of normalized K(T) and
Ms(T) relation shows a similar exponent n ≈ 1.8~3.9 from 400 to 5 K as the epitaxial L10 MnGa,
which is larger at higher temperatures. The n in a whole temperature range is 2.6 and 2.2 for x =
0 and 3, respectively.
In conclusion, either the single-ion or two-ion mechanism dominates the magnetic
anisotropy cannot be determined for the epitaxial L10 Mn53Ga47 and Mn53-xGa47Alx, since the
power law exponent n for the relation between uniaxial magnetic anisotropy K u(T) and saturation
magnetization Ms(T) is temperature dependent, which is 1.6~3.9 from 400 to 5 K. However, the
current result of n=2.2~2.6 indicate a deviation from single-ion mechanism, which is considered
to be consistent with theoretical prediction of Ga contribution to the total magnetic anisotropy.
Nonetheless, theory about the temperature dependence of spin orbit coupling and K u(T) needs to
be established. The coercivity for the polycrystalline L10 Mn52Al48 in out-of-plane direction, L10
Mn52Ga48 in out-of-plane direction, D022 Mn71Ga29 and epitaxial L10 Mn53Ga47 in both in-plane
and out-of-plane directions are governed by domain wall pinning mechanism, while the
polycrystalline L10 Mn52Al48 and L10 Mn52Ga48 in the in-plane direction are governed by a
mixture of domain wall pinning and nucleation mechanism.
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APPENDIX
A Thin film thickness estimation by X-ray reflectivity
In the present work, the thin films thickness was estimated by X-ray reflectivity (XRR)
patterns, and fitted to a simulated model by Wingixa software. In the software, the thickness,
roughness, density and absorption factor are considered as variables. By changing these factors
and the critical angle, the amplitude of the X-ray intensity, the least square method is used to find
the best fitting result, i.e. the lowest sum of the squared residuals χ 2 is targeted.
Figure A-1 shows a fitting example for a single layer Mn sample. The fitting result shows a
χ2<0.01, which can be considered as an acceptable fitting. The thickness of the Mn single layer
was found to be around 8.3 nm, plus the 1.4 nm oxide layer. The roughness for the Mn layer is
around 4 Å, and 1 Å for the oxide layer. With that, the deposition rate of the Mn target is
estimated to be around 0.01 nm/s.

Fig. A-1 An example of the XRR fitting result for a single layer Mn sample.
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For a single layer thin film, the χ2 is below 0.01 is considered a reliable fitting, while for a
multilayer thin films, the structure of a thin film is more complicated than the single layer case,
therefore, the χ2 could be higher.
Figure A-2 shows an example of the fitting result for the for a Mn-Al as deposited sample
according to the no diffusion model, asymmetric diffusion model and symmetric diffusion model,
where the no diffusion model means no interlayer between the Mn and Al layers, the asymmetric

Fig. A-2 An example of the XRR patterns fitting result for a Mn-Al as deposited sample
according to the no diffusion model, asymmetric diffusion model and symmetric diffusion
model.
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diffusion model means the interlayers between the Mn and Al layer possess different thicknesses,
and the symmetric diffusion model means the interlayers between the Mn and Al layer are same
thick. As can be seen, the χ2 for the no diffusion model shows the lowest squared residual, thus
indicating the best fitting result for the thickness and the roughness.

B Estimation procedures of magnetic anisotropy
The total magnetic energy per volume is given by the sum of the Zeeman energy,
demagnetizing energy, and uniaxial anisotropy energy. Therefore, the total energy can be
expressed as
E = −𝑀 𝐻
where 𝜑

cos(𝜑 − 𝜃 ) − 𝐾

is the angle between 𝐻

easy axis, 𝐾
= −𝑀 𝐻

𝑠𝑖𝑛 𝜃 + 𝐾 𝑠𝑖𝑛 𝜃 + 𝐾 𝑠𝑖𝑛 𝜃

and the easy axis, 𝜃

(B-1)

is the angle between 𝑀 and the

is the shape magnetic anisotropy constant. Therefore, the derivative of E is
sin(𝜑 − 𝜃 ) + 𝐾

+𝐾

−𝐾

𝑠𝑖𝑛2𝜃 − 𝐾 𝑠𝑖𝑛4𝜃 = 0.

(B-2)

As the torque L can be written as
𝐿 = −𝑀 𝐻

sin(𝜑 − 𝜃 ),

(B-3)

from B-2 and B-3 one can get
𝐿= 𝐾

−𝐾

−𝐾

𝑠𝑖𝑛2𝜃 + 𝐾 𝑠𝑖𝑛4𝜃 .

(B-4)

With the equation (2.4) mentioned in Chapter 2, the Ku1+Ku2 can be obtained by the two fold
symmetry magnitude A2, plus the correction of the shape magnetic anisotropy component. If the
higher order components are ignored, one can get equation (2.7).
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Since the torque curves were measured as a function of angle 𝜑 , the correction of the
angle from 𝜑

to 𝜃

is needed to estimate the Ku, as in equation (2.3). Fig. B-1 shows an

example of the torque curves as a function of 𝜑

compared to 𝜃 . It can be seen that the torque

curves are forwarded in general by correcting 𝜑

to 𝜃 .

Fig. B-1 An example of the torque curves as a function of H compared to M.

C Estimation procedures of order parameter for L10 MnGa
The integrated intensity I of x-ray diffraction peak can be written as
𝐼

= 𝐾𝑝Ʌ(θ)A(θ)e

(θ)|F

| ,

(C-1)

where K is scale factor which is independent of the reflecting planes, p is the multiplicity factor,
Ʌ(θ) is the Lorentz-polarization factor, A(θ) is absorption factor, e
factor and 𝑀 = 𝐵

is the temperature

where B is temperature dependent Debye-Waller factor, |F

| is

the square of structure factor.
In the following calculations, it is considered that Mn mainly occupies the (0, 0, 0) and (½,
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½, 0) sites and Ga mainly occupies the ((½, 0, ½) and (0, ½, ½) sites. The structure factor F hkl for
ordered L10 MnGa can be calculated by the following equation,
F

= Y

+ Y f

f

+Y

+Y f

[1 + exp𝜋𝑖(ℎ + 𝑘)]

f

(C-2)

[exp𝜋𝑖(ℎ + 𝑙) + exp𝜋𝑖(𝑘 + 𝑙)],

where Y denotes the fraction of a atoms occupy b sites, e.g. Y
atoms occupy Mn sites (0, 0, 0) and (½, ½, 0), f

and f

denotes the fraction of Ga

stand for atom structure factor for

Mn and Ga, respectively.
Then one can easily get the following relation if assume the case without vacancies,
Y

+Y

= 1, Y

+Y

= 1.

(C-3)

.

(C-4)

Then one get ordering parameter,
𝑆=Y

−Y

=Y

−Y

Atomic fraction of Mn atoms in the alloy,
𝑋

=

.

=

(C-5)

The structure factor of fundamental peaks (002) and (004) are,
F

(

)

=2 Y f

+Y f

+2 Y f

+Y f

= 4𝑋

f

+ 4(1 − 𝑋

)f
(C-6)

The structure factor of super lattice peak (001) is,
F

=2 Y f

+Y f

−2 Y f

Therefore, by (1) (6) and (7)
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+Y f

= 2𝑆(f

− f ).

(C-7)

𝑆=

(

[
(

)
) Ʌ(

] Ʌ(
) (

) (

)

)

.

(C-8)

In the case of sample [MnGa 2 nm/Mn 0.5 nm] on MgO (100) with T s=600oC, the information of
the XRD peaks are shown in Tab. C-1.

(001) peak position 2θ (deg) (002) peak position 2θ (deg) (004) peak position 2θ (deg)
24.1645
49.4963
116.07
Tab. C-1 The XRD peak information for L10 sample onto MgO (100)

The parameters used to calculate ordering parameter for L10 MnGa are showing in Tab. C-2.
(here E=8.05 keV and λ=0.154 nm for Cu Kα radiation) where µ is the linear absorption
coefficient, ρ is the density, and µ/ρ is the mass absorption coefficient.

ρ (g/cm3)
Mn
7.43
Ga
5.1
MnGa
7.296
Tab. C-2 The structure factor, mass absorption coefficient and density of Mn, Ga, and MnGa
f(001)
20.699
26.184

total[µ/ρ] (cm2/g)
268.029
60.065

f(002)
15.829
20.426

The mass absorption coefficient µ/ρ of MnGa then can be estimated by the mass fraction of
Mn and Ga as following,
µ

µ

µ

(𝐿1 MnGa) = wt Mn% (𝑀𝑛) + wt Ga% (𝐺𝑎) ,

(C-10)

where wt Mn% is the mass fraction of Mn and wt Ga% is the mass fraction of Ga, in the present
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case wt Mn%=0.44 and wt Ga%=0.56, therefore,
µ
µ
µ
(𝐿1 MnGa) = 0.44 × (𝑀𝑛) + 0.56 × (𝐺𝑎) = 0.44 × 268.029 + 0.56 × 60.065
ρ
ρ
ρ
= 151.6 (cm /g)

µ

μ(𝐿1 MnGa) = (𝐿1 MnGa) ∗ 𝜌(𝐿1 MnGa) = 1105.9 (𝑐𝑚 ).

The Lorentz-polarization factor,
Ʌ(θ) =



,

(C-11)

where  is the Bragg angle of monochromator, in the present case the monochromator is single
crystal graphite, however one can consider c𝑜𝑠′ as a constant.
The absorption factor,
A(θ) = 1 − 𝑒

/

,

(C-12)

where t is thickness of the thin film. In the present case, the samples possess island structure,
thus very difficult to estimate the real thickness. The nominal thickness t=62.5nm might be the
closest assumption that one can make.
The temperature factor e

is approximately 0.9~0.99 according to FePt case. It

causes smaller error compared to other factors, therefore, in the present work, the temperature
factor is ignored.
Finally, an example of the estimation of the order parameter is shown as following.
𝑆=

[4𝑋

f

+ 4(1 − 𝑋 )f ] Ʌ(θ
4(f − f ) Ʌ(θ )A(θ
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)A(θ
)

) 𝐼
𝐼

1 + 𝑐𝑜𝑠 49.4963
(1 − 𝑒
𝑐𝑜𝑠 𝑠𝑖𝑛49.4963
1 + 𝑐𝑜𝑠 24.1645
4 ∗ (20.70 − 26.18)
(1 − 𝑒 ∗
𝑐𝑜𝑠 𝑠𝑖𝑛24.1645

(2.12 ∗ 15.83 + 1.88 ∗ 20.43)
=

=

.

∗
∗

.




∗ .
∗ .

∗
. ∗

. ∗

. ×

. ×

/

/
.

.

)

) 𝐼
𝐼

.

= 3.012
.

.

D EDS results for L10 MnGa samples onto MgO and SrTiO3
As mentioned in Chapter 3.3.4, the Mn concentration for samples deposited onto MgO is
lower than SrTiO3, for all the samples with Ts from 450 to 600 oC. The EDS results for the
samples are shown in Fig. D-1. It is observed that the composition of samples deposited onto
MgO and SrTiO3 are approximately constant with the temperature range from 450 to 600 oC, and
the Mn concentration of sample onto MgO is around 3% lower than SrTiO 3. As the distance
between samples onto MgO and STO are approximately 16 mm on the sample holder near the
center, the 3% difference of Mn concentration is possibily due to the distance, though the sample
holder was rotated during the deposition. Additionally, the composition doesn’t change from
grain to grain, according to the cross sectional EDS mapping results shown in Fig. 3.32, and the
plain view EDS results for sample onto MgO with T s = 600oC, as shown in Fig. D-2.
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Fig. D-1 The EDS results for the samples deposited onto MgO (100) and SrTiO 3 (100) with Ts =
450 to 600 oC.
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Fig. D-2 The EDS results for the sample deposited onto MgO (100) with T s = 600 oC.
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