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Abstract

We report the first-principles study of the orbital magnetism, the magnetic anisotropy energy,
the ratio of the spin, and the orbital moments in nano-sized systems perturbed from their
magnetic ground state. We investigate one monolayer thick films of Co, Fe, and FePt.

Two types of the perturbation are studied. First, the collinear spin structure is rotated
continuously between the easy and hard axes. Second, the non-collinear spin structures are
considered varying in both the angles between spin moments and the direction of the net
magnetization. In agreement with the experiment we obtain a variety of behaviours. We show
that the magnetic anisotropy energy can both increase and decrease with increasing magnetic
disorder. The type of behaviour depends on the variation of the electronic structure with
increasing angles between atomic moments. We obtain the effect of band narrowing
accompanying the spin disorder that correlates with the band narrowing obtained
experimentally in a laser irradiated system. In agreement with this experiment we show that
the ratio of the spin and orbital moments can both remain unchanged and vary strongly.

We analyse the applicability of Bruno’s picture, which suggests proportionality between
magnetic-anisotropy energy and orbital moment anisotropy for non-collinear spin
configurations. We study the non-collinearity of the atomic spin and orbital moments and
demonstrate that the response of the orbital moments to the variation of the spin structure can

be unexpected and spectacular.
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1. Introduction

Orbital magnetism is a fundamental property of magnetic
materials. There are many aspects of modern research that
make necessary further advances in the understanding of
orbital magnetism. To mention just a few of these factors;
first, in the nano-scaled systems that are the focus of modern
physics and technology, the atomic orbital moments are
strongly enhanced [1-3]. Second, the modern methods of
x-ray magnetic circular dichroism spectroscopy (XMCDS) are
able to disentangle spin and orbital moments [4-6], which
opens up an avenue for a deeper insight into the microscopic
properties of magnetic materials. Third, in the ultra-fast
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processes studied within pump-probe experiments, orbital
magnetism plays an important role as a possible channel of
angular-momentum dissipation [7]. We should also mention
a widely recognized connection between orbital magnetism
and magnetic anisotropy, which is the property of the highest
practical importance for all types of magnetic devices [5, 8].

In this paper we report a first-principles study of the
relation between the spin and the orbital magnetism in
the excited states of a number of nano-scaled materials.
A typical first-principles study of orbital magnetism is
restricted to an evaluation of the orbital moments for the
ferromagnetic configurations of atomic spins directed parallel
to one of the high symmetry crystallographic axes [9-14].
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This is clearly insufficient to address the questions raised
by finite-temperature experiments or experiments on laser-
irradiated samples. For instance, one of the most challenging
problems of the magnetism of itinerant-electron systems is the
understanding of the diversity of the temperature dependence
of magnetic anisotropy [15-18]. The experiments show the
possibility of both an increase and decrease in magnetic
anisotropy with increasing temperature, whereas the expected
behaviour is a decrease [19].

An interesting example of a modern study of the
relation between spin and orbital magnetism is the pump-
probe experiment of Boeglin et al [6] with the use of
XMCDS to probe the system excited by an ultra-short optical
pulse. Boeglin’s et al measurements gave a significant time
dependence of the ratio m,,/m;, of the projections of the
orbital and spin moments of Co atoms on the normal of a
CoPd film during the relaxation process after laser irradiation.
On this basis the authors draw their conclusion about the
separate dynamics of spin and orbital moments. There is
one important aspect that must be investigated before such
a conclusion can be drawn: Does the time dependence of
the ratio m,,/m,, necessarily mean that the orbital moment
constitutes an additional degree of freedom, or that this
dependence may be the consequence of a change in the spin
structure? We remark that the ratio of the spin and orbital
moments was addressed in a number of other experiments and
revealed a variety of behaviours [20-23]. The first-principles
study of the dependence of the ratio m,,/mg, on the variation
of the spin structure was never performed.

The aim of this paper is to gain a deeper insight into
the relation between spin and orbital magnetism by means
of the consideration of the systems perturbed from their
magnetic ground state. In the first-principles calculations
we employ the augmented spherical wave (ASW) method
generalized for the case of non-collinear magnetic structures
and taking into account the spin—orbit coupling (SOC) [25].
The first results of our work in this direction were briefly
presented in a recent publication [24]. In the given paper
we extend and deepen our study. We begin with a discussion
of the microscopic mechanism of the formation of the orbital
moment. This lays the foundation for an analysis of the
results of the calculations. Then we deal with collinear spin
configurations that assume different directions with respect to
crystallographic axes. Next, we study the properties of the
orbital moments in non-collinear spin configurations. For
constrained spin configurations we perform a self-consistent
calculation of the electronic structure and evaluate the values
and directions of the atomic orbital moments that, in general,
are non-collinear to the corresponding atomic spin moments.

2. Calculational approach

Our study is based on the first-principles calculations within the
framework of the density functional theory (DFT). In the DFT
calculations the specification of the magnetic state is usually
made by the information on the directions of the atomic spin
moments, whereas the atomic orbital moments appear to be
determined by the spin structure. In our calculations the atomic

spin and orbital moments are considered as 3D quantities [25]
calculated as:
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where oy, 0,0, are the Pauli matrices, le, fy, l; are the
operators of the components of the orbital angular momentum,
n is the band index and the integration carried out over the ith
atomic sphere, v are the spinor wave functions, and ¢ the
energies of the electron states. Energy parameter E governs the
filling of the electronic bands. The actual value of the moment
corresponds to E equal to the Fermi energy. By varying E
one can study the effects of different band filling. Local spin
density approximation (LSDA) to the exchange-correlation
functional [26] was used. For each spin configuration a self-
consistent calculation was performed for one orientation of the
spin moments with respect to the crystallographic axes. The
potentials thus obtained were used to evaluate the band energies
of various orientations of this spin configuration with respect
to the crystallographic axes and, in this way, to estimate the
magnetic anisotropy energy.

The ASW method uses an atomic basis set that employs
the spherical harmonics for a description of the angular
dependencies. For the projection of the orbital moment on
axis 7, used in the definition of the spherical harmonics as a
polar axis, one obtains a very useful and physically transparent
expression':

Moy = E mnye =
mo

where n,,, is the occupation number for the atomic orbital with
magnetic quantum number m and spin projection o.

In this paper, we will devote our attention to the relation
between magnetic anisotropy energy (MAE) and orbital
moment anisotropy (OMA) defined as:

Z m(nma - n(—m)a) (3)

(m>0),0

OMA = m,([001]) — m,([100]),
MAE = Eo([001]) — Eioi([100]) “

The z axis we will always choose to be parallel to the normal
of the film. Correspondingly, the x axis is always parallel to
the plane of the film. In equation (4), Ey is the total energy
of the system.

In the case of Co and Fe films the calculations were
performed for square lattices with lattice parameters 2.616 A,
and 2.729 A. For the unsupported FePt film, two atomic
layers of the L1 structure were considered with parameters
(a =3.86A,c = 3.71 A). A typical k mesh size was 120 x 120
in the 2D Brillouin zone for the unit cells with two magnetic
atoms.

! In equation (3) it is assumed that only the d states contribute significantly
to the orbital moment. A general formula contains additionally the sum over
quantum number /.
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Figure 1. Energy dependence of the occupation numbers 7,,, for
IML Co film. The arrows show the spin projection, and the
numbers give magnetic quantum number m. Panels (a) and (b)
correspond to the ferromagnetic spin moments parallel to the z axis,
panels (c¢) and (d) to the spin moments parallel to the x axis.

3. Collinear spin configurations

3.1. Formation of the orbital moment

3.1.1. 1ML Co and Fe films. The formation of the atomic
orbital moments has substantial specific features in pure 3d
elements and in the binary systems formed from both 3d and
4d/5d elements. We will start with the consideration of the Co
film. In figure 1 we show the occupation numbers of the 3d
orbitals with the given m and spin projection o as a function
of the upper energy of the band filling. £ = 0 in the graph
corresponds to the actual position of the Fermi level. The
filling of the spin-up orbitals takes place at lower energies than
the filling of the spin-down orbitals. This is the consequence
of the spin splitting caused by the exchange interaction. In
the absence of the SOC, n_,, = n,, and the orbital moment is
zero. The SOC lifts the degeneracy with respect to the sign of m
resulting in the formation of the orbital moment. For the spin-
up states the curve of the occupation of the negative-m orbitals
lies above the corresponding positive-m curve (figure 1). This
behaviour is anticipated since, for spin-up states, the on-site
SOC term aziz tends to move the negative-m orbitals to lower
energies and the positive-m orbitals to higher energies. For
spin-down states the trend in the m splitting is opposite.
The orbital moment (equation (2)) as a function of the
band filling is shown in figure 2. In agreement with n,,,
dependences (figure 1) the filling of the spin-up orbitals gives a
negative orbital moment, whose absolute value increases first,
reaches a maximum, and starts to decrease. When all spin-up
3d orbitals are occupied, the corresponding contribution to the
orbital moment becomes zero. The filling of the spin-down
orbitals gives a positive orbital moment. As the spin-down
orbitals are partially filled the compensation of the positive
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Figure 2. The atomic orbital moment of the IML Co film as the
function of the upper energy of the band filling. (a) the
ferromagnetic spin structure parallel to the z axis, (b) the
ferromagnetic spin structure parallel to the x axis. The broken
curves give the partial spin contributions, the solid curves present
the total value of the orbital moment.

and negative m at the Fermi level (E = 0) does not take place
and the system has a positive orbital moment in agreement with
Hund’s third rule.

Since the orbital moment results from the energy shifts
of the electron states there is a relation between the orbital
moment and the modification of the energy of the system due
to the SOC. This is the physical basis of Bruno’s formula [8]:

MAE ~ _4i0MA 5)

KB

The origin of the anisotropy of the orbital moment is seen
from the analysis of the occupation numbers n,,, for the spin
configurations parallel to the z and x axes (figure 1). The
general structure of the curves shown in figures 1(a)—(d) is the
same. However, in detail the curves are different. This is the
result of the structural anisotropy of the system. Consequently,
the curves of the orbital moment as a function of the upper
filling energy are different (figure 2).

It is instructive to compare both quantities, MAE and
OMA, as the functions of band filling (figure 3). In the small-
n region of the initial filling of the spin up states, the signs
of the MAE and OMA are expected to be the same, since
here the orbitals with negative m are predominantly occupied.
Indeed there is a clear similarity to the MAE and OMA curves
in the interval of n between 0 and 4. In the region of the
filling of the spin-down states (n above 6), MAE and OMA
have opposite signs, as is reflected in Bruno’s relation. In the
intermediate region (4 < n < 6) the two curves have very
different behaviour. By scaling the OMA curve we can get the
gut coincidence of the MAE(n) and OMA(n) in the intervals
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Figure 3. OMA and MAE of 1ML Co film as functions of the
electron number. (a) OMA; (b) MAE; (¢) comparison of the OMA
and MAE curves. The OMA curve is scaled to reach the best
agreement with the MAE curve in the low-n region; (d) comparison
of the OMA and MAE curves. The OMA curve is scaled to reach
the best agreement with the MAE curve in the large-n region.

The ratio of the scaling parameters &, /&, = 1.7.

of n from O to 4 (figure 3(c)) and from 8 to 10 (figure 3(d)).
However, the scaling factor in the [0,4] interval is 1.7 times
larger then in the [8,10] interval. This shows that the spatial
derivative of the electronic potential contained in the first-
principles formula of the SOC [25] acts with different effective
strength in different parts of the electronic spectrum.

We performed similar calculations for the IML Fe film.
The results for the Fe film are qualitatively similar to those
shown in figures 1-3 for the Co film and we do not present them.

3.1.2. 1ML FePt film.  Figure 4 shows the n,,,(E)
dependencies for both the Fe and Pt atoms for the
ferromagnetic spin configuration parallel to the z axis. The
properties of the curves for the Fe atom in FePt are in many
respects similar to the corresponding curves for the Co atom
in the Co film (figure 1).

The important difference between the Pt 5d and Fe 3d
dependencies is the weak spin splitting of the Pt 5d states. This
splitting is much smaller than the width of the Pt 5d bands. As
aresult, the four curves in figures 4(b) and (d) are not separated
in energy into two pairs as the Fe 3d states are, but form one
bunch of four lines. The energy interval of the variation of
the number of the d electrons from 0 to saturation spreads
from about —0.4 Ry to about 0.05 Ry for both Fe and Pt. The
common energy interval reflects the hybridization of the Fe 3d
and Pt 5d states.

For the Fe 3d states the hybridization with the Pt states
leads to an important effect absent in the pure Co and Fe films:
The reversal of the relative positions of them = 1 andm = —1
curves (figure 4(c)). This reversal takes place for both spin
channels: For the spin-up states the m = 1 orbitals become
more strongly occupied than the m = —1 orbitals, whereas for

1®

FePt fil
T &
L (2)
o I y
QE 0.5 B _2//2 P
L J
0 : T
i (b) -2* ZA
o |
2 J24
= 0.5 )
L // ’_2&
W
Ll ‘ Ll ‘
0-0.4 02 0 -04 -02 O 0
E(Ry) E(Ry)

Figure 4. Energy dependence of the occupation numbers n,,, for Fe
(panels (a) and (c)) and Pt (panels (b) and (d)) atoms in the 1ML
FePt film. The ferromagnetic spin structure is parallel to the z axis.
The arrows show the direction of the spin projection, and the
numbers give the values of magnetic quantum number m. Panel ( f)
shows the differences (1, — n_;,) for the spin-up and spin-down
Fe orbitals in energy intervals from —0.35 Ry to —0.27 Ry.

the spin-down states the m = —1 orbitals are more strongly
occupied than the m = 1 orbitals. In figure 4(f) we show
the occupation differences (n; — n_;). Opposite to the trend
governed by the on-site SOC and Hund’s third rule, the spin-up
difference curve has a positive sign and the spin-down curve
has a negative sign. This is the result of the hybridization of
the Fe 3d states with the m polarized Pt 5d states. Thus we
deal with the £m polarization of the Fe states induced by the
SOC on the neighboring atoms, which cannot be described in
terms of Hund’s rule. The effect of the anomalous reversal of
the occupations increases if we perform the calculation with
the SOC present on the Pt site only (not shown). On the other
hand, the effect disappears if only the Fe SOC is taken into
account. This proves that the interatomic hybridization is the
origin of the effect.

Also, in the dependence of the value of the orbital moment
on the band filling we obtain anomalous behaviour (figure 5).
For the spin-up Fe 3d orbitals in the spin structure parallel to
the z axis (figure 5(a)), there are two energy regions where the
contribution to the orbital moment is positive: From —0.41 Ry
to —0.29 Ry and, from —0.12Ry to —0.09 Ry. For the spin-
down orbitals there is one anomalous energy interval from
—0.4Ry to —0.22 Ry. For the spin structure parallel to the x
axis (figure 5(c)) the anomalies become even more developed.

The anisotropy of the anomalous behaviour is reflected in
another remarkable feature of the n,(E) curve that is present
only for the spin configuration parallel to the x axis. This is the
local minimum of the spin-down contribution to the Fe orbital
moment lying directly at the Fermi level (see figure 5(c) and
insert in this figure). To reveal the origin of this feature we
performed an analysis of the m and the spin resolved Fe 3d
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Figure 5. Orbital moments of Fe (panels (a) and (¢)) and Pt (panels
(b) and (d)) in a IML FePt film as functions of the upper filling
energy. Panels (a) and (b) show the case of the ferromagnetic
structure parallel to the z axis, panels (¢) and (d) correspond to the
ferromagnetic structure parallel to the x axis. The insert in panel (c)
zooms in on the Fermi-energy region. The shown intervals are
(—0.03 Ry, 0.02 Ry) for the abscissa axis and (—0.02 ug, 0.035 up)
for the ordinate axis. The broken curves show partial spin
contributions. The arrows give the direction of the spin projection.
The solid curves show the total value of the orbital moment.
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Figure 6. The spin-down Fe 3d DOS form = —1 andm = 1. As s
commonly adopted, the spin-down DOS is shown below the
abscissa axis. (@) SOC in both Fe and Pt; () SOC in Pt atoms only;
(c) SOC in Fe atoms only.

density of states (DOS). For the spin structure parallel to the
x axis we indeed found an anomalous behaviour of the DOS
in the region of the Fermi energy (figure 6) consisting of a
sharp dominating peak of m = —1 DOS located just below the
Fermi energy E , followed by the energy region above E y with
a dominating m = 1 DOS. We characterize this feature as an
anomaly in the same sense as above in order to emphasize that
it cannot originate in the on-site Fe SOC. If the SOC in the Fe
atoms is switched off, the properties of the DOS change weakly
(figure 6(b)). On the other hand if the Pt SOC is switched off
the anomaly disappears (figure 6(c)).

3.2. Rotation of the collinear magnetic configuration

3.2.1. Co and Fe films. Next we consider the properties of
the Co and Fe films with the ferromagnetic spin moments

Fe and Co 1ML film
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Figure 7. The 9, dependence of the calculated quantities for Fe and
Co films. (@) Components and modulus of the Co orbital moment;
(b) components and modulus of the Fe orbital moment; (c) angle 6,
giving the direction of the orbital moments for both films;

(d) energy for both films.

assuming the directions that are intermediate between the z
and x axes. The direction of the spins is specified by the angle
0, counted clockwise from the z axis. Figure 7 shows the 6
dependencies of the components and the modulus of the orbital
moment of the Co (panel (a)) and Fe (panel (b)) atoms, of the
direction of the orbital moment 6, (panel (¢)) and of the energy
(panel (d)).

We notice that the 6; dependence of the projections of
the orbital moment (figure 7(a)) is well-described by simple
expressions:

mox(es) = M,, sin(@s), moz(es) = Moz COS(05)~

In the case of Co, the amplitudes M,,,M,, are different.
This difference determines the OMA. In the case of Fe the
OMA is weak. The anisotropy of the orbital moment correlates
with the non-collinearity of the spin and orbital moments
(figure 7(c)) as discussed in [24].

The absolute value of the spin moment depends weakly
on 6; and the spin projections are well-described by the
expressions:

my, (05) = My sin(0y), my(05) = M cos(6y).

This is a common property of the spin moments in the
collinear spin configurations of all the systems studied. The
simple functional form of the projections of both the spin and
orbital moments as functions of 6, leads to the 6;-independent
ratios m,, /mg, and m,, /my,. In section 4.2.1 we will compare
the ratios for different systems.

3.22. FePt film. 1In figure 8 we show the calculated 6
dependence of the properties of the FePt film. In sharp contrast
to the Co and Fe films we obtained a negative m,, projection
of the Fe orbital moment for all the values of 6;. Besides
the difference in sign, the curve m,, (6;) is also different in
shape, strongly deviating from a simple sine function. Above
0, ~ 50° the value of m,, of Fe becomes almost independent
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Figure 8. The 6, dependence of the calculated quantities for the
FePt film. (a) angle 6, gives the directions of the orbital moments of
the Fe and Pt atoms, the dashed, sloping straight line shows the line
6, = 6y; (b) components and absolute values of the Fe and Pt orbital
moments; (¢) energy.

of 6. This leads to a very peculiar 6;-dependence of the ratio
M,y /Mgy, Which is very different from the 6;-independent ratio
m,,/my; of the z projections (see figure 18(a)). Therefore,
even for simple collinear configurations, the behaviour of the
ratio of the projections of the atomic orbital and spin moments
can be highly non-trivial.

The negative m,, projection leads to the property that the
angle between the spin and orbital moments of the Fe atoms
increases continuously from 0° for a spin moment parallel to
the z axis, 6; = 0°, to 180° for a spin moment parallel to the x
axis, 0; = 90° (figure 8(a)). For the intermediate 6, values, the
inducing spin moment and the induced orbital moment become
orthogonal to each other. Obviously, all the peculiar properties
of the x projection are related to each other and have the same
physical origin: The influence of the Pt SOC. Below we will
show that for non-collinear spin configurations the properties
of the Fe orbital moments in a FePt film become even more
spectacular.

4. Noncollinear magnetic configurations

To introduce non-collinear spin configurations we double the
volume of the unit cell compared to the calculations for
the collinear spin configurations reported above. Then we
study the SOC-governed properties as a function of the angle
between two atomic spins in the increased unit cell. The non-
collinear configurations are characterized by two angles: Oy
and Oyper. Gner gives the direction of the net spin magnetization,
Ointer 15 the angle between the two atomic spins (figure 9). To
study the anisotropy properties for a given non-collinear spin
configuration we vary 6, keeping iy, fixed. To study the
trends related to the increasing angle between spin moments
we consider different 6, .

4.1. Variation 0, for fixed O;yter

As above, we begin with the consideration of the Co film.
The calculations for the non-collinear spin configurations with

Figure 9. Definition of the first and second atoms and the angles 6,
and 6, in the non-collinear spin configurations.

o

IML Co film 6. ~61
inter

0.4

_04 I I I I I I I I
-180

net

Figure 10. The projections of the orbital moments of two Co atoms
in a IML Co film as a function of the 6, angle. The angle between
the spins of the atoms 6y, has a fixed value of ~61°. The broken
lines show the z projections, the solid lines show the x projections.
The red curves correspond to Co; and the blue curves correspond to
C02.

a given Oy give weak dependence of the spin moments on
Onet- In figure 10 we show the calculated projections of the
orbital moments for Oy ~ 61°. The disadvantage of the
plot of the projections as a function of 6, is the fact that
bhet, as an average angle, does not give the directions of
the spin moments of individual atoms. This complicates the
comparison of the curves obtained for different 6;,., and the
conclusions about relative directions of the atomic spin and
orbital moments. It is convenient to redraw the figure using
the spin directions 6, of the atomic moments as the abscissa
variable. This is done in figure 11(a), which was obtained
from figure 10 by the shift of the projections of the orbital
moment of Co; to the right by 6iy;/2 and of the projections
of Co; to the left by the same value. After these shifts the
curves of both atoms practically coincide with each other and
are very close to the corresponding curves for the collinear
Co configuration (figure 7). This means that the Co-orbital
moments in the non-collinear configuration depend weakly on
the spin configuration of the neighboring atoms and are largely
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Figure 11. Projections of the orbital moments as functions of 6;.

(a) Co film. The angle between spins of the atoms O, has a fixed
value of ~61°. The curves are obtained from those presented in
figure 10 by the shift along the abscissa axis. The black
dashed—dotted curves show the 6; dependences of the orbital
moment projections for the collinear ferromagnetic structure.

(b) The same as in panel (a) but for the Fe film. The angle between
the spin moments of the Fe; and Fe, atoms is ~74°. (c) The same as
in panels (a) and (b) but for the Fe atoms in the FePt film. The angle
between the spin moments of the Fe; and Fe, atoms is ~76°.

determined by the direction of the corresponding atomic spin
with respect to the atomic lattice. This result can be considered
as a basis for the treatment of the magnetic anisotropy of a
system in terms of single-site anisotropy with a temperature-
independent anisotropy constant. Such an assumption is often
used in model-Hamiltonian studies. As is shown below, other
considered systems do not favor such simplified treatment.
Figure 11(b) shows the results of the calculations for the
Fe film. The difference with the corresponding curves for the
Co film is clearly seen. If the z components for both the Fe
atoms are rather close to each other and similar to the curve
obtained for the ferromagnetic configuration, the x projections
are strongly shifted with respect to each other and have a much
larger amplitude than the amplitude of m,, (6;) obtained for the
collinear spin configuration (figure 7). The relative shift of the
x projections means that the direction of the orbital moment
of a given Fe atom depends on the orientations of the spins
of the neighboring atoms. The increased amplitude of the x
component compared to the collinear configuration suggests

@ ©

Figure 12. Angle between atomic orbital and spin moments 6, — 6,
as a function of the direction of the spin moment. (a) Co film.

The angle 6, between the spins of the Co; and Co, atoms has a
fixed value of ~61°. A black dashed-dotted curve shows the 6, — 6,
for the collinear ferromagnetic structure. (b) The same as in panel
(a) but for the Fe film. The angle between the spin moments of the
Fe, and Fe, atoms is ~74°. (c) The same as in panels (a) and (b) but
for the Fe atoms in the FePt film. The angle between the spin
moments of the Fe; and Fe, atoms is ~76°.

that the change in the electronic structure, that is caused by the
non-collinearity of the spins, has an important influence on the
absolute value of the orbital moment.

Also, in the case of FePt we obtained a strong difference in
the properties of the z and x projections of the orbital moments
(figure 11(c)). If m, (6s) functions for both the Fe atoms
are close to each other and to the one for the ferromagnetic
configuration, the three m,,(6;) curves are greatly different
from each other.

The different behaviour of the projections of the orbital
moments presented in figure 11 results in different properties
of the angles between the spin and orbital moments for
the three systems. These angles are accessible in modern
experiments and the theoretical demonstration of their different
behaviour in different systems should be the motivation for the
corresponding experimental studies. In figure 12 we show
6, — 6, as a function of 6 for the two atoms in the non-
collinear configurations and for the atom in the ferromagnetic
structure. In the case of Co (figure 12(a)), all three curves
are rather similar, which shows again that for this system the
non-collinearity of the magnetic structure leads to a moderate
influence on the relative directions of the atomic spin and
orbital moments. For the Fe film the difference between the
three curves is large (figure 12(b)). Here the maximal deviation
of the orbital moment from the spin moment is obtained for
6, that is close to zero. This means that when the spin of the
atom is parallel to the z axis the orbital moment deviates by an
angle of ~28°. For the collinear ferromagnetic configuration,
by symmetry, 6, — 6, = 0° for 6, = 0°.

In FePt, the properties of 6, — 6, become even more
peculiar (figure 12(c)). When a spin moment of Fe; is parallel
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Figure 13. The dependence of the Co spin and orbital moments in
the IML Co film on the angle O,. (a) Calculations for 6,¢, = 0;
(b) calculations for 6., = 90°. The spin moment as a function of
Ointer 18 presented only once in panel (b). The x and y projections of
the orbital moment are labelled x and y; |m| labels the absolute
value of the orbital moment. The dashed line labelled |m(90)| in
panel (a) copies the modulus line from panel (b).

to the z axis (6, = 0°), its orbital moment deviates to the
left by a large angle of about 30°. With increasing 6, the
angle between the two atomic moments quickly decreases.
At 6; ~ 13° the moments become parallel. With a further
increase of 0;, the orbital moment deviates to the right from
the spin moment, reaching a maximum of ~60° at §; ~ 32°
and monotonously decreasing to ~30° at 6, = 90°. The
orbital moment of the Fe, atom at §; = 0° deviates from
the spin moment to the right by ~30°. This deviation first
increases slightly and then monotonously decreases, changing
sign and reaching a negative value of about —30° at 6, =
90°. Both the curves obtained for the non-collinear structure
are principally different from the curve obtained for the
ferromagnetic configuration.

4.2. Variation of the angle between spin moments

To reduce the amount of graphical materials we will present
the 6iner dependencies only for 8, = 0° and 6, = 90°. One
advantage of these 6, values is an increased symmetry of the
system, leading to the equivalence of the two 3d atoms. In
figure 13, we show the dependence of the Co spin and orbital
moments on Gy Since the value of the spin moment depends
very weakly on 6,;, we present its value only in panel (b). For
Ohet = 0° (panel (a)) the dependence of the z projection of the
orbital moment is well described by a simple cosine function.
However, the functional dependence of m,, deviates far from
a simple sine form. With increasing O, the x projection
strongly increases, reaching at ;. = 180° a large value of
0.93 up to be compared to a moderate value of 0.18 up at
Ointer = 0°.

It is instructive to discuss the origin of the obtained
strong enhancement of the atomic orbital moment. The
calculations of the electronic structure for the configuration
with Oy = 180° show a strong narrowing of the 3d bands
compared to the ferromagnetic structure with 6, = 0° (not
shown). We remark that the narrowing of the electron bands
in an excited ferromagnet was detected in a pump-probe

IML Co 6,,, =180 ¢ 0.02

) ! 1
) 0

E(Ry)

Figure 14. Projections of the Co orbital moment in IML Co film for
the anti ferromagnetic configuration of the spin moments.

(a) Bnet = 0°; (b) bher = 90°. The dashed curves show partial spin
contributions, the solid curves show the total value of the orbital
moment. In the inserts are the fragments of the DOS for |m| = 1,
demonstrating the reason for the formation of an enhanced orbital
moment.

experiment [27]. Since the narrow bands lay close to the Fermi
energy, the SOC can lead to a stronger imbalance between the
occupation of the m and —m orbitals than for configurations
with a small Oiye;. As shown in figure 14(a), this is exactly
what happens in the case of the configuration with Oy, = 180°
and Gy, = 0°. The SOC leads to the splitting of the peak of
the states with m = 1 and m = —1 into two separate peaks.
The peak with m = 1 is almost completely occupied, whereas
the peak with m = —1 is almost empty. This strong +m
polarization results in a large orbital moment.

For 6,y = 90°, the increase in the magnitude of the
orbital moment with an increase in 6., is much weaker. This
is explained by the stronger hybridization of the m and —m
orbitals, resulting in a smaller effect of the SOC.

In figure 15 we compare the 6., dependences of the
OMA and MAE for the Co and Fe films. There are a number
of important differences between the two systems. First, for
the Co film the OMA and MAE dependences can be scaled
to coincide within a wide Oy, interval. This supports the
applicability of the Bruno picture for magnetically excited
states. For Fe this is not possible since the small negative
OMA value for the ferromagnetic configuration (fiper = 0° in
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Figure 15. The OMA and MAE as functions of 6., for a IML Co
film (panel (a)) and a IML Fe film (panel (b)).

figure 15(b)) does not correspond in sign to the MAE value.
Second, the derivatives of the MAE as a function of 6y, In
the region of small Oy, have the same sing for both Co and
Fe. However, the initial MAE values are of the opposite sign.
As the result, in Co the MAE decreases with increasing Giyer,
whereas in Fe it increases. This result is in direct correlation
with the observation of different temperature trends in the
variation of the MAE.

Turning to the discussion of the FePt film we notice that
the Fe spin moment remains practically unchanged with the
variation from the ferromagnetic spin configuration 8jpee; = 0°
to the anti ferromagnetic spin configuration 0, = 180° (see
figure 16(a)). On the other hand, the induced Pt spin moment
decreases monotonously with increasing 8y;. The behaviour
of the orbital moments is very different. On the basis of the
study of the collinear configurations we expect the competition
of the influences of the Fe SOC and Pt SOC. Since the Pt spin
moment decreases with increasing Oy, the influence of the
Pt SOC should also decrease. The details of the competition
depend on the value of 6.

For 6,.; = 0° the absolute values of both the Fe and Pt
orbital moments decrease with increasing iy (figures 16(b)
and (¢)). In this case the SOC in Fe has a stronger impact than
the SOC in Pt: First, in the main part of the interval of the 6,
variation the absolute value of the Fe orbital moment is larger
than the absolute value of the Pt orbital moment and, second,
the x projection of the Fe moment is positive and corresponds
to the sign expected on the basis of Hund’s 3rd rule, whereas
the sign of the x projection of the Pt orbital moment is negative
and must be induced by the Fe SOC.

For 0per = 90° (figures 16(d) and (e)), at small Oy, the
SOC of Pt clearly wins the competition. At yer = 0°, the
value of the Pt orbital moment is much larger than the value of
the Fe orbital moment. The negative value of the x projection
of the Fe orbital moment reveals that the contribution coming
through the hybridization with the Pt states is larger than the
contribution of the on-site Fe SOC. With increasing 6y, the
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Figure 16. The dependence of the spin and orbital moments of Fe
and Pt in a IML FePt film on the angle ;. (a) Spin moments, Pt
moments are multiplied by factor 10; (b) Fe, calculation for

Ot = 05 (¢) Pt, calculation for 6,.; = 0; (d) Fe, calculation for

Onet = 90°; (e) Pt, calculation for 8, = 90°. The projections of the
orbital moment are labelled with xa, and ya,, where At is either Fe
or Pt; |my,| labels the absolute value of the orbital moment. The
dotted—dashed line in panel (d) labelled |mg. (0)| copies the modulus
line from panel (b). The dotted-dashed line in panel (e) labelled
|mp(0)| copies the modulus line from panel (¢). The comparison of
the |ma(| and |ma.(0)| lines gives the dependence of the OMA

on 91nler~

negative x component of the Fe moment decreases in absolute
value and changes sign at Oy, of about 110°. Thus, there is
a clear trend of the transition from the leading role of the Pt
orbital magnetism at Oy.; = 0° to the opposite for larger ;e

The OMA for Fe and Pt is determined by the differences
in the pairs of the curves labelled |ma¢(0)| and |ma¢| in
figures 16(d) and (e). Here, At is either Fe or Pt. These
differences are presented in figure 17(a). Both functions
are monotonous in the whole interval of the variation of
Ointer- They decrease in absolute value with an increasing
Ointer, Cross the abscissa axis, and increase in absolute value
again. The functions are, however, opposite in sign. The
MAE as a function of 6Oy, is presented in figure 17(b).
It is positive at a small 6, changes sign at about 90°,
goes through a minimum, and increases again. This non-
monotonous behaviour reflects the changes in the competition
between the SOC Fe and SOC Pt. At the beginning of the
Oineer interval, the sign of the MAE corresponds to the sign
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Figure 17. (@) The OMA of Fe and Pt atoms in 1ML FePt film as a
function of 6;,,;. (b) The MAE of the 1ML FePt film as a function
of Qimer-

of the OMA of Pt; at the end of the interval it corresponds
to the sign of the OMA of Fe. The violation of the simple
relation (equation (5)) between the MAE and OMA due to the
interatomic hybridization was first reported by Anderson et al
[28] in their study of Au/Co/Au trilayers.

4.2.1. Ratio of the components of the orbital and spin
moments. As mentioned in the Introduction, the modern
methods of XMCDS provide element-specific information
on the projections of atomic spin and orbital moments.
The experimental studies have shown that the ratio of the
components of the orbital and spin moments of a given type of
atom can both remain almost unchanged and vary strongly in
their magnetically excited states. Boeglin et al [6] obtained a
considerable variation of the ratio and suggested treating this
property as a signature of the separate dynamics of the spin
and orbital moments. Figure 18 shows the dependences for
the systems studied in this paper that show a strong variation
in behaviour. Therefore, the variation of the ratio of the orbital
and spin moments does not give a basis for the treatment of the
orbital moment as a separate degree of freedom. The change
in spin structure leads to the modification of the electronic
structure, and as a result to a change in the orbital moments
that, in general, has a complex non-trivial form and does not
conserve the ratio of the components of the moments.

5. Conclusions

The presently available experimental data on the SOC-
governed properties provide a rich and controversial picture.
Thus, the magnetic anisotropy energy, depending on the
material, can both increase and decrease, although the expected
behaviour is a decrease. Also, the ratio of the projections
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Figure 18. The angular dependence of the ratios of the components
of the orbital and spin moments. (a) Dependence on 6, for Fe atoms
in the FePt film. The spin configuration is ferromagnetic.

(b) Dependence on 6y, for Co atoms in the Co film.

(c) Dependence on 8, for Fe atoms in the Fe film. (d) Dependence
on Oy, for Fe atoms in the FePt film. All the curves are scaled to
facilitate the comparison.

of the spin and orbital moments measured as a function of
temperature in slowly heated systems, or as a function of time
in laser irradiated systems, changes, depending on the material,
from almost constant to varying strongly. This variety of
properties cannot be understood without a profound knowledge
of the relation between spin and orbital magnetism in excited
states of magnetic materials.

In this paper we report the first-principles study of the
relation between spin and orbital magnetism in 1ML films of
Co, Fe and FePt. We consider two types of perturbation of the
ground-state spin structure. First, the collinear spin structure is
continuously rotated between the easy and hard magnetization
axes. Second, the collinear ground-state structure is replaced
by non-collinear spin configurations with different angles
between the atomic spin moments and the different directions
of the net magnetization. In all the cases we calculate
the directions and values of the atomic orbital moments,
the magnetic anisotropy energy, the ratio of the projections
of the spin and orbital moments, and relate them to the
corresponding spin structure.

One important result from our study is the diversity of
the obtained behaviour. In correlation with the experiment,
we found that the dependence of the magnetic anisotropy and
the ratio of the projections of the spin and orbital moments on
spin disordering are principally different in different systems.
We trace the origin of the diversity of properties to the charac-
teristics of the electronic structure. Some calculated features
are common for all the systems studied. For instance, the on-
site SOC in the magnetic atoms produces a trend to the earlier
filling of the atomic spin-up orbitals with negative magnetic
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quantum numbers m compared to the orbitals with positive m.
For the spin-down orbitals the trend is the opposite. This trend
is closely connected with Hund’s 3rd rule and Bruno’s model
suggesting a simple relation between OMA and MAE. On the
other hand the influence of the SOC on the neighboring atoms
transferred through interatomic hybridization varies strongly
from material to material and is the origin of various anomalies
such as violation of Hund’s 3rd rule and the failure of Bruno’s
model. Our study of the magnetic anisotropy shows that the
concept of temperature independent magnetic anisotropy con-
stants fails in many systems.

One important aspect of spin-disordering is the change
in electronic structure. Since the spin non-collinearity directly
influences the exchange interactions in the systems, the change
in electronic structure is stronger than the influence of the
SOC and cannot be neglected. In particular, we obtained a
trend of the narrowing of the energy bands in the region of
the Fermi energy. This result correlates with the experimental
observation of the band narrowing in a laser irradiated system.

Despite the importance of the temperature dependence
of the magnetic anisotropy for both fundamental physics
and applications, little is being done in this direction within
the framework of the first-principles calculations. A rare
exception is the work by Staunton er al [18,29,30]. It
is worth relating this work to the approach used in this
paper. The disordered local moment (DLM) method employed
by Staunton er al uses the directions of the atomic spin
moments as independent variables and performs statistical
mechanics averaging over the ensemble of non-collinear spin
configurations. The calculations are based on the single-cite
coherent potential approximation (CPA) approach that reduces
to the determination of the probability function for the direction
of a selected atomic spin in an effective-medium environment.
The probability function and the parameters of the effective
medium are temperature dependent. The application of this
method provided a number of interesting results such as a non-
trivial power dependence of the magnetic anisotropy energy of
bulk FePt and FePd as a function of the average magnetization

[18,29] and a non-monotonous temperature dependence of
the magnetic anisotropy of the Co films on Cu(100) [30].
Although the calculations by Staunton et al are fully relativistic
and include in principle the orbital magnetism, the orbital
moments were not evaluated. The single-site approximation in
the averaging procedure is a rather strong simplification of the
physical picture, whose influence on the quantitative accuracy
of the calculated physical properties is not easy to estimate.
In this respect, the single-site CPA method used by Staunton
et al and the approach used in this paper can be considered as
complementary. Combining the properties of both approaches
within one calculational scheme would be an advantage. Thus,
the consideration of non-local effects within the non-local CPA
approach [31] can provide a better account for the properties of
individual spin configurations. On the other hand, the increase
in the number of the non-collinear spin configurations studied
and the statistical-mechanics averaging over them is one way
of making the qualitative study in this work more quantitative.
We hope that the present work will stimulate further advances
in the first-principles studies of the magnetic anisotropy in
systems disturbed from the ground state.

In general, we demonstrate that the response of the
orbital moments on the excitation of the spin structure can
vary from the rather simple and anticipated, to the very
complex and unexpected. We show that behind this variety
of behaviour lies a complex interplay of the properties of the
electronic structure that cannot be revealed without detailed
first-principles calculations.
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