Study of carbon-doped Mn;Ga thin films with enhanced magnetization
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Abstract

Carbon-doped Mn3Ga thin films were grown on Si/SiO, substrates using rf magnetron
sputtering technique and they present an enhancement of their magnetization. In this work
we focus on the structural stress, theoretical calculations and magnetization analysis (using
both Bloch’s and Kneller’s laws). The residual stress component has been calculated by
means of x-ray diffraction in gracing incidence, using the x method for multiple
crystallographic reflections. We have observed an increase of the cell volume or positive
(tensile) strain, which is higher near the surface of the film. The existence of induced
magnetism in Mn3;GaCy,s, with C entering in interstitial positions has been investigated by
first-principles calculations, using the projector-augmented-wave method, within the
generalized gradient approximation. Spin charge distributions and magnetic moments
associated with each ion, were analyzed by performing a Bader charge analysis.
Noteworthily, in spite of being a thin film, the magnetic behavior of the sample can be well
described considering it formed by magnetic nanoparticles. Magnetic field and temperature
dependence of the magnetization measurements were used to evaluate the Bloch and
Kneller exponents, showing that dipolar interactions take place between Mn3GaCy s

nanoparticles.
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1 Introduction

One of the major challenges in spintronics is the development of functional materials
suiting the requirements of faster operation, lower power consumption and the capacity to
store information in a non-volatile manner. Several methods are used to control spin
transport and manipulation in magnetic and non-magnetic metals and semiconductors, as,
e.g., electric field assisted magnetization [1], creation of spin-polarized currents induced by
polarized light [2], room temperature spin injection into semiconductors [3], etc. Spin-
transfer torque (STT) is a process to switch the orientation of the magnetization of
ferromagnetic (FM) thin films, for example in magnetic tunnel junctions (MTJ), which are
the core of magnetic random access memories. A material that has been proposed to
elaborate the free layer of MTJs is the tetragonal phase D0, of Mns;Ga, which is
ferrimagnetic (FiM) with a bulk magnetization of 110 kAm™, a Curie temperature of 770 K,
high perpendicular magnetic anisotropy (PMA) of 0.89 x 10° Jm™, and high coercivity [4].
In particular, low magnetization and high PMA are requirements to reduce the time and the
length of a spin polarized pulse to switch the magnetic orientation in the STT process. The
crystalline structure of Mn3Ga has two Mn sublattices: Mnx and Mny, which correspond to
the positions X and Y of a full Heusler alloy X,YZ, and the Z position is for Ga. The Mn
magnetic moments in each X and Y sublattices are 1.6pup and -2.8up, respectively. The total
magnetic moment per cell, containing 6 Mn atoms and 2 Ga atoms, is 0.8ug. In a previous
work we have grown carbon-doped Mn3;Ga thin films with the aim to enhance the
magnetization from its bulk value [5]. Those results indicate that a saturation magnetization
(My) of 200 kAm™ is reached with a carbon concentration of 0.25 at.% (i.e., a formula
corresponding to Mn3GaCy»s). Also, theoretical calculations show that the most stable
position for C atoms are the interstitial sites at the octahedrons formed by Mn atoms and
one Ga atom. The magnetic field dependence on the magnetization, M-H loops, are
anhysteretic at room temperature indicating a decrease of the 7 accompanied by an
increase of the M. It is important, for a further spintronic application, to understand the
mechanism that produces the enhancement of M; and to describe the structural and

magnetic properties of C-doped Mn3Ga thin films.



In this work we study the effect of carbon doping on Mn3Ga thin film, especially on its
magnetic properties. We focus on the quantification of the strain, the modification of the
magnetic moments of the involved atoms, including Ga and C and an analysis of the M-H

curves, using Bloch’s and Kneller’s equations.

2 Experimental methods

Thin films were grown in a magnetron sputtering system with a base pressure better than
5x10" Torr. Targets were eroded by Ar gas using radio frequency power sources at an
operation pressure of 3 mTorr. Co-sputtering was achieved from a homemade Mn;Ga target
and a commercial high-purity C target eroded at 25 and 37 W, respectively. The deposition
rate including the C flux is 0.5 nm/min. The selected growth rate of C is calibrated in order
to obtain the composition Mn3GaC,s, which leads to a high magnetization of 210 kAm™,
very close to 200 kAm™ reported earlier [5]. Structural Characterization was carried out
using x-ray diffraction (XRD) with a PANalytical X Pert equipment, Cu-Ka radiation, and
an Empyrean diffractometer Cu x-ray tube with 1.54056 A of wavelength with
programmable y, ¢, and z axes to identify the phase of the C-doped Mn3Ga thin films and to
quantify the strain. Density-functional theory calculations were performed using the Vienna
Ab Initio Simulation Package (VASP) [6,7]. The electronic structure has been calculated
using projector augmented-wave (PAW) method [7,8,9] within the Generalized Gradient
Approximation (GGA) exchange-correlation energy in the Perdew-Burke-Ernzerhof (PBE)
approach [10]. The starting structure is the tetragonal Mn3;Ga, with space group /4/mmm.
This structure contains two Mn3Ga formula units. The Ga atom is located at (0,0,0) and the
Mn atoms occupy two different positions. The first is located at (*%, 2, 0) and the second at
(%, 0, ¥4). The lattice parameters are @ = b =3.91 A and ¢ = 7.10 A. In order to generate the
Mn3;GaCy,s, we built a 2 x 2 X 2 supercell with 64 non-equivalent atoms. Next, we
introduce 4 C atoms, entering in interstitial sites, in the planes containing only Mn atoms,
as can be seen in Fig. 4(b). Once the interstitial sites are generated, the structure was fully
relaxed to the equilibrium configuration until the Hellmann-Feynman forces were smaller
than 0.001 eV/A. The summation over the Brillouin zone was limited to a 6 X 6 x 6 k-

points mesh, within a Monkhorst Pack scheme, which resulted in 27 k-points in the



irreducible part of the Brillouin zone (IBZ). Convergence criterion was set at 10” eV for
the calculation. Finally, M-H loops were measured at 300, 250, 150, 50 and 10 K with a
superconducting quantum interference device (SQUID) from Quantum Design in order to

calculate the Bloch’s and Kneller’s exponents.

3 Results and discussion

3.1. Structural and strain analysis

The tetragonal phase D0,, of Mn;Ga was identified by XRD in grazing incidence. No phase
changes are observed upon C-doping (from the tetragonal phase of Mns;Ga to the
antiperovskite phase of Mn3;GaC, which usually appears at high C concentrations i.e.,
Mn3GaCy s [11]). The peaks are slightly shifted towards the left, compared to the theoretical
values of undoped Mn3Ga, indicating a lattice expansion of the crystalline structure due to
the introduction of C into the voids of the octahedron formed by four Mn atoms in the axial
positions, one Mn atom at the upper vertex and a Ga atom at the lower vertex [5]. Scherrer
formula has been used to calculate the average size of the crystallites composing the film.
The length along the (002) direction is 23.6 nm and along the (200) direction is 20.0 nm,

which indicates that the nanoparticles (NPs) composing the film are prolate spheroids.
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Fig. 1. XRD diffraction pattern of a 50-nm thick Mn3;GaCy s thin film collected in grazing
incidence. The peaks indicate that the tetragonal phase is preserved; neither secondary

phases nor antiperovskite phases are observed.



Gracing incidence x-ray diffraction patterns were used to determinate the residual stress
component. In order to determinate its variation with the depth (7), the instrumental w
angle was fixed in 0.5, 1.0 and 1.5 degrees (after the critical angle) to keep a small x-ray
penetration in the thin film. The S; and 45, x-ray elastic constants were obtained using the
isotropic elastic constants E, Young’s modulus and v, Poisson’s ratio, which were obtained
experimentally from a Nano Indenter G200 (E = 250 MPa; v = 0.3). These values are
smaller than those calculated by other authors using first-principles for a Ni,MnGa
tetragonal symmetry [12] (144 GPa andv = 0.342) without C [13]. Since the elastic
constants are related between them, their determination can be done therefore from

equations 1 and 2 [14].

=7 (M
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Here, the y method from multiples {hkl} crystallographic reflections were employed to

determinate the residual stress component from equation 3 [15].
ghkl _ (ZShkl + lshklsinzlp) (55) 3)
" 1 52 I

where the sg’,ﬂ is measured as a function of the ¥ angle, and the stress (0”5 ) can be obtained

from the slope of a fitted straight line. As can be seen in Fig. 2, the XRD pattern of Mn3Ga,
which was simulated from the results of lattice constant (not thin films) from other authors
[16], and using the site symmetry of the Wyckoff positions 2a, 2b and 4d for a crystal
structure type as AlsTi, shows a perfect tetragonal structure with symmetry /s/mmm. Hence,
this pattern has been considered for our calculations as a strain-free unit cell parameter.
Mismatch distributions of (112) and (004) crystallographic reflections are evident, between
experimental and calculated XRD pattern. Both reflections show a skl shift to the left side
of the XRD experimental pattern; consequently, there is an increase of volume cell or

positive strain €. This strain is confirmed by the residual stress measurement (see Fig. 3 and



inset), where the £3i' versus Sin®i plots for all depths (t) tested show a linear dependence

and positive slopes, which indicate the presence of effective tensile stresses in the
Mn3GaCy s tetragonal lattice. It was found experimentally that as the thin film is deposited,
the direction of the residual stress component is in tension, g4 = 7880 kPa at w = 0.5 deg.
On the other hand, when the depth of x-ray beam, t, is increased even more, the residuals
stress component was 8442 kPa and 8443 kPa for w = 1 and 1.5, respectively (inset in

figure 3 shows the values calculated as the t is increased).
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Fig. 2. X-ray diffraction patterns of C-doped Mn3Ga thin film simulated from the lattice

constant [16], and experimental from this work.
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Fig. 3. Residual stress component as a function of the ® angle. The inset shows the

variation of the residual stress component as the x-ray beam depth increases.

Therefore, when the x-ray depth increases for values higher or equal than o = 1, the

residual stress at tension remains unchanged, indicating a stress relaxation as the Si(001)



substrate is approaching. Also, the values of residual stress depend of the lattice constant
mismatch of the silicon substrate (5.45 A) and the antiperovskite (¢ = b =3.91 A and ¢ =
7.10 A); however, the results indicate that as it is approach to the boundary, it increases its
magnitude, therefore the C atoms into the crystal structure act positively decreasing the

residual stress and avoiding possible cracks over the thin film surface.
3.2. Computational calculations
The obtained lattice parameters, after relaxation, for the 2 x 2 x 2 supercell, with interstitial

C are a = 7.578, b = 7.535 and ¢ = 14.428 A, showing that the structure changes from
tetragonal to orthorhombic, due to C doping (see Fig. 4).

Fig. 4. (a) Crystal structure of tetragonal Mn3Ga. (b) Crystal structure of Mn3;GaC s,

before the optimization process.

The calculations show a ground state with FM order. From the Bader analysis of charges, a
total magnetic moment of 20.96pg (221.7 kAm™) was obtained. This FM order comes
mainly from Mn. We have three different kinds of ions, according to the plane they are
located. The Mn ions located in the planes containing C atoms, and labeled Mn; possess a
magnetic moment in the range 2.38 — 2.96 p, whereas Mn ions in planes containing Ga
atoms can have a magnetic moment of -4.09 pug (Mny) or -2.72 ug (Mnyy), the latter for Mn

1ons located near C atoms.



On the other hand, Ga atoms contribute with -0.29 pp or -0.14 pg. Finally, C atoms acquire
a magnetic moment of -0.29 ug. A net magnetic moment arising from 32 Mny, 12 Mny, 4
Mny;, 16 Ga and 4 C atoms gives the previously stated value of 20.96 pg/u.c. Fig. 5(a)
shows the total density of states of the supercell, as well as the partial density of states for d
orbitals of Mn;, Mny; and Mnyy;, showing that the main contribution to the magnetic moment
comes from Mn ions. For Mny, spin-up d-orbitals are forced to move to the valence band,
contributing to the majority spin, whereas for Mny; and Mnyy;, spin-down d-orbitals domain
minority spin in valence band. The number of Mn; ions dominates the final result for a net
spin-up magnetic moment. Furthermore, the total density of states shows a metallic-like
character of the structure. Fig. 5(b) shows the partial density of states for s and p orbitals of

Ga and C atoms. Both orbitals contribute with a small spin-down magnetic moment.
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Fig. 5. (a) Total density of states of Mn3;GaCys. (b) Partial density of states for Mn-d

orbital.



Figs. 6(a)-(b) show spin-density graphs in planes containing Mn-C and Mn-Ga atoms,
respectively, where it is clearly observed that majority (up) spin magnetic moments are
localized in Mn the atomic positions for Mn ions located in planes containing C atoms,
whereas Mn ions located in planes containing Ga atoms contribute to the minority (down)

spin moments, as stated above.

Spin
down

Fig. 6. Spin density graphs for Mn3;GaCy s on a plane: (a) containing Mn and C atoms; (b)

containing Mn and Ga atoms

3.3. Magnetization analysis

Figures 7(a) and 7(b) show the SQUID M-H curves measured at 300, 250, 150, 50 and 10
K, with the applied magnetic field in in-plane (IP) and out-of-plane (OP) directions,
respectively. The M-H loops measured at 300 K are anhysteretic; coercivity starts to be
noticeable at temperatures equal and lower than 250 K, indicating that 7¢ is located
between 250 and 300 K. Figures 7(c) and 7(d) show the detail of the M-H loops at lower
magnetic fields. One can observe that the squareness of the curves is slightly higher in the
IP loops indicating that the film can be magnetized in two perpendicular directions. Rode et
al. reported that one of the Mn sublattices, in particular that constituted by 25 sites, has a
canting towards the a-b plane, which produces a weak FM component in the IP M-H loops
[17]. In our samples the simultaneous IP and OP anisotropy is due to the random
orientation of the nanoparticles composing the film. The M; in the OP loops is My = 210
kAm™' and that measured in the plane is M! = 180 kAm".
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Fig. 7. SQUID M-H loops of the Mn3GaCy,s sample at different temperatures measured in
two orientations (a) in-plane and (b) out-of-plane. (c) And (d) show a detail at low fields of

the loops shown in (a) and (b), respectively.

The M-H loops measured at different temperatures were used to accurately evaluate M; for
the IP and OP directions, as shown in Fig. 8(a). The demagnetization of FM or FiM
materials at low temperatures, in particular in a range of 7' < 7¢/2 is due to the excitation of
the long wavelength spin waves (magnons) [18] analogous to phonons in a crystal. The
energy of such spin waves is related to the stiffness constant D. The demagnetization
process from M(T = 0) to temperatures well below the critical temperature 7p is

characterized by the equation [19]:

M(T) = M(T = 0)[1 — (T/Tp)*®] 4)
where B = (1/T,)% is the Bloch’s constant, B = 2.6149V, (kg /4wD)3/2, ¥V, being the
atomic volume [19], ap is the Bloch’s exponent, and 7 is the absolute temperature. The

fitting for FM or FiM materials obeys well to an exponent ag equal to 3/2 for bulk samples.

The data obtained from our sample is plotted in Fig. 8(a) for the IP and OP configurations.
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The fitting of our sample was achieved with ag = 2 for both configurations. This deviation
from the Bloch’s law depends on the microstructure of the material [20], in particular to
nanoscale effects as the long wavelength of the magnons exceed the nanometer size of the
NPs composing the film and a minimum thermal energy is required to excite the spin
waves. The deviation from the ag = 3/2 exponent in NPs is also explained by the Bose-
Einstein condensation at finite temperatures. Similar deviations of the Bloch’s exponent
have been found in other nanoscale systems as in nickel ferrite nanoparticles [20], Fe-C
amorphous particles [21] and CuFe,O4 nanoparticles [22]. In all these cases ag is close to 2
and the deviation is also attributed to the geometric shape of the NPs and the surrounding
medium (magnetizing or demagnetizing interactions between NPs) [23].

On the other hand the evolution of the dependence of the temperature on the coercive field
is shown in Fig. 8(b). The fitting of the data points has been achieved using the Kneller’s
law [24]:

H (T) = H(T = 0)[1 — (T/Tg)*/?] (5)

where T3 is the blocking temperature obtained from the ZFC measurements show later in
Fig. 9. The fitting for the IP and OP obtained data is achieved through a deviation of the 2
exponent along all the temperature range, the fitted values are 0.08 and 0.06, respectively.
This deviation is also attributed to size effects, for example in Fe;O4 NPs [25]. However,
other NP systems as Mny sZng sGdo p2Fe1.9s04 show an exponent of 0.57 [26]. Nevertheless,
values of the Kneller’s exponents have been theoretically predicted to be between 0 and 0.5
[27]. Values near to 72 imply a non-interacting single domain NPs with uniaxial anisotropy
[20]; any deviation from this value can be attributed to dipolar interactions, spin disorder at
the surface of the NPs modifying the surface anisotropy of the NPs and hence the total
anisotropy [28], as, for example, the IP and OP anisotropy observed on the sample. It is
noteworthy that the behavior of our magnetic thin film can be fairly well described

considering it formed by magnetic interacting NPs.
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Fig. 8. Temperature dependence on (a) saturation magnetization and (b) coercivity of the
Mn3GaCy s sample measured in the plane (IP, solid circles) and out of the plane (OP, open

squares), and their corresponding fits (lines).

Figure 9 shows the ZFC-FC curves in IP and OP directions measured under an applied
magnetic field of 20 mT from 5 to 380 K. Both measurements show irreversibility at
around 360 K and 73 at 254 and 296 K for the IP and OP curves. The condition for
superparamagnetic behavior for spherical NPs presenting uniaxial anisotropy could be
expressed as KV=25 kTg [29], where V' is the volume of the NP, K is the anisotropy energy,
and k is the Boltzmann constant. Hence, larger particles will be stable upon higher
temperatures. As the volume of the crystallites is constant along both IP and OP directions,
the fact that different blocking temperatures are obtained confirm the fact that the shape
anisotropy and the magnetocrystalline anisotropy of the particles is not equal in both
directions, and hence the dipolar interactions between crystallites are different depending
the measurement direction. The increase of the value of 75 on the OP-ZFC curve is due to
an increase of the bipolar interaction [30], suggesting that the film has a major tendency for

an OP anisotropy, in agreement with results from Fig. 7(b).
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Conclusions

We have grown polycrystalline C-doped Mn3Ga thin films with a carbon concentration of
0.25 at% by magnetron sputtering on Si(001)/SiO, substrates. An extensive
characterization has been performed, including residual stress calculation, theoretical
calculations and analysis of the saturation and coercivity of the M-H loops at different
temperatures. We have found experimentally that the direction of the residual stress
component is in tension, with o = 7880 kPa at w = 0.5 deg. Residuals stress components
of 8442 and 8443 kPa were found when the depth of x-ray beam is increased to w = 1 and
1.5, respectively. Theoretical calculations show that spin magnetic moments of Mn atoms
depend on the atomic positions and on their proximity with C atoms. The ferrimagnetic
ordering is preserved on the supercell but with an additional contribution from C and Ga
atoms. The main source of magnetic moments are the Mn-d orbitals. Finally, the analysis
from the saturation magnetization at different temperatures shows to obey the Bloch’s law,
with a deviation from the 3/2 law. In particular, the Bloch exponent in our system is 2,
attributed to the reduced size of the crystallites composing the film. The temperature
dependence on the coercivity has been described by the Kneller’s law, with fitted exponents

differing from the theoretical value of 0.5. The obtained exponents for magnetic M-H loops

13



measured in-plane and out-of-plane directions are 0.16 and 0.04. These results indicate that

dipolar interactions take place between Mn3GaCy »s nanoparticles.
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