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We discuss two different schemes for decomposing the magnetocrystalline anisotropy energy into
atomic site-specific contributions, and show that one of these, which uses projected single-particle
states, is inherently ill-defined in practical applications. We therefore argue that the other decom-
position scheme, involving ground state matrix elements of the spin-orbit operator, is preferable for
the numerical prediction of one-site contributions to the anisotropy.

One of the important quantities of interest for perma-
nent magnets is the magnetocrystalline anisotropy energy
(MAE), which is defined at T' = 0 to be the difference in
ground state energies:

k=U" —UY, (1)

where ¢ and j denote spin polarization directions for
which the absolute value of this difference is maximized
(i.e., hard and easy axes, respectively). For typical mag-
netic materials, a nonzero value of MAE is due to the
interplay between the spin-orbit (SO) term in the Hamil-
tonian and the crystal field effect, which causes electronic
eigenstates to be preferentially oriented with respect to
the crystallographic axes [1]. Because the effective poten-
tial corresponding to the SO term is quite local in nature
and concentrated near each ion, it is natural to assume
that the MAE itself can be decomposed into site-specific
contributions [2-4]. This could then in principle aid re-
searchers in predicting how various atomic substitutions
might affect the MAE in a material of interest.

Two different schemes for affecting a site-
decomposition of the MAE have been discussed
and applied. The first uses ground state expectation
values of the SO term, and arises naturally from the
so-called torque method [5], in which the continuous
variation of energy with respect to spin polarization
direction, U(#), is considered. We will refer to this as
the A-integration scheme, for reasons that will become
clear. The second uses site-specific projection operators
applied to one-electron states (Kohn-Sham eigenstates
in a typical DFT picture). In Ref.[4], it was pointed
out that these two approaches (or at least approaches
similar to what we describe here) produce qualitatively
different predictions for the relative contributions of Fe
and Pt to the MAE of FePt. We aim to clarify this
difference in this report.

A. )-integration decomposition scheme

Let us write the Hamiltonian as

Hy = Hy+ AHso, (2)

where Hj is the Hamiltonian in the absence of spin-orbit
and Hgo is the spin-orbit term. Hy—; is the true Hamil-
tonian for the physical value of SO. Considering two dif-
ferent spin polarization directions, i and j, the MAE is:

ra = UL = U = (WAHATS) — (U3 HA W), (3)

where |¥%) and |\I!§\> are ground state wave functions
for these different polarizations. From the Hellman-
Feynman theorem [6],

vy’
dX

= (07| Hso | T}). (4)

Since Hgo is strictly local [7], these SO matrix elements
can be decomposed into site-specific terms:

(W[ Hso|W57) = Y (37 [s,v) (s, v|Hsols, v/ ) (s, v/ |W37)

s,v,v’

= ZEé’é(S; A), (5)

where the states |s,v) are localized orbitals centered on
site s, with quantum numbers indicated by the compos-
ite index v (= py, dg2_y2, ... ). We have made two
assumptions in Eq.5:

1. (s,v|Hsols', V') o ds¢: The locality of Hso, which
arises from its proportionality to %%.

2. ., 1s:v)(s,v| = 1. Here, "1” refers specifically
to the identity operator for vectors in the Hilbert space
spanned by the states in the underlying electronic struc-
ture calculation, whatever they may be (i.e., even a small
collection of localized orbitals for each site).

Using Eqgs.4 and 5, the site-decomposed MAE is then:
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The quantity in curly brackets in Eq.6 is the contribu-
tion to the MAE from the ion at site s. Detailed DFT
calculations of this decomposition using the VASP code
[8] (see below) show that Pt contributes far more than
Fe to the MAE of FePt, which is expected since the SO
term is large for Pt but small for Fe [3, 4]. Note that the
A-integration scheme requires that [¥%) be determined
self-consistently for each direction ¢ and for every A, since
the Hellman-Feynman theorem is invoked. However, the
general strategy of relating the MAE to sums of site-
specific SO matrix elements is also possible using pertur-
bation theory, wherein Hgo is assumed to be small and
the Ei(s;)\) are expanded in powers of A [3].

B. one-electron decomposition scheme

As an alternative scheme, we consider the computation
of MAE from one-electron states. Since Hgp is indeed
small relative to Hp in most cases, an accurate rendering
of MAE can often be obtained within DFT by determin-
ing the self-consistent electronic charge density, p, in the
absence of Hgo, and then adding on Hgo as a perturba-
tion (without updating p) for each of the two polariza-
tions. In this procedure, both U? and U7 are built from
the same p, and the force theorem [9] then mandates
that their difference is equal to the difference of occupied
one-electron eigenvalues:

— i J
= Eband - Eband'

(7)
It might seem at first that a sensible site decomposition
could now be accomplished by including the appropriate
projectors onto localized one-electron states, in a similar
spirit to that discussed above,

=S FeidWinds, )P (8)
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The ~ sign directly above indicates that Eéand contains
contributions outside the atom-centered regions defined
by the |s, v); but these contributions are largely cancelled
in the difference E,iand — E{)an 4> as we will demonstrate
below in a concrete example.

However there is a larger problem, which we illustrate
by adding the same arbitrary constant to both U? and
U7, leaving x unchanged. We write this constant as N,
where N (=3, fie = > 7)) is the total number of
electrons, and z is an energy per electron which can take
on any value. For the total MAE, we have,

K= (Zf?ikgfzk"_Nx) - (Zfikgfmk"‘Nx)
nk

nk

= Z Frx(Ehae + @) — Z Foic(Ehy + @)
nk nk

= Eli)and(x) - Egand(x)

- Z [ i — nkgnk} +zy [ - f,{k} . (9
nk

Since Y, fi,. = N, the second term on the last line van-
ishes and the arbitrary constant, x, has no effect on the
MAE, as mandated by the cancellation in the first line.
The site-projected band energy with the added constant
is

fozk ek )

E band

= Z frZLk 8:’Lk + x) <1/}fzk’85 V><57V|w%k>

nksv
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Prpx

= Z Eband (10)
where s again denotes the site, and

Efna( ank Enie + T)DIK - (11)

nkv

The site-projected MAE from the force theorem is now:

Bina(®) = Bna(2) = 3 [Fisciactlst — it |
nkv
+a 3 [Fani — ] (12)

nkv

Unlike in Eq.9, the site-projected MAE for each
individual site s does depend on x, because
e[St = T |
practice. Thus, while the total MAE is always well
defined upon adding an arbitrary constant to the energy,
the relative contributions from each site computed in
this way are generally not.

We present a concrete example in Fig.1, which shows
the computed MAE for FePt as a function of the arbi-
trary constant, z. Calculations were performed within
density functional theory using the projector augmented
wave method [10] as implemented in the Vienna ab-
initio simulation package [8]; the exchange-correlation
functional was taken to be the Perdew-Burke-Ernzerhof
GGA form [11]. For Brillouin-zone integrations we used
a ['-centered 53 x 53 x 39 k-point mesh; the tetrahedron
integration scheme [12] was employed to determine the
occupation numbers. We used a plane-wave cutoff en-
ergy of 350 eV. The SO integration was included using
the second-variation approach. Solid and long-dashed
lines show the results of the one-electron decomposition
method, while dotted lines (horizontal, independent of
x) show the results of the A-integration decomposition
scheme. Several points are worth noting: 1. While the
sum of the individual Fe and Pt components determined
by the one-electron scheme (blue solid and long-dashed

does not sum to zero in



lines) is roughly independent of x, the individual compo-
nents (red and green solid and long-dashed lines) vary
wildly. For small x, kpy > Kpe, while the opposite is
true for large x. 2. In addition to the variation with
x, the one-electron decomposition scheme is somewhat
sensitive to the sizes of the integration spheres around
each ion within which the projectors, p'S, are applied.
This is a result of the contribution from the interstitial
region neglected in Eq.8. Long-dashed lines indicate re-
sults for larger sphere sizes, and solid lines show values
for smaller spheres. Clearly, the larger of the two is the
more appropriate choice here, since the total contribu-
tion (long-dashed blue), kpt + Kre, is less dependent on
x. However, we see that increasing the sphere size does
nothing to reduce the ambiguity of the relative contri-
butions, kpt/(kpt + kre) and kpe/(kpt + kre). 3. The
results of the A-integration scheme (red and green hor-
izontal dotted lines) confirm the expectation that Pt is
the major contributor to the MAE of FePt. Note as well
that the total contribution (kpe+kpt) from A-integration
(blue horizontal dotted line) agrees quite well with the
total contribution from the one-electron decomposition
scheme when the larger sphere sizes are used.

In summary, we have discussed two different schemes
for decomposing the magnetocrystalline anisotropy en-
ergy into site-specific contributions. While we believe
the M-integration scheme to be robust, the site-projected
one-electron scheme suffers from an inherent ambiguity
that produces wild swings in the relative contributions,
depending on the degree of completeness of the localized
orbitals on which the projections are defined. This sheds

K,
Ky,
Ko +Kpy

A—integration

Mee.py = 1.30, 1.46 A
- =~ frep=161,161A

light on the origin of the conundrum outlined in Ref.[4],
and reiterates the view that the decomposition of the
MAE using matrix elements of the spin-orbit operator is
a more robust means for obtaining one-site contributions
to the MAE [3].

In closing, we note that during the later stages of the
preparation of this manuscript, we became aware of the
work described in Refs.[13] and [14], which also clarify
the inefficacy of the one-electron decomposition scheme
for MAE using very similar arguments to those presented
here. For this reason, we elected not to submit this work
for publication in a journal.

I. ACKNOWKLEDGEMENTS

We thank V.P. Antropov for stimulating us to consider
this problem. This work was supported by the Labora-
tory Directed Research and Development (LDRD) Pro-
gram at LLNL under tracking code No. 13-ERD-044,
and was performed under the auspices of the U.S. DOE
under Contract No. DE-AC52-0TNA27344.

Magnetic anisotropy energy (meV)

4.0 5.0 6.0 7.0 8.0 9.0
Arbitrary energy shift (eV)

FIG. 1: MAE of FePt as decomposed into contributions from
Pt and Fe using the one-electron scheme (invoking the force
theorem), as a function of arbitrary energy shift. The vertical
gray line corresponds to the Fermi level in the 100 direction,
and the horizontal dotted lines indicate the decompositions
determined by the A-integration scheme. See text for details.
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