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Strain and interface effects on magnetocrystalline
anisotropy of MnN

Robert A. Lawrence (2 *2° and Matt |. J. Probert (2°

Thin film effects on the magnetocrystalline anisotropy energy (MAE) of MnN were studied using density
functional theory (DFT). Initially, strain effects on bulk MnN were considered as a proxy for lattice-
matching induced strain and a linear relationship between the c/a ratio and the MAE was found. A
fundamental explanation for this relationship in terms of the underlying point-group symmetry is given,
which we show is applicable to all uniaxial magnetic materials. Strain and charge-transfer effects were
then considered for an ultra-thin film. It was found that a Ta seed-layer suppresses the net spin moment
on the Mn ions, leading to a reduction of the MAE. Charge transfer and the associated change to the
quadrupole moments of the electric field at the Mn sites is shown to be the cause of this, and hence
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1 Introduction

At the heart of many spintronic devices is an interface between
a magnetically anisotropic layer and another magnetic system."
One major field of investigation is van der Waals heterostruc-
tures — where magnetic layers are bound together by the weak
van der Waals interaction to form devices. A greater technical
challenge to study are the covalently-bonded heterostructures,
where the interactions between the layers are significantly
stronger, and individual layers cannot be simply ‘“swapped
out” for an equivalent. Optimising non-van der Waals hetero-
structure devices, including through material discovery, is
currently a significant driver of research activity.>

In addition to experimental searches, computational
research into magnetic materials provides significant insight
into underlying materials properties. As well as providing a
financially cheaper route to screen materials, computational
techniques also enable counterfactual or experimentally unrea-
lisable configurations to be considered. This in turn enables
effects to be separated and the creation of general principles to
guide future searches - both experimental and computational -
for high-performance materials.

To date, most of the ab initio computational effort in magne-
tocrystalline anisotropy has been concerned with bulk systems of
infinite crystals.*® While important for finding novel high
performance magnetic materials, the results of these simulations
tend to agree relatively poorly with experimental equivalents.
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similar effects may be expected at any magnetic heterostructure interface.

One potential reason for this is the difference between an infinite
bulk crystal and a thin layer of material within a heterostructure.
In this paper, we will investigate the effects of common inter-
facial physics phenomena on the magnetocrystalline anisotropy
energy (MAE) of an exemplar material, MnN. MnN was chosen
because it has a high MAE for a system that does not contain
scarce, expensive elements such as Ir and Pt (even if the MAE of
0.15 meV per atom’ is comparatively low to the best alloys
containing these elements - 1.76 meV per atom for FePt’ and
3.47 meV per atom for L1, phase IrMn;?). It is also an anti-
ferromagnetic material; this makes direct experimental probing
of the MAE a major challenge and it is usually inferred by
considering its role in exchange bias of ferromagnetic layers
with known anisotropy. Accordingly, a deeper understanding of
what drives the MAE within MnN-based devices will be particu-
larly valuable for the search for future rare-earth free anisotropic
antiferromagnets.

Previous experimental efforts>®° have identified that Ta is
one of the most promising seed layers on which to grow MnN
due to the strain-enhanced anisotropy. This pairing is not
without its downsides, however, as both Mn and N will readily
form a solid solution in Ta'® with essentially no barrier to N
diffusion in particular. This has the result that relatively thick
(~30 nm) layers” of MnN need to be grown for the combination
to realise its full potential, limiting its use in nanoscale devices.
This is highly suggestive of interfacial effects acting to suppress
the magnetocrystalline anisotropy. As commercial use of MnN
would require a significantly thinner layer if it is to replace Ir-
rich alloys such as IrMn,,"° it is desirable to find alternative
seed layers that can offer the same - or higher - performance in
terms of anisotropy at much reduced layer thicknesses. Under-
standing how the common interfacial effects in these systems
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may impact the MAE is therefore a key step to streamlining the
search for these new, thinner, high-performance heterostructures.

Accordingly, we present a series of simulations for both the
bulk case and a variety of ultra-thin films. These structures were
explicitly designed to enable a deconstruction of a heterostruc-
ture in order to elucidate the effects that occur within a
heterostructure device in terms of simple, broadly applicable
chemical models; this in turn enables extrapolation to other
systems. We also note that for real heterostructure devices, it is
the properties at the interface that control the overall function-
ality. Accordingly, any general insights that are directly related
to interfaces are likely to be critical for guiding device design
even if the phenomenology of ultra-thin film MnN is of sec-
ondary interest.

1.1 Background theory

There are many physical processes that occur when two materi-
als are brought together to form an interface. It will be the aim
of this paper to - as far as is possible - separate out these
variables for independent investigation. This will give a greater
clarity into the underlying physical mechanisms that can
influence the magnetocrystalline anisotropy, thereby enhan-
cing the transferability of this work so that we can make broad
conclusions that will also apply to other materials. For certain
variables, this is not achievable, even within a density func-
tional model, due to the intrinsic linking of the underlying
physical phenomena. In this section, these well-known effects
will briefly be reviewed.

1.2 Non-van der Waals heterostructures

Within the field of magnetism, significant research has been
done on the so-called van der Waals heterostructures; that is,
weakly interacting monolayers bound together solely through
the van der Waals interaction (London forces). Due to the lack
of direct chemical bonding in these systems, transfer of elec-
trical current is significantly hindered. Our interest is not in
these systems, but rather in chemically (i.e. covalent or metal-
lically bound) bound ones, where the delocalised electronic
orbitals shared on either side of the heterojunction open up a
range of useful properties.

1.3 Disorder

The simplest models of heterojunctions usually present only
atomically sharp interfaces. In practice, growing such inter-
faces is an enormous technical challenge, with ionic diffusion
and various point defects having a significant role.'* Disorder
caused by mechanisms such as these has many effects on the
system, ranging from breaking of local symmetry to charge and
spin redistribution, all of which may be expected to negatively
impact the effective magnetocrystalline anisotropy.>
Critically, the predictability of the performance of devices
based on atomically sharp interfaces has created a significant
drive to select systems which tend towards (or even achieve)
this limit in experiments.'® Ultimately, the effects present in an
atomically sharp interface cannot be “engineered out” of a
heterostructure device, and must instead be “engineered with”,
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requiring a deeper understanding of these last remaining
effects. Accordingly, we neglect the effects of disorder in this
paper in order to concentrate purely on these final effects
without needing to consider their interactions with defect
and disorder-related mechanisms.

1.4 Lattice matching and strain

One of the simplest effects to describe (and easiest to isolate) is
the effect of lattice matching. A mismatch between lattice
parameters leads to an increase in the energy of the interface.
To minimise this surface formation energy, the two materials
on either side of the interface deform such that they both tend
towards the average lattice parameters of the two materials at
the interface. This induces a strain in both materials that is
energetically unfavourable compared with their infinite bulk
state, but enables more favourable atomic overlap at the
boundary. This greater bonding-related stabilisation results in
a net reduction of the interfacial energy. An additional factor
when growing crystals is that some relative orientations of the
two crystals have less lattice mismatch than others, leading to
different Miller planes being orthogonal to the growth direc-
tion, depending on the precise choice of substrate/seed layers
in the stack.

In the high-strain limit, it is generally preferable to intro-
duce defects rather than to strain the material too severely -
defect formation has become energetically preferable as the
deformation to realise the strain increases. Many defect for-
mation mechanisms are possible and exactly which defects will
form is material dependent. Defects also disrupt long-range
order and are experimentally known to have a negative effect on
magnetocrystalline anisotropy, making them of lesser scientific
and commercial interest. Additionally, defect states are signifi-
cantly more expensive to model, and due to the combination of
these factors we will only consider the small strain limit (< 3%).

Within DFT simulations, the strain effects may be added
simply by straining the isolated cell in the same way as is found
in the real system (i.e. uniaxial vs biaxial vs. hydrostatic strain).
Many previous studies®"? have shown strain to be a powerful
control for magnetocrystalline anisotropy, with both the mag-
nitude and sign of any uniaxial anisotropy (whether it is easy-
axis, hard plane or vice versa) being strain dependent. When
modelling systems created through epitaxial growth on a seed
layer, applied biaxial strain (with the third axis allowed to relax)
provides the best match between theory and experimental
conditions.

We note that the change of MAE with strain may be qualita-
tively explained in terms of crystal field theory and symmetry
breaking. A classic example of this is bulk Fe'* which, with its
body centred cubic (bcc) structure, has octahedral point groups
(On in Schonflies notation) at each of its atomic centres. This has
degenerate d,, d; and d,, orbitals in a so-called t,, set, and a
further e, set consisting of the d.. and d,._,» orbitals. Here,only a
very small crystal field exists, as the homoatomic basis means
that the only deviations from perfect spherical symmetry are
weak perturbations due to imperfect screening of the charge of
neighbouring ions. This cubic symmetry in turn gives rise to the
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cubic anisotropy that is well recorded for bulk Fe (the small
deviations from uniform charge yields the small MAE - on the
order of peV per ion). If Fe is strained either uniaxially or
biaxially, then certain symmetry operations are broken, reducing
the point group to D,y,. This has a unique fourfold (C,) rotation
axis, which implies a uniaxial anisotropy. The nature of this axis,
magnetically hard or easy, depends on the sign of the strain and
is not determined by the point group. In this sense, the quali-
tative changes to anisotropy induced by strain may be under-
stood through a crystal field theory-like approach, even if the
quantitative changes still require a more sophisticated electronic
theory technique to predict.

1.5 Fermi level equilibration and charge transfer

An additional effect of relevance to interfaces is the redistribu-
tion of electrons from one side of the interface to another. This
process is driven by Fermi level equilibration,"® which can lead
to a net accumulation of charge on one side of the interface,
and a depletion of charge on the other. Along with the change
in the local charge, one would also expect a change to the local
spin. This is somewhat harder to predict without a priori
knowledge, however, as adding an electron to a high-spin
complex with greater than or equal to half occupancy of the
d- (or f-) subshell will decrease the net spin moment, whereas
adding an electron to a system with less than half occupancy
will increase the spin moment. A further complication to this is
that we are dealing with a quantum mechanical system, and
therefore it is the expectation value of spin that matters, which
means that partial occupancies are valid.

A useful proxy value for charge redistribution is the atom’s
electronegativity, which is defined as the ability of an atom to
attract an electron towards itself within a covalent bond. For an
interface, one may use this alongside ceteris paribus thinking to
make a rough conclusion about what will happen to the
number of electrons at a site; ignoring itinerant (delocalised)
magnetism, this is sufficient to determine what will happen to
the local spin moments. Within a given material, the MAE is
strongly correlated with net moment, which may be altered in a
heterostructure due to charge redistribution, as it takes less
energy to rotate a smaller spin moment than a larger one.
Within DFT simulations, this effect may be quantified by
comparing site projections of the spin and charge density,
using schemes such as Mulliken decomposition."®

1.6 Shape anisotropy

Finally, when comparing infinite bulk MnN with a bilayer
system, one must also consider the effects of shape anisotropy.
In this, an otherwise magnetically isotropic crystal can gain an
anisotropy due to the extent and shape of the physical system.
This effect is not present within an infinite bulk crystal,’” and it
is not clear whether a periodically arranged surface would also
have this cancellation (as there is an infinite array of surfaces
with no ‘““final surface” present) or not.

In our simulations, we constrain the shape of the magnetic
bilayer to always be the same, regardless of the presence or
absence of neighbouring layers. This ensures that the shape
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anisotropy is the same for all systems (except for the infinite bulk
case). Hence, when comparing the different thin films, there is no
change in shape anisotropy and therefore any differences are due
to a change in magnetocrystalline anisotropy only.

For a real system, shape anisotropy should be considered
when making comparisons between the bulk and thin film
limits.

2 Computational methods

Density functional theory (DFT) simulations were performed
using CASTEP,"® a plane-wave pseudopotential based DFT code
using the Perdew-Zunger formulation of the local density
approximation.’® A plane-wave cut-off energy of 1800 eV was
used in conjunction with a Monkhorst-Pack grid®° of 20 x 20 x
20 for the bulk MnN and a 20 x 20 x 1 grid for the ultra-thin
MnN films, with the single k-point representing the aperiodic
direction. Example input files are provided with supplementary
data. This ensured an energy convergence due to the basis of
1 x 10~* eV per atom was met.

The magnetocrystalline anisotropy was evaluated by calcu-
lating the difference in total energy calculations for orthogonal
configurations, including the experimentally-known easy
configuration (along the ¢ direction), and all distinct high-
symmetry directions within the plane perpendicular to this
direction. This was performed with an explicit non-collinear
magnetic simulation. Pseudopotentials were from the CASTEP
SOC19 pseudopotential library, a full J-dependent pseudopo-
tential generated by solving the full Dirac equation including
the full n = 3 shell and the 4S,,, state explicitly within the
valence for Mn. Similarly, Ta was modelled including the full
n =5 shell and the 6S,,, state explicitly included in the valence,
and N included the entire n = 2 shell within the valence. No
symmetries were enforced on the system. The difference in total
energy between spin the spin was aligned along the intermedi-
ate and easy axes was taken as the MAE; for any kinetic
modelling of spin flipping, this represents the peak of the
minimum energy pathway and therefore is the experimentally
relevant quantity.

For a given self-consistent field (SCF), total energies were
converged to 1 x 10~ ® eV per atom. This ensured that the noise
due to the SCF process was orders of magnitude lower than the
MAE. Structures were relaxed with a two-point steepest descent
algorithm until forces were lower than 1 x 10 > eV A~ " and the
total energy difference between subsequent configurations was
better than 2 x 10> €V per atom. Geometry optimisation was
performed using a collinear model of magnetism whilst later
MAE calculations used a non-collinear model.

To construct unit cells of ultra-thin film MnN, an initial seed
layer of [111] Ta was created and relaxed. Then a thin layer of
MnN was placed on top under two different translations (with
the Mn or N lying directly on top of the Ta) and the whole
system was relaxed. In both cases, H-passivation was used to
minimise the amount of vacuum gap required to minimise
spurious self-interaction of the polar surface with its periodic
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Fig. 1 Schematic of changing crystal field splitting against relative uniaxial
elongation/compression of an octahedral point group. The magnitude of
the splitting depends on the magnitude of the charge asphericity that
cause the splitting.

images, as even the non-polar Ta surface will be affected by the
unphysical stray field. The configuration with N on top of Ta
(see panel a of Fig. 2) was found to be the lowest energy and
used thereafter. Finally, to generate extra configurations (and
thereby examine the physical mechanisms yielding the thin-
film MAE), the Ta and H-passivation layers were removed with
no further changes to the unit cell. These are therefore not
experimentally realisable systems due to their structurally
unsupported nature, but enable direct comparison with the
ultra-thin film on Ta (configuration “a”).

Requiring the structure not to change also enforced rotating
the spin moment without allowing the atoms to relax. For the
MAE of the bulk system, the relaxation method outlined in

a) b) ¢) d)

o#(*:#o#o o%@h@% o
A

-0~

*J
)
J00 .
o O )
o O
Fig. 2 (a) H (light pink) -passivated Mn (purple) N (light blue) bilayer on Ta

(bronze), (b) H-passivated MnN bilayer, (c) MnN bilayer, (d) Bulk MnN. Spins
are represented by red arrows, with the length of the arrow representing
the per-site projection of the spin density. Spin magnitudes are reported in
Table 1.
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ref. 21 was used. Relaxation of the ionic degrees of freedom
while in the magnetically hard electronic configuration reduced
the MAE by 9 peV per ion - indicative of the magnetically
excited state corresponding to a fractionally different ground
state geometry due to the back-effect of spin-orbit coupling on
the lattice. However, this change is essentially negligible, being
orders of magnitude smaller than the MAE of bulk MnN.

2.1 Surface reconstruction

In contrast to the infinite bulk case, in the thin film limit the
uppermost layer of N within the MnN bilayer relaxes into the
vacuum gap. This is an expected form of surface reconstruc-
tion, and is not inhibited by hydrogen passivation. We note that
this is an effect caused by our ultra-thin layer of MnN, and
would also not be expected for a capped system. Nevertheless,
the results we find on the change of MAE between thin-film
cases do not depend on the surface reconstruction: the recon-
struction is present in every ultra-thin film system as, when
conclusions about underlying mechanisms are considered by
studying different configurations, the structure including this
relaxation is kept constant.

3 Results and discussion
3.1 Strain effects on Bulk MnN

One of the most important effects to consider when growing a
thin film is lattice matching. To investigate this further, we
begin by considering the effects of strain on the MAE of bulk
f-phase MnN, before considering the thin-film limit.

For each case, a biaxial strain was applied to the a, b lattice
vectors, and the MAE was calculated both with and without the
relaxation of the ¢ lattice vector. For the unrelaxed cases, an
arbitrary value of |¢| = ¢ ~ 4 A was chosen. The MAE was then
plotted against the effective c/a ratio of the system (see Fig. 3)

MAE (meV/ formula unit)

c/a ratio

Fig. 3 MAE (in meV per formula unit) against the c/a ratio for bulk phases
of MnN. Both the unit cells with relaxed ¢ (highlighted by blue circles) and
unrelaxed € lie on the same line. The vertical dashed line indicate the c/a
ratio for bulk MnN, and the dashed horizontal line the cubic anisotropy
case.
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and linear regression was performed. The line of best fit for the
data is given by

MAE = —(5.1+£0.1) + (5.3+0.1) -%meVperformula unit
1)

which has a correlation coefficient of 0.998, indicating near-
perfect correlation. All error estimates for MAE vs. strain
reported in this work are standard errors from the fitting
process as the uncertainty on individual values is significantly
smaller. However, it should be noted that this is only inter-
polative for small levels of strain (£3%), and one would expect a
deviation from this linearity at higher levels of strain. Never-
theless, this startling linearity regardless of whether the crystal
has been geometry-optimised or not suggests a simple under-
lying physical mechanism.

To explain the linearity, we start by considering the symme-
try of the Mn-site. The point group of the ions in MnN is, in
Schonflies notation, Dyy,, which is a subgroup of the octahedral
(Op) point group, which may be observed in the case of cubic
MnN (¢ = a). Both elongation (c/a > 1) and compression
(c/a < 1) break symmetries (2 of the 4-fold rotation axes) in
the Oy point group leading to a reduction in the system’s
symmetry to D,;, regardless of the nature of the strain (i.e. both
compressive and tensile strains will lead to the same point
group). We note that other uniaxial Dg;, systems for which the
MAE as a function of strain has been investigated include well-
known magnetic materials such as FeCo, FePt and PtMn which
also show this same linear trend.>*'

It is instructive to consider a multipole expansion of the so-
called crystal field (the electrostatic potential due to the uneven
distribution of charge in the system) about the Mn ions. As we
change the c/a ratio, we find that we both change the quadru-
pole moments (which are the only moments that can interact
with d-orbitals to lift their mutual degeneracy as they possess
the same symmetry) about the Mn atoms and the monopole
moment (which provides a rigid shift to the energy that cancels
when evaluating MAE due its isotropic nature). For the non-
relaxed state, the change in the monopole term of the expan-
sion still leads to a change in the c-aligned components of the
quadrupole moment. Fig. 4 highlights these motion in a visual
schematic.

The effects of these changes on the electronic structure may
be seen in Fig. 1, which also notes that for the special case of
c/a = 1 we have the standard octahedral crystal field splitting.
For an isolated atom, octahedral splitting would cause cubic
anisotropy, such as is observed with bulk Fe, however for binary
systems such as MnN, FePt and PtMn, this is evidently not the
case. This is due to the fact that in a heteronuclear system the
charge imbalances are much higher due to the difference in
electronegativities between the species in the system (this even
applies in a metallic system - it controls the degree that the
“sea of electrons” that comprise metallic bonds** will be
localised around an individual nucleus and therefore the local
deviations from charge neutrality in the system). For a homo-
nuclear system, there is no difference due to the species, and
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Fig. 4 Change in quadrupole moment with application of a biaxial strain.
The symmetry of the change in bond lengths with lattice parameters
ensures no net dipole moment about the Mn-site, and the change in
effective monopole moment with any displacement that is not totally
symmetric gives rise to a change in the quadrupole moment that is linear
with the c/a ratio. Note, in a real system, the effective charge, g, need not
be an integer multiple of the electron charge.

the remnant charge discrepancy is due to fractionally higher
electron density in regions directly between neighbouring
atoms (see e.g. ref. 23). This deviation from spherical symmetry
is very small, and hence the magnitude of the crystal field
splitting (and the MAE) is much smaller for BCC Fe than in the
example binary systems.

From these simple crystal field arguments, one would
anticipate that any system where the atoms have octahedral
symmetry would exhibit cubic anisotropy. However, this is not
the case (see Fig. 3), and the reasoning for this is discussed in
further detail in Appendix A.

In brief, the spin-orbit coupling is dependent on the Hes-
sian of the scalar potential and therefore it also depends on the
electric quadrupole moments, which vary linearly with applied
strain. Different spin orientations (along easy or along hard) are
affected differently by different quadrupole moments, and
therefore while the spin-orbit contribution will vary linearly
with strain for each spin configuration, the rate at which it
varies is dependent on the spin orientation, leading to a linear
variation in MAE.

This linear change of spin with strain may be seen in Fig. 5,
which shows the Mulliken projections of both the spin and
charge density on an atomic site. We note the small magnitude
of the change in charge with respect to the change in spin,
supporting the approximations we require for linearity of MAE
under strain.

In terms of the challenge of device development, it is worth
noting that elongating the cell (increasing c¢/a) corresponds to a
poorer lattice match — and accordingly there is a competition
between increasing the strain to improve MAE, and generating
localised defects which are likely to harm it. Nevertheless, the
clear message here is that for MnN a lattice mismatch with
compressive in-plane strain will result in much higher
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Fig. 5 The change in the Mulliken charge per Mn and spin moment per
ion against c/a ratio. Both linear and quadratic fits are shown, however we
note that the improvement due to the quadratic fit is not statistically
significant to justify adding an extra fit parameter. Note the strong anti-
correlation between the two quantities, including in the deviation from the
linear fit. Both of these quantities contribute to the change in MAE - the
charge redistribution affects the quadrupole moment (due to the corres-
ponding change on the N ions to ensure overall electrical neutrality),
whereas the MAE is directly proportional to the magnitude of the spin
moment.

performance (in terms of having a high MAE) than a tensile in-
plane strain (which could significantly reduce the MAE of the
system). We note that simple crystal field arguments indicate
that this result will transfer to all Dy, systems where the “non-
magnetic” ion is more electronegative than the ‘“magnetic” ion,
however this trend will reverse if the relative charges also
reverse.

3.1.1 Applicability to other magnetic systems. The linear
relationship of strain to MAE has previously been reported for
other systems, such as FePt and PtMn,>" FeCo,® as well as bulk
Fe. In common to all of these examples, an applied biaxial
strain causes them to undergo a transition from a Dy, to a
Dy~ symmetry, while passing through an Oy, configuration (we
note that for bulk Fe, the O}, configuration is the ground state
BCC structure). This explanation in terms of the underlying
point group symmetry for the magnetic ion also explains the
underlying trend for the change in anisotropy with respect to
strain in these systems. This enables us to state that this will be
a common trend in all materials where the point group of the
“magnetic” ions are all D,, with a common rotation axis.
Finally, we note that this also applies to the Oy, point group,
which is a superset of the D, point group. The authors also
conject that a similar mechanism may also affect the entire D,
class, making this observation of linearity with respect to
biaxial strain applicable to most uniaxial magnetic systems.

3.2 Strain effects in the ultra-thin film limit

Strains were also applied to an ultrathin film of H-passivated
MnN (see panel b, Fig. 2), and the value of the MAE against the
inverse of the a lattice constant was recorded. A c/a ratio was
not used as the ¢ lattice vector was kept fixed throughout these
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simulations (and is somewhat ill-defined for a thin-film in
1
|al

in Fig. 6, with a line of best fit given by

vacuum), and — is used instead. The results of these are shown

47+4

MAE = ——
ldl

— 7.8 £ 0.7 meV per formula unit (2)

for MAE in meV per formula unit and |¢| = a measured in
Angstroms. We emphasise that this equation is for the ultra-
thin film limit, for a system that is unlikely to be experimentally
realisable. Nevertheless, useful information can be drawn
about the MAE in such a system that will provide insight into
real systems.

We also note that the system underwent a change in-plane,
with the elongation of one of the in-plane axes in order to better
lattice-match with the Ta. This reduced the symmetry from a
Dy, to a Dy, system, and accordingly an intermediate as well as
hard axis was seen in-plane. The intermediate axis (bisecting
the bonds) was lower in energy and this is the MAE value
reported for these systems, as it is the value relevant to spin
flipping events (which are dominated by the lowest-energy
saddle point between two potential wells). This is in agreement
with the earlier comments on the crystal field effects applying
to all D, systems, and a linear relationship of MAE is still
expected (as seen in Fig. 6).

3.3 Non-strain effects of a seed layer

However, strain due to lattice matching is not the only effect
that occurs when changing from bulk to thin film. Consider the
growth of an ultra-thin film of MnN on [111] Ta: although this
system may be too thin to represent an experimentally realis-
able system, it emphasises the subtle effects that may be
expected, and makes a qualitative, transferable, analysis of
the relevant physical mechanisms simpler. To this end, we
start by studying an ultra-thin film of MnN grown on a layer of
[111] Ta, which is a popular choice for experimental growth of

0.2

+

e
=
1

MAE (meV / Form.Unit)

| |
0.165 0.175

1/a (A

Fig. 6 MAE for the ultrathin film case of MnN shown in panel b of Fig. 2.
The vertical black dotted line indicates the inverse lattice parameter for
MnN on a Ta seed layer.
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Table 1 Simulated spin magnitudes and magnetocrystalline anisotropy
energies for the 4 structures presented in Fig. 2 decomposed by layer. The
upper layer (Mn up) has undergone a reconstruction in subfigures (a)—(c)
and is additionally H-passivated in subfigures (a) and (b). Subfigure (a) also
features a Ta layer, leading to the suppression of the net spin moment in
the lower layer. Negative spin moments indicates spin down, and positive
moments indicate spin up. Note the changes in charge for the thin film
systems are much more significant than the changes introduced by strain
in the bulk case, and that the bulk case (d) has a different shape anisotropy
contribution

S Charge S Charge MAE
Structure (Mn low)/ug (Mn low) (Mn up)/ug (Mn up) (peV per ion)
(@) 1.77 0.603 —1.48 0.449 86
(b) 2.43 0.677 —1.42 0.556 113
(0) 2.50 0.684 —1.99 0.615 39
(d) 3.55 0.677 —3.55 0.677 127

MnN,>?* with an additional H-passivation layer to suppress the
net electric dipole moment and allow for the use of a smaller
unit cell (due to the cost of modelling vacuum in a plane-wave
basis). The H-passivation is is necessary because the strong
difference in electronegativity between N and Mn results in this
surface being polar. Initially, two interfacial configurations
were chosen - with either the Mn or N on top of the Ta atoms,
and the lower energy configuration following a geometry opti-
misation (N on top of Ta) was selected for further investigation
(see panel a of Fig. 2). Then, in order to isolate the effects of the
seed layer and H-passivation layers, these layers were removed
stepwise with all other parameters kept the same (See panels b
and c of Fig. 2) and the MAE recalculated.

As well as inducing an applied strain, the seed layer also
chemically interacts with the thin film - there is a transfer of
electrons between the two systems. This effect, which is driven
by Fermi level equilibration, leads to a change of the net spin
moments in the system and also affects the MAE. This change
has multiple origins. Firstly the spin magnitudes may be
altered (either quenched or amplified, depending on the pre-
cise electronic structure), which affects the MAE. This may
readily be seen in eqn (9), where the MAE is linearly dependent
on the spin operator. Additionally, a change of charge will affect
the scalar potential, @, of the system, thereby changing the
effective B-field each electron experiences. Finally, the change
in number of electrons on a site will also change which orbitals
are occupied - leading to a change in the number of orbitals i
that will contribute to the MAE.

Whilst the Heisenberg Hamiltonian for magnetism does not
directly include spin magnitude in its description of magneto-
crystalline anisotropy

MAE = Z K;-§7 (3)

the effect of the changing spin magnitudes are absorbed into
the coefficient, K; through their effect on the energy of the
system. Between different systems, however, the spin length is
also permitted to change, leading to different anisotropy con-
stants. To demonstrate the effect this might have near an
interface, the Mulliken spin projections on the atoms were
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calculated. These are shown in Table 1. In this we see that in all
cases the magnitude of the spin in the thin-film limit is smaller
than that of the bulk case. Given that the exchange bias effect
relies most strongly on the interaction of the layers closest to
the interfacial boundary, this strongly suggests that the reason
for the “overestimation” of magnetocrystalline anisotropy
energy from density functional theory calculations may be
related to the difference between the typically-simulated infi-
nite bulk crystal and the additional effects that are present at
heterojunctions.

The effects of the surface reconstruction may also be seen as
the driving mechanism for the asymmetry between the spin
magnitudes in the different layers of structure “c”. However, it
is also worth noting that the H-passivation layer quenches the
spin it is adjacent to (structure “b’’), and the Ta layer has a still
larger quenching effect. It is also worth noting that this
quenching is most strongly present in the interfacial layer.
This has strong implications for device manufacture, as choos-
ing the capping layer to minimise this quenching will lead to
enhanced device performance, as the interfacial atomic layers
make the largest contribution to the interaction between adja-
cent layers in a heterostructure.

We note that a useful proxy quantity for the degree of charge
transfer is electronegativity difference between the ‘“magnetic”
ion in the active layer and the ions in the seed/capping layers.
Maximising performance would require a choice of seed/cap-
ping layer that will maximise the individual spin on the
magnetic ion, or at least not induce significant quenching at
the termination layer. Which direction of electronegativity
mismatch will maximise this spin depends on the occupancy
of the d (or f) orbitals on the “magnetic ion” in the system;
where the occupancy is less than half, a less electronegative/
higher Fermi level (electron donating) capping layer will be
preferable, whereas when the occupancy is more than half a
more electronegative/lower Fermi level (electron withdrawing)
capping layer will maximise the interaction.

It is also worth reiterating that the vacuum spacing was not
changed when removing the H-passivation layer for configu-
ration “c”. This potentially leads to the introduction of a dipole
field across the system as the screening effects of the H are
removed. This can explain the anomalously low MAE for configu-
ration “c” that is not present in either bulk MnN or the H-
passivated thin films. In this case, the applied field acts (as in the
case of voltage controlled magnetic anisotropy>”) to modify the
anisotropy. Here, we see a reduction in the anisotropy.

From these data, it is possible to conclude that not only
lattice matching, but also the degree of charge transfer between
layers is important when designing a device where magnetic
anisotropy is important. The suppression of spin moments by
the seed layer may also explain why high thicknesses of MnN**
are required to make the material perform well; the effects of
this suppression will decay to the bulk values as a thicker film
is grown. We also note that a ferromagnetic capping layer,
commonly used in devices in conjunction with antiferromag-
nets such as MnN in order to measure its magnetic properties,
will have a similar charge-transfer effect. Hence, to maximise
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device performance, it is necessary to not only select for a
desirable lattice match, but also for Fermi-level mismatch to
optimise the charge-transfer effect on the MAE.

4 Conclusions

Density functional theory was used to study the effects of
forming a simple heterostructure on magnetocrystalline aniso-
tropy energy (MAE) for MnN on Ta. The bulk value of MAE for
MnN was found to be 127 peV per formula unit, reducing to
86 peV per formula unit for ultrathin-film MnN on Ta. Strain
effects were investigated for the bulk and ultra-thin film limits,
and a linear relationship between the c/a ratio and MAE was
found with both relaxed and unrelaxed simulation cells obeying
the same linear relationship. A simple explanation for this
linear relationship in terms of the spin-orbit coupling Hamil-
tonian was given, and the applicability of this linear trend to all
uniaxial systems was posited. Within the ultra-thin film limit,
the MAE was also found to vary depending on the presence of
nearby layers, which was significantly driven by charge transfer
induced by Fermi level equilibration leading to spin quenching,
especially in the layer immediately forming the interface. These
insights may be useful when considering the interactions of
neighbouring layers within a magnetic heterostructure for the
purpose of improving device performance.
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Appendix
Spin orbit coupling and strain dependence

In this appendix, we provide a brief derivation of the spin orbit
coupling for an arbitrary field, before considering how the
strain induced by lattice matching will affect the MAE in a
system such as MnN.

Starting with Maxwell’s equation

. - dE
VXB:HO(J+80(h>7 (4)

we may then state that for a crystal in equilibrium with no
externally applied current that J = 0. This statement is justified
by considering that we are explicitly dealing with systems in
equilibrium; there is no time evolution and accordingly we may
invoke the principle of detailed balance to show that the
current density must be both globally and locally conserved.
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Furthermore, we can consider that for a charged particle
passing through a static but spatially varying E-field
dE_dE dF
= _VE-¥
a - aFa s VEY )
We can apply this to an electron of mass m in orbital ¥ (7),
using the semi-classical approximation if the spatial variation
of E is small over the length-scale of ¥ (), whereupon

L0~ 9ve@ v (T ©)

where £ = —V® and VV represents the Hessian operator.
We also note that via the Helmholtz theorem, the vector
potential A may be given by

dr (7)

Finally, returning to Maxwell, we have B = V x A, and using
eqn (7) with eqn (4) and substituting eqn (6), we can now write
an expression for our B-field
- = Hoeoih [VVO(F) -y (7 )Vip(7)

B(r) =V x Ao J — dr (8)

=7

We may now write down an expression for B-S for the
magnetic energy of a set of j electrons moving in a static but
spatially varying electric field by summing over all single-
particle orbitals y; (7),

Broc = s 3 V10 (6 < [T Y 37>V¢/<f'>d7)

4mmc? - F—7

- Sy, (7)dF
9)

where S is the spin operator. We note that this does not reduce to
the standard L-S expression as that is explicitly derived for the
case of a spherical potential without any anisotropy; which there-
fore cannot provide insight into magnetocrystalline anisotropy.

Now, we need to consider how the system will vary with
applied strain. In the previous simulations, the applied biaxial
strain was symmetry preserving. This means that the eigen-
states of the initial SOC-free Hamiltonian will remain eigen-
states of the final SOC-free Hamiltonian, although their relative
energies may change (c.f. Fig. 1).

For sufficiently small strains, the crystal-field perturbation is
much smaller than the spin-pairing energy (the energy penalty
associated with two electrons occupying the same spatial but
opposite spin orbitals). Accordingly, for half-occupied sets of d-
orbitals, such as for Mn-atoms in systems where the local
moment model applies, we do not expect the occupancy of
the d-orbitals to change provided we are in this small-strain
limit. For systems that are not half-filled, a sufficiently large
change in crystal field splitting will affect these occupancies,
however in the zero-temperature limit this requires an actual
change of ordering and therefore relatively large changes to the
energies of the eigenstates. In the high temperature limit where
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the Fermi-Dirac function is smoother, the change in orbital
occupancy should be present under smaller perturbations.

We can evaluate the spin-orbit energy (eqn 9) in terms of
effective occupancies of atomic orbitals by projecting our single-
particle orbitals onto atomic orbitals ¢ =} fj); (the LCAO

j

approximation), whereupon

v

ih 2 =2 A\VAVA ] =
Esoc = W;W PNV X O—=—=—; - S, (10)

=7

Returning to our previous argument, we determined that for
a sufficiently small symmetry-preserving strain, the change in
orbital energies will be negligible compared with the spin-
pairing energy. Hence, the projected occupancy of these d-
orbitals, f;, is approximately constant with respect to this strain.
The atomic orbitals, being basis functions, are also invariant
with respect to strain, as is the gradient of these basis functions
and the spin operator applied to them. In this case, the only
term in eqn (10) that will vary with strain is the Hessian of the
scalar potential.

We now perform a multipole expansion of our scalar
potential about the atomic centre.

(D(F) =C+ dl"Fl‘ + QUFIF] + Oy’k'?'if}'rk + Hz'jkl'FiFj?k?l +...
(11)

where C is an arbitrary constant that may be set to 0, and the
remaining terms are tensors representing the dipole, quadru-
pole, octupole and hexadecapole terms respectively. We may
now consider how the Hessian of ®evolves with strain.

The quadrupole moment for a set of discrete charges may be
expressed as

Q;=> aF; (12)
!

for a set of [ discrete charges, g;, and so we can determine how
the quadrupole moment varies with applied strain
dg; .  dgq,  dq.

do
S = AT+ T+ T
drid7; —~ dridr; AR dr qi

(13)

From this simplified example it may be seen that providing
the change of charge on a site with strain is small, then the
quadrupole moment (and therefore our Hessian of our scalar
potential) is linear in strain, and lower-order moments will
vanish entirely and make no contribution. The contribution of
higher-order terms such as octupoles may, by inspection, be
seen to be approximately linear in g;7; and are therefore not
linear in strain. However, we note that since the multipole
expansion is a convergent sum, these higher order moments
are typically much smaller, and will require relatively large
strains to provide a divergence from linearity.

Finally, we consider the symmetry constraints on our system
due to the point (site) symmetry. For all crystallographic point
groups, there is a leading order non-vanishing moment. These
are summarised in Table 2. We note that applied biaxial strain,
as is typically relevant to growth conditions, is only symmetry
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Table 2 Leading order non-vanishing terms of crystallographic point
groups

Leading moment Point groups

Dipole Cny Coy
Quadrupole Sny Dpy Dndy Dyn
Octupole T, Tq
Hexadecapole O, Op, T

conserving for the point groups which have non-vanishing
quadrupole and non-vanishing dipole moments.

Consequently, we expect this result to readily generalise to
most crystallographic point groups (we exclude 7, Ty, O, Oy, and
Ty, only) provided only that the change in charge with
symmetry-conserving atomic displacement is small.

For the excluded groups, we note that the strain induced by
lattice-matching is typically symmetry-breaking (for example,
O — Dy, on the introduction of a biaxial or uniaxial strain). In
this case, we may consider that under these strains, the lower-
symmetry point groups will provide a better description of the
behaviour of the system over all strain magnitudes, and there-
fore we would still expect linearity of MAE with respect to strain
in a lattice-matching type experiment.
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