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Abstract

®

CrossMark

Thin films of Co,TiSi on MgO are investigated experimentally and theoretically. The films
were produced by magnetron sputtering on MgO(00 1) and have a thickness of about 100 nm.
As bulk Co,TiSi, they crystallize in the normal cubic Heusler (L2,) structure, but the films
are slightly distorted (c¢/a = 1.0014) and contain some antisite disorder. The films exhibit a
robust perpendicular anisotropy of 0.5 MJ m~>. This result is surprising for several reasons.
First, surface and interface anisotropies are too small to explain perpendicular anisotropy in
such rather thick films. Second, Co,TiSi has a substantial magnetization and crystallizes in

a cubic Heusler structure, so that conventional wisdom predicts a preferential magnetization
direction in the film plane rather than perpendicular. Third, the lattice strain of 0.14% is unable
to account for the perpendicular anisotropy. We explain the perpendicular anisotropy as a
quasicubic symmetry breaking chemical-ordering effect promoted by the substrate.
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1. Introduction

Anisotropy is arguably the most intriguing intrinsic magnetic
property, with far-reaching implications in modern technology.
For example, perpendicular thin-film anisotropy is impor-
tant for magnetic-recording and spin electronics applications
[1-18]. Thin-film anisotropy research includes half-metallic
Co-based full-Heusler alloys, such as Co,TiSi [3-5, 7, 10,
19-26]. Perpendicular magnetic anisotropy (PMA) is relatively
easy to create in ultrathin films, due to atomic-scale surface and
interface contributions [1-5]. For example, interfacial PMA had
previously been achieved in ultrathin films of Heusler-ordered
CoFeAl and Co,FeSi alloys on MgO [27-29]. Specifically,
deposition of Co,TiSi on GaAs(001) yields perpendicular
anisotropy for film thicknesses up to 13.5nm, probably due to

1361-6463/19/035001+8$33.00

nanocluster formation [13]. However, thermal stability in nano-
electronic devices requires PMA in thicker films [3, 5, 7].

With the exception of ultrathin films, PMA is very diffi-
cult to create in materials with cubic crystal structure, such
as Co,TiSi. The reason is that interface and surface anisotro-
pies decrease as 1/, where ¢ is the thickness of the magnetic
layer [1, 24, 30]. Bulk anisotropies (K;) do not suffer from this
restriction, but they are very low in cubic crystals [31], so that
shape anisotropy, K5 = — i, M>/2, yields an orientation of the
magnetization vector in the film plane.

In this paper, we report the realization of PMA in hybrid
thin films of 100nm Co,TiSi on MgO(00 1). The underlying
net anisotropy constant of approximately 0.5 MJ m~ is unex-
pectedly large for materials with a cubic crystal structure and
cannot be explained by interface anisotropy.

© 2018 IOP Publishing Ltd  Printed in the UK
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2. Methods

2.1. Experimental methods

A magnetron sputtering system with a base pressure of about
3 x 1078 Torr was used to epitaxially grow a series of Co,TiSi
films on an atomically flat MgO (001) substrate. The samples
were co-deposited from Co, Ti and Si targets under optimized
deposition conditions: argon pressure 2 x 1073 Torr, substrate
temperature 873 K, DC power of 110 W for the Ti target, and
RF powers of 94.5 W and 142.5 W for the Co and Si targets,
respectively. The bulk Co,TiSi sample was prepared by arc
melting and subsequent melt spinning with a wheel speed of
30 m s~'. The crystal structure and epitaxy of the films and
ribbons were investigated by in-plane and out-of-plane x-ray
diffraction (XRD) using Rigaku SmartLab and Bruker D8
Discover diffractometers with Cu Ko radiation (wavelength
1.5406 A), and an FEI Tecnai Osiris (Scanning) transmission
electron microscope (TEM). The elemental compositions of
the samples were determined using the energy-dispersive x-ray
spectroscopy (EDX) in FEI Nova NanoSEM450 and TEM.
The magnetic properties were measured using a Quantum
Design SQUID magnetometer (MPMS) and physical property
measurement system (PPMS).

2.2. Theoretical methods

Our first-principle LSDA calculations employ the projected-
augmented-wave method [32] as implemented in the Vienna ab
initio simulation package (VASP) [33, 34]. The exchange and
correlation effects are described using a generalized gradient
approximation within the PBE scheme, and the spin—orbit
coupling has been included to calculate magnetic anisotropy
energy. An energy cutoff of 500eV has been taken for the
plane-wave basis set, and the total energy is converged to 10~
eV. Experimental lattice parameters a =b =c = 5.651 A
were used and the Brillouin-zone integration was performed
using 1331 k-points in irreducible Brillouin zone. The mag-
netoelastic anisotropy Ky, and the magnetoelastic constant \
have been determined by comparing well-converged and self-
consistently determined total energies for three orthogonal
magnetization directions as a function of the uniaxial strain €.

3. Thin-film structure

Bulk Co,TiSi crystallizes in the normal cubic Heusler or L2,
structure (space group Fm3m), figure 1(a). Figures 1(b) and
(c) are top views of the unit cells of Co,TiSi (b) and of the
MgO(001) substrate (c). The unit cells figures 1(b) and (c)
have a lattice mismatch of about 4%, which indicates that
Co,TiSi is likely to undergo a slight tetragonal distortion,
a = b = c. The corresponding crystal structure is the tetrag-
onal DO0,; structure (space group [4/mmm), which contains the
L2, structure as a special case (¢ = b = ¢). To describe D0,,
structures, it is customary to choose a unit cell of reduced size,
characterized by the two lattice parameters a’ = alv/ 2 and
¢’ = c. The change from a to a’ corresponds to rotation of the

coordinate frame by 45° in the a-b-plane, and the gray area in
figure 1(b) is the tetragonal unit cell viewed from above. Note
that a’ is also the lattice constant of the MgO substrate (c).
However, for our purposes, it is convenient to stick with the
tetragonally distorted L2, unit cell, where a ~ c. Figure 1(d)
summarizes the real structure of the film, as deduced from
experiment (see below). The layers close to the interface grow
epitaxially in a strained DOy, structure (light red), in a relax-
ation region, the epitaxial strain is relieved through edge dis-
locations (pink), and most of the film is L2, ordered with little
or no strain (light blue).

3.1 X-ray diffraction (XRD)

Figure 2 shows the XRD patterns of bulk Co,TiSi (a) and of
a 100 nm-thick Co,TiSi film deposited on MgO, measured
out-of-plane (b). The structure is L2}, as evident for example
from the (111) and (200) superlattice peaks. In figure 2(b),
the two prominent non-MgO peaks are the (002) and (004)
Bragg reflections of Co,TiSi, indicating that the films main-
tain the crystalline orientation of the MgO substrate. The
lattice parameter of the bulk sample is a = 5.729 A. The
corresponding value for the MgO substrate, a = 5.955 A
(a’°=4.211 A), yields a tetragonally distorted L2, or DOy,
structure with a lattice mismatch of 3.9% in the light red
interface area in figure 1(c). However, the light-red and pink
regions occupy only a small volume fraction of the film, about
5% (see below).

The thin-film Co,TiSi, has the measured lattice param-
eters a = 5.648 A and ¢ = 5.656 A. These lattice parameters
largely correspond to the blue region in figure 1(d) and are
somewhat smaller than the bulk a, which is probably due to
off-stoichiometry. They correspond to a trivially small change
in ¢/a ratio of only 0.14%, compared to the substrate-induced
strain of the order of 3.9%.

The value of c¢ is extracted from figure 2(b), whereas a is
obtained from off-normal angle Bragg reflection. Figure 3
shows the XRD patterns of Co,TiSi film collected at selected
off-normal angles to obtain various Bragg reflections that
are not accessible in the out-of-plane scans. The dashed red
rectangular region demonstrates the existence of two distinct
Bragg reflections at nearly the same scattering angle 26, but
the two planes are nearly 30° tilted apart, figures 3(a) and (b).
As detailed in (c), the corresponding (132) and (024) planes
are unique to the D05, unit cell. The corresponding tetragonal
unit cell (a = 3.994 A and ¢ = 5.656 10%) has been used for
indexing Bragg reflections in figures 3(a) and (b).

3.2. Transmission electron microscopy

Further evidence in favor of epitaxial growth near the inter-
face is provided by TEM analysis. Figure 4(a) shows the
selected area electron diffraction (SAED) patterns and the
corresponding indices for Co,TiSi [110]. The presence
of the (111) spot confirms the L2, order of the film. The
corresponding lattice constants, obtained by SAED pat-
terns, are same as those obtained by XRD. Figure 4(c) is a
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Figure 1. Crystal structures: (a) unit cell of L2;-ordered Co,TiSi, where red, yellow, and blue atoms are Co, Ti, and Si, respectively; (b)
top view of the L2, unit cell; (c) top view of the unit cell of MgO(00 1), where the respective pink and green atoms are O and Mg; and
(d) schematic side view of Co,TiSi on MgO(00 1). The gray areas in (b) and (c) symbolize the unit cells of the tetragonal D0,, structure
(b) and of th\e/ cubic NaCl-ordered MgO (c). The D0,; and NaCl structures are related to the L2, structure through a rotation by 45° and
a—a =alVv2.
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Figure 2. XRD patterns of Co,TiSi: (a) bulk prepared by melt quenching process with Rietveld analysis based on L2, structure and (b) out-
of-plane epitaxial thin-film on MgO(001).
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Figure 3. Off-normal angle Bragg reflection: (a) XRD patterns of Co,TiSi film collected at selected off-normal angles to obtain various
Bragg reflections that are not accessible in the out-of-plane scans, (b) expanded 26 region of the (024) and (13 2) peaks, and (c) the (024)

and (132) planes in the D05, unit cell.
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Figure 4. TEM analysis of the thin-film nanostructure: (a) SAED pattern and indexing of thin-film Co,TiSi; (b) TEM image of both film
and substrate, (c) high-resolution TEM image of the interface between film and substrate; (d)—(g) HAADF image showing the Z (atomic

number) contrast and the corresponding EDS color maps.

high-resolution TEM image of the interface between Co,TiSi
and MgO. We see that there is epitaxial film growth and little
lattice mismatch at the interface.

The TEM image of figure 4(b) shows that the Co,TiSi
layers have a thickness of about 100nm. The composition
of the films was investigated using scanning-TEM measure-
ments (STEM). Figures 3(d)—(g) show a high-angle annular
dark-field (HAADF) image of Co,TiSi film with Z (atomic
number) contrast maps and the corresponding energy-disper-
sive x-ray spectroscopy (EDS) color maps for Co, Ti and Si.

3.3. EDS analysis

Figure 5 presents a HAADF image of repeated Co,TiSi
film with Z (atomic number) contrast maps and the corre-
sponding EDS color maps for Co, Ti and Si. The EDS anal-
ysis (figure 5(e)) indicates that the sample is somewhat Si
lean, corresponding to Co,Ti; »7Sipgs, which explains the
slightly reduced lattice parameter compared to ideally stoi-
chiometric bulk Co,TiSi. In the meantime, the EDS line scan
(figure 5(f)) along the green arrow from interface to surface
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Figure 5. EDS color maps of the 100 nm thin-film: (a)—(d) The EDS color maps of repeated thin-film samples and the corresponding
HAADF image showing the Z (atomic number) contrast; (e) The EDS spectrum of Co,TiSi thin-film. (f) Atomic percentage of Co, Ti and

Si results of EDS line scan along the green arrow as shown in (d).

shows that the sample is somewhat Si lean, corresponding to
Co4g 2 Tiz0.7Si21.1 (d).

4. Magnetic properties

Figure 6 summarizes the magnetic properties of the film,
showing the hysteresis loops at 5K (a) and at 300K (b),
recorded in magnetic fields parallel and perpendicular to the
film plane. The saturation magnetization J; = 0.5 T [M = 400
emu cm ] corresponds to about 2.1 up per formula unit,
which agrees fairly well with the value of 2.0 pp predicted
by the Slater—Pauling curve for the half-metallic phase of
Co,TiSi [25]. Figure 6(c) shows that the Curie temperature is
slightly above room temperature, close to 320 K. This is a sub-
stantial improvement compared to Co,TiSi on GaAs, where
the Curie temperature is only about 28 K, and further improve-
ments may be easily realized by Fe doping [35, 36].
Surprisingly, the films have pronounced perpendicular
anisotropy, with low-temperature coercivities p,H. of about
0.27 T [H, = 2.7 kOe] for the out-of-plane field and 0.05 kOe
for the in-plane field. The case normally expected for thin-film
magnets with cubic crystal structures is a preferred magneti-
zation direction in the film plane, as opposed to perpendicular
to the film plane. Close to the Curie point, anisotropy and
coercivity collapse, figure 6(b), which is a common feature
of magnetic systems [31]. As shown in figures 6(e) and (f), by
contrast, the melt-spun Co,TiSi ribbons, the Curie temperature
of which was measured to be 350K, are isotropic and exhibit
virtually no magnetic anisotropy even at low temperatures.
The magnetic anisotropy has been estimated from the
in-plane curve (blue) in figure 6(a). Extrapolating the linear
part of the curve to the saturation magnetization yields a

low-temperature anisotropy field H, = 2K.g/Js [31, 37] of
about 20 dT and K¢ = 0.4 MJ m~3. To analyze this value, we
decompose the effective anisotropy

Ketr = K1 + Ks/t — K (1)

into magnetocrystalline (K; = K,,), interface and surface (Kj),
and shape (Kjp,) anisotropy contributions, where ¢ is the thick-
ness of the magnetic layer. Perpendicular anisotropy means
that K| + K¢/t must be larger than Ky, ~ 0.1 MJ m~> for the
present material. The magnitudes of surface and interface
anisotropies are not much larger 0.1 to 1 mJ m~2 [31, 37].
According to equation (1), the K value must be divided by
t = 100nm, which is thick by atomic standards and yields
Kt =~ 0.001 to 0.01 MJ m~3. Figure 6(d) shows the corre-
sponding experimental analysis for the films at 5K. Plotting
K.t as a function of the film thickness yields Ky = 1.29 mJ m >
from the vertical-axis intercept of the dashed line. This value
is comparable to that of other Heusler films on MgO [29].
The figure confirms that the surface and interface anisotropy
contribution is indeed negligible. The slope of the red line in
figure 6(d) yields Keq ~ 0.40 MJ m~3, which corresponds to
Ky ~0.50 MJ m~>.

4.1. Origin of perpendicular anisotropy

Magnetocrystalline anisotropies in cubic iron-series transition-
metal intermatallics are typically of the order of IK;l = 0.005
to 0.05 MJ m~3 [38]. There are two basic ways of creating
such uniaxial (noncubic) anisotropies, namely by deforming
the cubic unit cell (magnetoelastic anisotropy) [31, 37] or by
keeping the cubic unit cell and repositioning the atoms in the
cell (pseudocubic anisotropy).
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Figure 6. Magnetization of Co,TiSi as a function of external magnetic

—e— In plane
| —=— Out of plane
300K

L
o o

M(kA/m, emul/cm?)
B
o

BT . e
40 -30 20 10 0 10 20 30 40
kG)

0 L

(d)

0.04

0.02

Kt (J/m?)

o.oor}’
0 20 40 60 80 100
t (nm)
(f)
- 300
E
iJ-
=3
g 200
o
é 100
=
0 n

100 200 300 400 500
Temp (K)

0

field and temperature: (a) thin-film hysteresis loops at 5K, (b) thin-

film hysteresis loops at 300K, (c) field-cooled (FC) and zero-field-cooled (ZFC) thin-film magnetization curves in a field of 1.0 dT [1 kOe],
and (d) thickness dependence of the product of K.t of Co,TiSi thin films at 5K, (e) melt-spun ribbons of Co,TiSi hysteresis loops at 5K
and 300K, (f) temperature dependence of magnetization curve of ribbons in a field of 10 dT.

The effect of substrate-induced strain is of the order of
Kme = 3XeY/2, where )¢ is the saturation magnetostric-
tion, ¢ is the uniaxial strain, and Y is Young’s modulus. To
determine ), we have used density-functional calculations.
Based on € = 0.04 and Y = 100 GPa for Co,TiSi, we estimate
As &~ 100 x 107°, which is in the range expected for iron-
series transition-metal magnets [31].

Based on a c/a ratio of 1.04, our density-functional (DFT)
anisotropy calculations yield a low-temperature anisotropy
of magnitude 0.45 MJ m~3. However, such high strains and
anisotropy contribution are limited to the interface region,
light red and pink areas in figure 1(d). Figure 4(c) suggests
epitaxial and relaxation regions of about 1.6nm and 4nm,
respectively, which occupy only about Snm of the 100nm
film, corresponding to a net anisotropy contribution of

0.02 MJ m~>. In the main part of the film, namely in the light
blue region of figure 1(d), ¢/a = 1.0014, which yields a net
anisotropy contribution of only about 0.015 MJ m >,

The anisotropy of our Co,TiSi films is probably of the
pseudo-cubic type. This type of anisotropy arises in magnets
where a = b = ¢ but the arrangement of the atoms inside the
unit cells breaks the cubic symmetry. Experimentally well-
investigated examples are L1y, magnets such as FePt and
CoPt, where a = b ~ ¢ [31, 39, 40] and a small strain can
be used to realize c/a = 1 without substantial change in the
high magnetic anisotropy. Pseudocubic anisotropy has not
been observed yet in Heusler alloy, although the B2 struc-
tures theoretically investigated by Hirohata et al [40] contain
a super-structure (figure 12 in [40]) and may therefore be clas-
sified as pseudocubic magnets.
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(a)

(b)

Figure 7. Chemical disorder in pseudocubic Co,TiSi thin films: (a) average site occupancies according to Rietveld analysis (dark orange:
CogsTiys, light orange: TizpCoszo, light blue: 65% Si) and (b) example of a chemically disordered unit cells having two antisite defects. As
elsewhere in the paper, red, yellow, and blue atoms denote Co, Ti, and Si, respectively.

In the present system, pseudocubic c-axis anisotropy is
possible due to the influence of the MgO substrate. In sec-
tion 3, we have shown that the strain relaxes in the main part
of the film, but this does not necessarily mean that cubic sym-
metry is restored. For example, some noncubic atomic ‘pair’
or ‘planar’ order may survive, the latter being similar to that
observed in L1y magnets. We do not have an unambiguous
proof for pseudocubic anisotropy, but several experimental
and theoretical arguments speak in favor of this mechanism.
Experimentally, an XRD intensity analysis of several Bragg
reflections of thin-film samples suggests that 30% of Co and
Ti exchange the positions between their nominal sites as well
as the 4a sites being Si lean (65% occupancy). This situation
is depicted in figure 7(a), where light blue indicates partial Si
occupancy and different shades of orange indicate interme-
diate average occupancies by Co (red) and Ti (yellow).

While our XRD analysis is not able to unambiguously prove
that the system undergoes a symmetry breaking due to chem-
ical order, the ‘orange’ occupancies in figure 7(a) reflect antisite
disorder involving Co and Ti atoms. These antisite Co-Ti pairs
are likely to exhibit some orientational preferences due to the
influence of the substrate. Note that the c/a ratio is slightly
larger than one, which speaks in favor of a chemical-ordering
effect. If the c/a ratio was caused by residual unrelaxed strain,
it would be smaller than one, because the lattice constant of the
MgO substrate is bigger than a of the thin-film Co,TiSi. Further
evidence for chemical inhomogeneity in the perpendicular
direction comes from figure 5(f), which indicates a substantial
variation of the chemical composition as a function of the dis-
tance from the interface. In particular, the Si-to-Ti ratio system-
atically decreases with increasing distance from the interface.

As an explicit example, we have used DFT to evaluate the
atomic configuration of figure 7(b) and obtained a magnetic
anisotropy of 0.49 meV per antisite defect, corresponding to
about 0.43 MJ m~ if one assumes one effective antisite defect
per 16-atom unit cell. This example show that chemical dis-
order reproduces the right order of magnitude of the magnetic
anisotropy.

5. Conclusions

In summary, we have created robust PMA of about 0.5 MJ
m~3 in a hybrid structure of 100nm Co,TiSi on MgO(00 1).
Neither strain nor interface or surface anisotropies can explain
this unusual behavior, which we attribute to pseudocubic
chemical order initiated by the MgO substrate. Our approach
shows how thin-film processing can be used to create PMA
and may open a new pathway towards materials-by-design for
spin electronics. Future research is necessary on the aniso-
tropy of Co,TiSi and related Heusler alloys.
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