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An intra-atomic noncollinear magnetization density has been calculated for the case of ferromagn
fcc Pu, by means of a newly implemented general-local-spin-density-approximation method which tre
the magnetization density as a continuous vector quantity. The presence of noncollinearity is a gen
effect, not specific to Pu, which is shown to rise due to the interplay of the local exchange and
spin-orbit coupling. The form of the noncollinear part of the magnetization density is very sensitive
the space group symmetry as is demonstrated by calculations with the average spin moment along
and [111], respectively. [S0031-9007(96)00401-2]

PACS numbers: 75.25.+z, 71.70.Ej, 75.10.Lp
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Noncollinear magnetism (NCM), i.e., magnetic ord
ing where the different magnetic moments are not pa
lel or antiparallel to a global direction, exists in a varie
of systems. Two well-known kinds of NCM are spir
spin density waves (SSDW) observed, e.g., in the
thanides and the complex orderings that occur in topol
cally frustrated antiferromagnets. These types of orde
can be classified as interatomic NCM, as it is the differ
atomic moments which are noncollinear. Here we dem
strate another type of noncollinearity where the direct
of the magnetization density varies on the length scal
an atom. This can arise from either band-structure eff
leading to different spin quantization axes for different
bitals on the same atom, e.g.,eg and t2g d orbitals, or, as
is demonstrated here, the nontrivial spin mixture produ
by the spin-orbit coupling. The present Letter shows t
an intra-atomic NCM of the latter form always exists
magnetically ordered systems, even when the atomic
ments are collinear. The magnitude of the effect is qua
fied by a first principles density-functional calculation f
fcc Pu, which might be viewed as a simple representa
for the large class of magnetic actinide compounds.

Most theoretical work on NCM has been based
the Heisenberg model, but first principles methods [1
based on density-functional theory (DFT) that allow
NCM have existed for some years now and have rece
attracted a lot of attention. For instance severalab initio
calculations have been presented for fcc Fe [2–5], wh
solutions for both SSDW and complex NCM structur
have been found. NCM ground states have also b
found by means of DFT calculations in more complica
systems; e.g., MnSn3 [6], ThMn2 [7], U 3P4, U2Pd2Sn [8],
and YFe12-xMox [9]. Despite the fact that the physic
natures of these systems vary considerably it seems
that DFT calculations are successful in describing th
NCM structures and hence provide a powerful tool
study them.
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These previous calculations are all based on ato
sphere approximations, i.e., the space is divided i
spheres centered around each atom wherein there is
one local spin-quantization axis and the correspond
magnetization density is spherically averaged. In so
way these calculations might be viewed as the D
equivalent of the Heisenberg model as there are w
defined local atomic magnetic moments which mig
point in arbitrary directions, although in these calculatio
the magnitude of the moment may vary as well. A NC
solution in these cases is found when the different ato
spin-quantization axes are nonparallel; i.e., it is of
interatomic nature.

In a more general spin-dependent DFT [10] the mag
tization density is a vector quantity that can vary cont
uously in direction as well as magnitude all over spa
An important question is whether NCM can occur only
terms of nonparallel local magnetic moments or if the
might also exist noncollinearity on a smaller length sc
within an atom. In principle this could be realized if, e.g
different orbitals, sayd and f or eveneg and t2g in a d
shell, have different spin-quantization axes. In this L
ter we will address this question by showing, by mea
of DFT calculations within the local spin density appro
imation (LSDA) in its most general form [10], that whe
spin-orbit coupling is included there will always exist
noncollinearity in the magnetization density, even with
a simple ferromagnet. This is demonstrated explicitly
d-Pu using self-consistent calculations. This is a n
effect caused by the interplay of magnetism and rela
ity (spin-orbit coupling), which is known already to pro
duce a lot of important phenomena; e.g., it is usually
main contribution to the magnetocrystalline anisotropy
causes the magneto-optical Kerr effect, and it induces
bital moments in transition metals.

Although originally the LSDA was formulated in a gen
eral way with2 3 2 density and potential matrices,rs$rd
© 1996 The American Physical Society
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andvs$rd, it has almost entirely been implemented for t
special case of diagonal matrices, i.e., collinear mag
tization. The chargers$rd and magnetization$ms $rd parts
of the density matrix can be extracted by expanding
terms of Pauli matricesr  r1 1 $m ? $s . In the gen-
eral LSDA, the exchange-correlation part of the poten
vxcs$rd  y0s$rd1 1 $bs$rd ? s contains nonmagnetic an
magnetic parts. The nonmagnetic party0 and the mag-
nitude of the magnetic part$b are given as functions of th
local r andj $mj in the same way as in the case of colline
magnetization, but in addition$bs$rd is always parallel to
$ms $rd. The corresponding Pauli-like Kohn-Sham Ham
tonian then looks like (for simplicity the scalar relativist
corrections are for the moment neglected)

H  h2=2 1 ys$rdj1 1 h $bs$rd 1 j $,j ? $s , (1)
wherey is the total nonmagnetic part of the potential,j

is the operator corresponding to the spin-orbit coupl
constant, and$, is the angular momentum operator.
the eigenfunctionsci of this Hamiltonian are written in
spinor form the magnetization and charge densities ca
constructed by summing over the occupied states

$ms$rd 
occX

i

c
y
i s$rd $scis$rd, rs$rd 

occX
i

c
y
i s$rdcis$rd , (2)

allowing the usual iterative solution.
We have implemented this, to our knowledge for t

first time in its general form, in the full-potential linea
augmented plane wave (LAPW) method [11]. As
detailed description of this implementation will be giv
elsewhere we mention here just one important techn
detail. In order to simplify the plane wave augmentat
at the LAPW boundary, a spin independent LAPW ba
set is constructed by defining the numerical augmenta
functions inside the muffin-tin spheres as solutions
radial equations involving the nonmagnetic potentialsy.
Local orbitals [12] are included in the basis set, to m
than compensate any potential loss in accuracy comp
to having separate spin-up and spin-down functions a
usual for collinear magnetism.

In this work, where we are interested in the interplay
the two terms in Eq. (1) that involve Pauli matrices,
have chosen a system where both these terms are l
Among the actinides, for which the spin-orbit coupling
substantial, the simplest magnetic system is probablyd-
Pu which forms in the fcc structure. Earlier calculatio
have shown thatd-Pu has a stable ferromagnetic soluti
at the experimental lattice constant, 8.75 a.u., with a la
spin as well as orbital moment [13,14]. However, t
temperatures for which this phase exists are far above
possible ordering temperature. In that sense this sys
might be viewed as primarily of pedagogical intere
although the possibility of epitaxial stabilization has n
been fully explored.

Two self-consistent calculations, including all relativ
tic corrections up to spin orbit, have been performed at
experimental volume with the average magnetic mom
-

l

e

pointing in the [001] and [111] directions, respectively.
is found that, among these two directions, the easy ax
along [111] since its total energy is 8 meV lower. Th
indicates that the [001] solution is not stable, but due
its high symmetry it is a stationary solution which perm
a self-consistent solution. The spin moments are fou
to be 4.52mByatom and4.47mByatom along [001] and
[111], respectively, in good agreement with earlier calc
lations [14].

In addition to the magnetization density forming th
moments there are also nonvanishing components per
dicular to it. In Fig. 1 three-dimensional isosurfaces
mxs$rd andmys$rd are plotted for the case when the avera
moment points alongz, i.e., [001]. The view is along the
direction of the average moment and the densities are p
ted in a cubic cell containing an atom and its 12 near
neighbors. These components of the magnetization d
sity have zero total magnetic moments when integra
over the unit cell as the positive and negative parts c
cel each other. The magnetization density shows a ra
complicated pattern, with several different lobes at e
atom for different heights along thez axis. All atoms are
equivalent by the translation symmetry and have the sa
magnetization density.

The maximum angle with which the total magnetizati
density points away from the [001] direction is 5±,
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FIG. 1 (color). Three-dimensional isosurfaces ofmx (blue)
and my (red), calculated when the average moment is alo
the [001] direction, are plotted within a cube, centered arou
an atom and going through its nearest neighbors, with
lengths of its sides equal to the fcc lattice constant. Th
isosurfaces correspond to positive (dark color) and nega
(light color) densities of1023mBya.u.3. In order to facilitate
the understanding of this color code the actual direction of
magnetization density within thex-y plane is shown for four
symmetrical points.
4421
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and although the part of the magnetization density,$m',
which is perpendicular to the average spin moment
a zero moment, the moment obtained by integrating
magnitude j $m'j is 0.1mByatom which is 2% of the
integrated value forjmzj.

It is rather easy to verify that the total magnetizati
density has tetragonal symmetry when treated as a ve
quantity: For the central atom the NCM part of th
magnetization density along the positivex axis, which is
to the right in the figure, and slightly above the (00
plane going through its nucleus, is pointing mainly
positive x axis as seen by the dark blue lobe. Wh
this density is rotated in a positive sense in steps
90± around thez axis (directed out of the plane) goin
through the atom, it points successively in positivey (dark
red), negativex (light blue), and negativey (light red)
directions. In order to visualize this the direction of$m'

is shown for four points in Fig. 1. The same rotation
symmetry can also be observed for the four atoms in
foreground of the cube. Here it is also possible to s
that there is a nodal (001) plane going through the nuc
of the atoms, situated at the edges of the cube, wh
the NCM part of the magnetization density is zero. T
direction of the NCM part, i.e., the in-plane compone
$m', of the magnetization density is shown by arrows
Fig. 2 for a (001) slice slightly above the correspondi
nodal plane for the central atom. From this figure it
possible to see how the magnetization direction va
continuously. The local point group symmetry of th
atom from the calculated magnetization density is fou
to be isomorphic toC4h [15], in contrast to the large
groupD4h for the case when the magnetization is stric
collinear alongz. The two point groups differ in that the
latter includes some mirror planes. Although the loc
symmetry should be the same for all fcc ferromagne
he
01
r

eti-

11]
ed
g-

alue
FIG. 2. The direction of the in-plane component of t
magnetization density, i.e., the NCM part, is plotted for a (0
plane sliceday10 above the center of the cube in Fig. 1, whe
a is the fcc lattice constant.
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the rather complicated form of the density in Fig. 1
caused in part by the fact that this magnetization den
is formed mainly byf orbitals.

In Fig. 3 similar isosurfaces are plotted for the thr
components of the magnetization density pointing alo
f110g, f101g, and f011g, when the average magnetizatio
points along the [111] direction. The three compone
are all perpendicular to the average direction. The rea
to plot these linearly dependent components and to v
the plot from the [111] direction is to emphasize t
local three fold rotational symmetry. Although this figu
becomes more complicated with three components
hence six isosurfaces, the same conclusions may be d
as for the [001] case: All these components average
to zero and they fulfill the threefold symmetry of th
local point group, which is now isomorphic toC3i . Again
this point group differs from the one assuming colline
magnetization density,D3d , by having less mirror planes

These noncollinear densities originate from the s
mixing caused by the spin-orbit coupling term in Eq. (1
This leads to spinor solutions that cannot be rota
into a collinear solution, but produce a nontrivial$m in
Eq. (2). In the present case, the atoms are situate
symmetry sites with rotation axes and this noncolline
ity averages out to a zero moment. The resulting n
collinear magnetization density produces a noncollin
exchange-correlation potential$b, which alters the final
self-consistent solution. This general effect shows that
inclusion of spin-orbit coupling in a full-potential metho
actually, strictly speaking, requires the present NCM f
malism. If the spin-orbit coupling term is neglecte
l
s,

)
e

FIG. 3 (color). Isosurfaces of the components of the magn
zation density alongf110g (blue),f101g (red), andf011g (green),
calculated for the case of the average moment along the [1
direction are shown for the same cube as in Fig. 1 but view
from the [111] direction. Both positive (darker colors) and ne
ative (lighter colors) values are plotted, and the same isov
is used as in Fig. 1.
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in Eq. (1), spin mixing occurs only via the exchang
correlation potential and a truly collinear magnetizati
density can provide a stable solution.

As the intra-atomic NCM has to have zero moment
the presence of a rotation axis, it is also interesting
study cases when there is none. This is, for instan
the case if the magnetic moment is forced slightly
the [001] direction. Then the NCM moment is foun
not to cancel which, since this direction is unstab
leads to a further tipping away from the symmetry a
of the average moment, and finally ends with a se
consistent solution with the magnetic moment along
easy axis. So, in a sense, the NCM density of Fig. 1
precursor of the tipping of the magnetic moment and
canceled moment the indication that the solution is loca
stationary.

Another interesting situation occurs in more comp
cated lattices, such as in the case of U3P4 where the U
sites have no symmetry axes. Calculations for this s
tem were recently reported [8] where it was found th
the uranium magnetic moments tilt slightly off the [11
direction. Although that calculation did not allow for i
this can be understood in the present context as a n
cancellation of the microscopic noncollinear moment
the [111] direction, leading to the self-consistent so
tion with a tilted moment. In that particular case, t
effect is like the Dzialoshinski-Moriya mechanism [16
which was originally based upon similar symmetry arg
ments. A fundamental difference is that this is usua
taken to be due to purely interatomic interactions of
form $Dij ? $Si 3 $Sj , where $Si is the magnetic moment o
atom i and $Dij is the coupling constant.

In summary, by means of general-LSDA calculation
a new kind of ground state solution has been obtain
manifested by a “microscopically” noncollinear magn
tization density that changes direction on intra-atom
length scales. This is an effect which is caused b
general interplay between the local exchange respo
ble for the magnetization density and the spin-orbit co
pling, and which is sensitive to the space group symme
Intra-atomic NCM has also recently been suggested to
present in the class of manganites that displays colo
magnetoresistance, [17] where the Mnd orbitals might not
all have the same spin quantization axis. The spin-o
induced effect is naturally smaller for the 3d transition
metals than for Pu, but it is present and computationa
observable in those cases too. It would be very interes
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if this effect could be experimentally verified. This coul
maybe be accomplished either by direct detection of t
NCM density, by means of, e.g., neutron scattering, or
probing the local symmetry of the magnetic atoms, wi
e.g., spectroscopic means.
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