First principles study of perpendicular magnetic anisotropy in thin-film Co2MnSi
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Abstract

Among different physical parameters taken into account for practical implementations in
the field of spin-based electronics (spintronics), magnetocrystalline anisotropy (MCA) and spin
polarization play a particularly important role. The former determines the orientation of
magnetization direction, while a high degree of the latter is required for producing a spin-polarized
current, a cornerstone of spintronics. Due to the miniaturization of the modern electronic devices,
one often needs to consider physical effects associated with reduced geometry. In particular, in
magnetic thin-film materials, MCA may take a form of perpendicular magnetic anisotropy (PMA),
which could be beneficial, e.g. in magnetoresistive random-access memory (MRAM). Yet,
combining PMA with half-metallicity may be a challenging task, since the latter is usually
destroyed in thin-film geometry (e.g., due to the emergence of surface states), while the former is
most pronounced in reduced geometry, because of the contribution to MCA from surface
anisotropy. Here, we theoretically explore the nature of PMA in the thin-film full Heusler alloy
CoMnSi. This material was extensively studied in the past, and it is one of the first compounds
for which a half-metallic electronic structure was experimentally confirmed. In addition, it has
been reported that this alloy may exhibit perpendicular magnetic anisotropy in thin-film geometry.
Here, by analyzing the site-projected magnetocrystalline anisotropy energy (MAE), we confirm
that both PMA and surface half-metallicity are very sensitive to the termination surface and
mechanical strain. In particular, while MnSi-termination under compressive strain may retain both
100% spin-polarization and out-of-plane magnetization orientation, Co-termination has a
detrimental impact on both. These results may serve as a guide for practical applications in the

field of spin-based electronics.
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1. Introduction

Among various physical phenomena exploited in the emerging field of spintronics,
generation of highly spin polarized current at room temperature received particular attention in
recent years, largely due to the reported half-metallic (HM) electronic structure of certain Heusler
alloys, which retain their magnetic properties well above room temperature. The concept of half-
metallicity was suggested some four decades ago in a seminal work by R. A. de Groot et al.! Since
then, many alloys have been theoretically predicted to exhibit 100% spin-polarization (which is a
definition of half-metallicity),>* and some HM compounds have been reported experimentally.*?
In fact, given a very fast growing number of reports on potentially half-metallic materials,
providing even the most representative references is a formidable task, unless that is the main goal

of the paper (i.e. review article).®’

Another important physical parameter, which is often studied for spin-based device
applications is magnetocrystalline anisotropy. As it determines the orientation of the magnetization
direction, it is of particular importance for magnetic data storage applications. 101112131415 Gy ch
applications often require magnetic materials to be grown as high quality thin films, in which case
MCA may take the form of perpendicular magnetic anisotropy, which could be beneficial, e.g., for

current-induced magnetization switching in magnetoresistive random-access memory.'%!7-18

Combining PMA with half-metallicity in thin-film geometry may provide additional
functionalities for spintronic devices, yet this may be a challenging task, since half-metallicity is
usually destroyed in thin-film geometry (e.g., due to the emergence of surface states),'” while the
out-of-plane magnetization is most pronounced in reduced geometry, because of the contribution
to MCA from surface anisotropy.'®> Nevertheless, a few years ago, William Butler and his co-
workers showed from first principles that PMA and half-metallicity may co-exist in certain Heusler
alloys, grown on MgO substrate.’’ In particular, they predicted such co-existence for Mn-
terminated Co,MnSi. In addition, in our recent work we showed that these two properties may co-

exist in a Co,CrAl thin film, if it has a CrAl-terminated surface.?!

The full Heusler compound Co,MnSi has been extensively studied in the past, both
experimentally and theoretically. In particular, it is one of the first Heusler alloys for which half-
metallicity in thin-film geometry was observed experimentally.’>** Prior to experimental

confirmation of half-metallicity in CooMnSi, it was predicted theoretically with highly accurate
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GW calculations.>* Moreover, perpendicular magnetic anisotropy has been experimentally
observed in CooMnSi thin films grown on MgO.?> The main purpose of the current work is to
analyze the nature of PMA in thin-film geometry of CooMnSi, by employing site-projected
magnetocrystalline anisotropy energy calculations. It will be demonstrated that while MnSi-
termination under compressive biaxial strain may retain both 100% spin-polarization and out-of-

plane magnetization orientation, Co-termination has a detrimental impact on both.

All calculations in this work are performed using techniques implemented in the Vienna
ab initio simulation package (VASP). The detailed description of the computational methods is

reported elsewhere.?!

The rest of the paper is organized as follows. Section II discusses equilibrium electronic,
magnetic, and crystal structures of CooMnSi. In Section III, we discuss the calculated ground state
site-projected MAE in thin film Co,MnSi. Section IV presents our analysis on the effect of biaxial
strain on calculated site-projected MAE. Section V contains concluding notes, followed by

acknowledgments and references.

1L Equilibrium electronic, magnetic, and crystal structures

The physical properties of CooMnSi have been extensively studied in the past. In particular,
this material has been reported to crystallize in regular cubic structure (Fig. 1(c)), with an
equilibrium lattice constant of 5.630 A; to exhibit half-metallic electronic structure in bulk
geometry, with the minority-spin band gap of around 0.90 eV; and to align ferromagnetically, with
5.00 pup/fu. (=1.00 pug/Co and =3.00 ug/Mn). See, e.g., Ref. [24] for theoretical and Ref. [23] for

experimental reports.

Although bulk Co2MnSi is half-metallic in the ground state, the perfect spin-polarization
is unfavorably affected in reduced geometry, because of the emergence of surface states. This is
illustrated in Figure 2 (left panel), which shows the cell-projected density of states (DOS) for the
64-atom structure shown in Fig. 1 (a) (the in-plane lattice constant is fixed at the bulk value of
5.630 A). The numbering of the cells in Fig. 1 (a) and Fig. 2 are consistent with each other. The

detrimental effect of reduced geometry on spin-polarization is a well-known effect that has been



reported for other Heusler compounds as well.?*?”!? In fact, a thin-film half-metallicity is rather

uncommon, and it was reported for a few materials only.282%-23-3

Cell1 Cell 2 Cell 3 Cell 4

Figure 1: (a) schematic view of the 64-atom super-cell of thin-film Co,MnSi; (b) top view of the
super-cell shown in Fig. 1 (a); (¢) schematic view of the bulk Co,MnSi unit cell. Atoms are colored
as indicated in the figure: blue — Co, red — Mn, green — Si. The out-of-plane direction (indicated
by z vector) is shown in Fig. 1 (a).

As illustrated in Fig. 2, although bulk-like Cells 2 and 3 retain a half-metallic behavior, the
half-metallicity is destroyed at Co-terminated Cell 1, due to the emergence of minority-spin
surface states around the Fermi energy. The half-metallicity is also destroyed at MnSi-terminated
Cell 4, but the minority-spin energy gap is retained, indicating a possibility of induced halt-
metallic transition, e.g. by mechanical strain on a suitable substrate. The right panel of Fig. 2 shows
the enlarged version of Figures 2 (a) and (d), highlighting the profile of the minority-spin surface

states.

111. Ground state MAE of thin-film Co2MnSi

The calculated atom-projected MAE of the thin-film Co,MnSi (see crystal structure in Fig. 1 (a))

is shown in Figure 3 (a). Here, we fixed the in-plane lattice parameter at the bulk value of 5.630
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A, while the out-of-plane atomic positions are not relaxed, i.e. the system retains a cubic symmetry.
The site-projected MAE values reported here and in the rest of this work are two times larger than
the actual values of the total energy correction to the second order in spin-orbit coupling (SOC).*!
For details of the computational techniques employed to estimate the site-projected MAE, see,
e.g., our recent work at Ref. [21]. The calculated MAE of non-magnetic Si atoms is negligible,

and is not included in Fig. 3 (a) and in the rest of this work.
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Figure 2: Left panel: Cell-resolved density of states of thin-film Co>MnSi for the 64-atom cell
shown in Fig. 1 (a). Vertical lines indicate the position of the Fermi level. Positive (black line) and
negative (red line) DOS correspond to majority- and minority-spin states, correspondingly. The
labeling of the cells is consistent with the one shown in Fig. 1 (a). Right panel: Enlarged version
of Figures 2 (a) and (d), highlighting the profile of the minority-spin surface states (blue — Co, red
— Mn, green — Si).

As shown in Fig. 3 (a), the only sizeable contribution to MAE from Co (blue line and
squares) comes from the left surface (see Fig. 1 (a)). In particular, the calculated MAE of Co at
the surface layer 1 is around -0.8 meV/Co. Here, the negative number indicates in-plane
magnetization orientation, since MAE is estimated as E(x) — E(z) where E(x) and E(z) are

calculated energies with magnetization pointing in-plane and out-of-plane, correspondingly.?!



The calculated MAE of Mn (red line and circles) at the leftmost layer 2 is also negative (-
0.6 meV/Mn), which is probably due to the orbital hybridization of Mn atoms of this layer with
the surface Co atoms. At the same time, the rightmost surface Mn atoms (layer 16) have positive

MAE value of around 0.3 meV/Mn, indicating out-of-plane magnetization orientation.
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Figure 3: (a) Atom-resolved MAE, calculated at equilibrium in-plane lattice constant. Blue line
and squares — Co, red line and circles — Mn. (b) Layer-resolved MAE, calculated at equilibrium
in-plane lattice constant. Numbering of the atomic layers is consistent with the one shown in Figure
1 (a). Red columns — Mn layers, blue columns — Co layers.

To better visualize the information presented in Fig. 3 (a), we also plot layer-resolved
MAE, which is estimated by calculating total MAE per atomic layers shown in Fig. 1 (a). In
particular, the MAE per Mn atom is multiplied by 2, while the MAE per Co is multiplied by 4,
where 2 and 4 are the numbers of corresponding atoms per layer shown in Fig. 1 (a). This layer-
projected MAE is shown in Fig. 3 (b), which clearly illustrates in-plane magnetization orientation
(negative MAE) at the left surface, and out-of-plane magnetization orientation (positive MAE) at

the right surface.

IV. Calculated MAE under biaxial strain

For practical device applications, spintronic materials are often need to be grown on a

substrate in a thin-film arrangement, e.g., in magnetic tunnel junctions (MTJ).*?> Depending on a



lattice mismatch with the substrate, this may result in a sizable epitaxial strain in the material. It is
therefore important to know not only the ground state physical properties of the material, but also
how these properties depend on the mechanical strain. This issue is addressed in the current

section.
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Figure 4: Left panel: calculated density of states of bulk Co,MnSi under biaxial strain. Right panel:
(top) calculated out-of-plane vs. in-plane lattice parameters of bulk Co,MnSi under biaxial strain;
(bottom) layer-resolved MAE, calculated at different in-plane lattice parameters under biaxial
strain, with fixed in-plane lattice constants (shown on the figure), and optimized out-of-plane
coordinates. Numbering of the atomic layers is consistent with the one shown in Figure 1 (a). Red
columns — Mn layers, blue columns — Co layers.

As was mentioned above, although the perfect spin polarization is reduced at the MnSi-
terminated surface, the minority-spin energy gap is still retained, which implies a possibility of

restoring the half-metallic surface by tuning the lattice parameter, i.e., by external strain. This is



indeed confirmed by our calculations, as illustrated in Fig. 4 (left panel). This figure shows the
calculated total DOS of bulk Co.MnSi under biaxial strain (the calculated out-of-plane vs. in-plane
lattice constants (c-vs-a) are shown on Fig. 4 (top, right panel)). As is evident from this figure, the
application of compressive strain shifts the Fermi level towards the minority-spin conduction band,
and therefore may result in a half-metallic transition in MnSi-terminated thin-film of CooMnSi
(see Fig. 2 (d)). The question arises, however, of how the application of compressive strain affects
the magnetocrystalline anisotropy of this material. Therefore, we next analyze the effect of the
biaxial strain on the calculated site-projected MAE. To do so, we fixed the in-plane lattice
parameters of the cell shown in Fig. 1 (a) at different values, and for the out-of-plane lattice
parameters we selected the optimized bulk values (see Fig. 4 — top, right panel). The results of the

layer-resolved MAE calculations are illustrated in Fig. 4 — bottom, right panel.

Application of the biaxial strain naturally breaks the cubic symmetry of the cell. As a result,
in addition to the surface MCA, which dominates the calculated MAE in the unstrained cell (Fig.
3), now a sizeable MAE is also exhibited in the “bulk-like” layers, which is a direct consequence
of an induced tetragonal distortion. Increase of this distortion, i.e., increase of the biaxial strain,
increases the MAE values at the “bulk-like” layers (compare e.g. Fig. 4 (a) (larger strain) with Fig
4 (b) (smaller strain), both shown at the bottom of the right panel). Importantly, these “bulk-like”
MAE values are positive for compressive biaxial strain, and negative for tensile biaxial strain. At
the same time, the application of a biaxial strain has a minimal effect on the calculated surface
MAE values, i.e., the magnetization at the MnSi-terminated surface still points out-of-plane, while
the magnetization at the Co-terminated surface is still in-plane. Thus, under compressive biaxial
strain, MnSi-terminated CoMnSi may exhibit thin-film half-metallicity along with perpendicular
magnetic anisotropy. It should be noted, however, that for thicker films the contribution of the
magnetostatic energy (shape anisotropy) may become decisive, which could result in in-plane

magnetization orientation.’!

V. Conclusions

We performed a thorough computational study of site-projected magnetocrystalline
anisotropy energy in thin film CooMnSi. It is shown that this material may exhibit a perpendicular

magnetic anisotropy, along with 100% spin-polarization, at MnSi-terminated surface, under

8



compressive biaxial strain. The Co-terminated surface is not half-metallic in the ground state, and
no half-metallic transition is induced under external strain. This is due to the complete population
by surface states of the minority-spin energy gap at this surface termination. In addition, the Co-
terminated surface exhibits in-plane magnetization orientation. Our results therefore indicate that
for practical device applications, it may be desirable to grow this material in thin-film geometry
with MnSi-termination, under compressive biaxial strain, i.e., at c/a ratios larger than 1. At the
same time, tensile strain may not induce a half-metallic transition at the MnSi-terminated surface,
and in addition in may induce sizeable negative MAE (in-plane magnetization) in the bulk-like

layers of thin film Co>MnSi.
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