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We report first-principles study of the orbital magnetism and magnetic anisotropy energy (MAE) in ultrathin
films of Fe, Co, and FePt disturbed from the ferromagnetic ground state. The deviation of ferromagnetic spin
configurations from the easy axis leads to the noncollinearity of the spin and orbital moments. In Fe and Co, this
noncollinearity correlates with the magnitude of MAE. In contrast, in FePt a complex interplay of competing
processes leads to unusual phenomenon of the orthogonality of the inducing spin and induced orbital moments.
Considering the influence of noncollinearity of spin moments we obtain opposite trends in the MAE variation for
Fe and Co films. This finding correlates with the absence of universal temperature behavior of MAE in itinerant
magnets and is shown to originate in the variation of the electronic structure with the change of spin configuration.
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I. INTRODUCTION

The orbital magnetism is a fundamental property of
magnetic materials. Being closely connected to the spin-orbit
coupling (SOC) it provides the tool for deeper understanding
of this important interaction giving the origin to numerous
physical effects." An enormous success in the fabrication
of new nanoscale materials with enhanced orbital magnetism
increased further the importance of this phenomenon.

On the experimental side an important progress in the
study of orbital magnetism was achieved with the develop-
ment of the methods of x-ray magnetic circular dichroism
spectroscopy (XMCDS) that allow separate determination
of spin and orbital atomic moments.’> Recently, Boeglin
et al. reported the observation of distinct dynamics of two
types of magnetic moments.® One can expect important
connections between the properties of the materials excited
by laser light® and these materials at nonzero temperatures
since in both cases the absorption of energy disturbs the
magnetic system from the ground state. The experimental
data collected for itinerant-electron magnets show that the
simple picture of the temperature dependence of magnetic
anisotropy developed for localized-moment systems’ fails for
these materials and the derivation of a unified law seems
unfeasible.®~'° On the other hand, for the ground magnetic state
of itinerant ferromagnets there is the widely accepted concept
of Bruno!! stating the proportionality MAE = —M%Ama of
the magnetic-anisotropy energy (MAE) to the anisotropy of the
orbital moment Am,. Here MAE and Am, are the differences
of the energy and orbital moment for the states of the
system with spin magnetization parallel to the easy and hard
magnetization axes; & is the effective parameter of the SOC.

The purpose of this paper is to make a step in the
understanding of the orbital magnetism of metallic systems
disturbed from the magnetic ground state. We consider three
free-standing 1 ML thick films of Fe, Co, and FePt. Our aim
here is not the detailed description of a concrete experiment
on a particular system. Instead, we aim to demonstrate the
variety of behavior and to discuss its origin. Because of
strong structural anisotropy of thin films the effects we
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study are enhanced, which makes thin films an ideal model
object.

We report first-principles calculations for two types of spin
states. First, keeping the spin structure collinear we rotate it
between the easy and hard axes studying the characteristics
of the system as the function of the rotation angle 6;. In the
absence of the SOC all physical quantities are invariant with
respect to the rotation and the orbital moment is zero. The
SOC leads to unquenching of the orbital moment and makes
physical quantities 6; dependent. It is known that the orbital
moment induced by the SOC is in general noncollinear to
the inducing spin moment.'>"'* We will show that for the Fe
and Co films the results of first-principles calculations fit well
in the expected picture suggesting the existence of a simple
relation between the noncollinearity of the two moments
and the strength of the MAE.!? On the other hand, in the
case of FePt our study reveals a surprising phenomenon of
the orthogonality of the inducing spin and induced orbital
moments. This orthogonality is an important feature of the
system reflecting the presence of competing processes in the
formation of the physical characteristics governed by SOC.

On the next step, we consider noncollinear spin config-
urations. By taking different angles between atomic spins
we simulate the extent of the spin disorder. Similar to the
calculation for collinear spin structures we rotate noncollinear
spin configurations with respect to the crystallographic axes
calculating the dependence of the physical quantities on both
the angle between atomic spins and the direction of the net
spin moment. As mentioned above, the remarkable feature of
the experimental situation for itinerant magnets is the absence
of a universal temperature behavior of the MAE: the MAE
can both decrease and increase with increasing temperature
and the microscopic understanding of this diversity remains a
challenge. We will show that, in correlation with experiment,
the Fe and Co films demonstrate opposite types of the
dependence on increasing spin noncollinearity: in Co, the
MAE decreases with increasing spin noncollinearity, whereas
in Fe a strong increase of the MAE is obtained. We explain the
difference of the behavior by the dependence of the electronic
structure on spin noncollinearity.
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II. CALCULATION TECHNIQUE

The calculations are performed with the ASW method
generalized to account for SOC and noncollinear magnetism.'?
The latter includes both the noncollinearity of the spin
moments and the noncollinearity between spin and orbital
moments. Under such conditions the electron states lose spin
projection as a good quantum number and must be treated as
two-component spinors. Respectively, the electron potential
takes the form of the 2 by 2 matrix.

Assuming a spherically symmetric form of the atomic
potentials the effective potential in ith atomic sphere can be
written in the form

Y =UG.a (Vi@ 0 b
Vi(r) = U(6;.1) < 0 Vi‘(r))U(e”(ﬁ’)’ (1)

where angles 6; and ¢; determine the local spin-coordinate
system of the ith atom characterized by the diagonal form of
the potential matrix; V;* and V,™ are the spin-up and spin-down
potentials in the local system; U(6;,¢;) is the matrix of spin—%
rotation transforming the potential from the atomic system of
the ith atom to the global system.

The noncollinear spin structures are characterized by
different values of angles 6; and ¢; for different atoms. The
operator of the spin-orbit coupling is taken in the form

1 dv.

1 1w a O .
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M2, dr, Y
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Va(r) = > Vi) +V_(r) 3
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M, = ! 1 1V = + %)
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0y,0y,0; are the Pauli matrices and le,lAy,lAz are the operators
of the components of the orbital momentum. In Egs. (2) and
(4), the Rydberg atomic units are used.

Not only the spin moment but also the orbital moment is
treated as a three-dimensional vector. The « projection of the
orbital momentum of the ith atom is obtained as the sum of
expectation values of the angular momentum operator /, for
occupied electron states:

mh (E)= Y _

kn, ey <E

/'ﬁfr(r)ia'/'ﬁ(l‘)dl’, a=x,y,z, (5)
Q;

where 7 is the band index and the integration is carried out over
the ith atomic sphere, v are spinor wave functions, and &,
energies of the electron states. Energy parameter E governs the
filling of the electronic bands. Actual value of the momentum
corresponds to E equal to the Fermi energy.

In the cases of Fe and Co the calculations were performed
for 1 ML square lattices. For the FePt two atomic layers of the
L1, structure were considered.
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FIG. 1. (Color online) Calculated properties for Fe and Co films.
(a) Module and x and z projections of the orbital moment of
Fe film for ferromagnetic spin configurations as a function of 6,;
(b) the same as (a) but for Co film; (c) direction of the orbital moment
as a function of the direction of the spin moment for ferromagnetic
spin configuration of both Fe and Co; (d) the energy of the Fe and
Co films for ferromagnetic configurations as a function of 6;; (e) the
energies of noncollinear spin configurations of Fe as a function of
the direction of the net spin magnetization; the numbers at the curves
give the angles between local atomic spin axes. (f) Same as (e) but
for Co film.

III. RESULTS AND DISCUSSION

A. Ferromagnetic spin configurations

In Fig. 1 we present calculational results for ferromagnetic
structures of the Fe and Co films with spin moments assuming
different directions within xz plane. (The z axis is orthogonal
to the film.) The 6; dependence of the m,, and m,, is well
described as m,, = M,, sin6f; and m,, = M, cos 6;. Because
of different amplitudes M,, and M,,, of two components the
spin and orbital moments are noncollinear. The maximal angle
between spin and orbital moments is given by cosf,_; =
2 Mo Moz [ (Mox + M)

For Fe, the amplitudes M,, and M,,, are very close to each
other [Fig. 1(a)]. As aresult the noncollinearity of the spin and
orbital moments is small [Fig. 1(c)]. The MAE is also weak
[Fig. 1(d)]. On the opposite, in the Co film the difference of
the amplitudes of two components is large [Fig. 1(b)] leading
to the angle between spin and orbital moments of 13° for
6 ~ 38°. The Co MAE is also strongly increased and has the
expected sign [Fig. 1(d)]: the easy axis corresponds to a larger
orbital moment.

The origin of the difference between Fe and Co films
is in the properties of the electronic structures of the two
films. We illustrate this by comparing the components of the
orbital moments calculated as a function of band occupation
[Eq. (5)]. All dependences presented in Fig. 2 have the
same characteristic shape consisting of one negative peak at
lower energies and one positive peak at higher energies. This
common shape can be explained as follows. The occupation
of the 3d states of the ferromagnetic systems begins with the
spin-up states lying, because of the exchange splitting, at lower
energies than the spin-down states. The /.o part of the SOC
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FIG. 2. (Color online) z components (upper panels) and x
components (lower panels) of the atomic orbital moments of Fe
film (left panels) and Co film (right panels) as the function of
the band occupation. Three magnetic configurations are considered:
ferromagnetic moments collinear to z axis (FMO0O01), ferromagnetic
moments collinear to x axis (FM100), and noncollinear configuration
(NC, broken curves) with local atomic spin axes'? deviating by 40° in
opposite directions from the z axis. The energy origin is at the Fermi
level.

[Eq. (2)] shifts the orbitals with negative quantum number m to
lower energies and orbitals with positive m to higher energies.
Correspondingly, the orbital moment first becomes antiparallel
to the spin moment until the filling of the positive-m orbitals
compensates the disbalance between the occupation of the +m
and —m orbitals. The second higher-energy peak corresponds
to the spin-down orbitals. Here the trend in the £m polarization
due to the SOC is opposite leading to the formation of the
positively directed orbital moment. Since the spin-down states
in Fe and Co are not completely filled the compensation of the
m and —m orbitals does not take place resulting in an orbital
moment with positive projection on the direction of the spin
moment.

The details of the modification of the electronic structure
by the SOC depend on the direction of the spin moments with
respect to the crystallographic axes. For both Fe and Co the
m,x(E) and m,,(E) curves are rather different. However, at the
Fermi level, Ef, the values of m,,, and m,, of Fe are very close
to each other, whereas for Co, m,,(Er) is distinctly larger than
mo.(EF). The sensitivity to the details of the electron structure
including the different level of the occupation explains why,
despite similar strength of the SOC, the calculated MAE and
anisotropy of the orbital moment are different for Fe and Co.

In FePt the character of the 0; dependence of the SOC-
induced quantities is complex and unexpected (Fig. 3). First,
despite parallel spin moments of the Fe and Pt atoms their
orbital moments behave very differently. The both orbital
moments are parallel to each other and to the spin moments
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FIG. 3. (Color online) Results of calculations for FePt film.
(a) The directions of the Fe and Pt orbital moments as the function
of the direction of the ferromagnetic spin moments. The sloping
broken line corresponds to 6, = 6;. Vertical lines connect the points
corresponding to orthogonal vectors. Three arrow inserts show
relative directions of the spin and orbital moments at the ends and
inside the 6, interval. (b) Energy as a function of 6; for SOC on
both atoms or only on one of them. (c) The lower panels show the
magnitude and projections of the orbital moments for SOC on both
atoms or only on one of them. Dashed lines give the Pt projections
and dashed-dotted lines the Fe projections.

only for ; = 0. With spin moments of all atoms moving
from the z axis towards the x axis the orbital moments of
the Fe and Pt atoms deviate in opposite directions from the
z axis. At 6; &~ 57° the spin and orbital atomic moments of
Fe atoms become orthogonal to each other. At 8; ~ 45° the
orbital moments of Fe and Pt are orthogonal.

To understand this complex behavior we performed calcu-
lations with the SOC switched off on one of the atomic types
[Fig. 3(c)]. For the SOC on the Pt atoms only we obtain large
induced Fe orbital moment whose magnitude follows closely
the magnitude of the Pt orbital moment. The angle between
two orbital moments is 180° for 6, = 0 and 6; = 90° and close
to this value for intermediate ;. For the SOC only on the Fe
atoms the induced Pt orbital moment is small. The Fe orbital
moments are exactly parallel to the spin moments for 6; = 0
and 6; = 90° and deviate from the spin moments very weakly
for all intermediate ;. The MAE increases strongly with the
SOC switched on only on the Pt atoms and drops to a small
value for the SOC on Fe atoms only.

These calculations for the FePt film lead to the following
physical picture. The atomic orbital moments have two
different contributions: one induced by the SOC on the given
atom and the other induced by the hybridization with the states
of other atoms +m polarized by the SOC on these atoms. For Fe
atoms both contributions are comparable. For ; = 90° (x axis)
the influence of the SOC on Pt is stronger than the influence of
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the own SOC and the Fe orbital moment is antiparallel to the
spin magnetization. On the other hand, for 6; = 0° (z axis) the
influence of the own SOC is stronger resulting in the Fe orbital
moment parallel to the spin magnetization. The ; variation of
the energy contributions due to the own SOC follows well
Bruno’s model: larger orbital moment—lower energy. The
energy contributions to the MAE because of the SOC on the
other atom does not follow this rule.'> The orthogonality of
the spin and orbital Fe moments in the FePt film reflects the
competition of different trends resulting from the SOC on two
inequivalent types of atoms.

B. Noncollinear spin configurations

The consideration of the collinear spin configurations is
not sufficient to study the systems disturbed by laser light
or heating since in both cases the atomic spins become
noncollinear. If we assume that the MAE is largely determined
by the single-site contribution and that the parameters of
the single-site anisotropy do not change with spin disorder
the prediction is feasible. Let us consider a configuration
of noncollinear spins with the net moment parallel to the
ferromagnetic easy axis and the same spin configuration with
all moments rotated by 90°. If each atomic moment gives
an independent contribution to the MAE determined by the
monotonous function Eyy(6;) of the types shown in Figs. 1
and 3, the MAE per atom can only decrease with disordering.
The energy of the noncollinear spin configuration as a function
of the direction of the net magnetization 6, should get the
form of flattened Epj(6;) curve with flattening increasing
with increasing noncollinearity.

To verify this scenario we increased the size of the unit
cell to include two 3d atoms. The angle between the local
atomic spin axes'? of these atoms was fixed to Gjye; and the
spin configuration was rotated within the xz plane in such a
way that the direction of the net spin moment changes from
the z axis (Oper = 0) to the x axis (Bper = 90°). The flattening
scenario works rather well for the Co film and 6, up to about
90° [Figs. 1(f) and 4]. In Fe, instead of decrease with raising
spin noncollinearity the MAE strongly increases [Figs. 1(e)
and 4]. This striking difference in the behavior of two films
resembles the variety of the experimental behavior of the
MAE in itinerant-electron systems showing that MAE can
both decrease and increase with increasing temperature.!°
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FIG. 4. (Color online) Anisotropy of the orbital moment and the
MAE for noncollinear magnetic configurations with different angles
between atomic spins for Fe, Co (left) and FePt (right) films. The
direction of the MAE axis is reversed. The arrows show the direction
to the ordinate axis corresponding to the curve.
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FIG. 5. (Color online) Spin-projection resolved 3d DOS of Fe
and Co films. The red curves give the DOS of the ferromagnetic
configurations with the spins parallel to the z axis. The filled blue
lines correspond to the noncollinear spin configurations with angle
80° between local atomic axes of the two magnetic atoms in the unit
cell. The direction of the net spin moment is parallel to the z axis. For
noncollinear spin configuration the spin projections are given with
respect to the local atomic axes.

The explanation of the absence of a universal behavior is in
the variation of the electronic structure with spin disorder that
is neglected if temperature-independent anisotropy constants
are assumed. The noncollinearity of spin moments leads to
strong reconstruction of the electronic structure. The details
of the reconstruction depend on both the concrete system and
the concrete magnetic configuration. In Fig. 5 we show spin-
projection resolved 3d-DOS for both collinear ferromagnetic
configuration and a selected configuration with noncollinear
spin moments. The noncollinear configurations presented are
characterized by angle 80° between the local spin axes of the
pairs of atoms in the unit cell. For both Fe and Co there is strong
reconstruction of the DOS. In the noncollinear case the peaks
of the 3d states become higher and narrower. In Fe, there is a
particularly strong reconstruction in the energy region around
the Fermi energy. The reconstruction of the electronic structure
is a strong source of the system-dependent behavior with
increasing noncollinearity of the atomic spin moments. Note
that the narrowing in energy of some groups of the electronic
states can be considered as an expected effect resulting from
the hybridizational repulsion of the ferromagnetic spin-up and
spin-down states caused by the noncollinearity of the atomic
moments.'? This finding is in interesting correlation with the
experimentally detected shrinking bandwidth in ferromagnetic
Ni after optical femtosecond laser excitation.!”
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FIG. 6. (Color online) Difference between 3d DOS of Co film
with (solid red curve) and without (broken blue curve) SOC.

The consequences of the SOC appear as relatively weak
further modifications of the electronic structure and therefore
depend on this reconstruction. This is illustrated in Fig. 6 for
the collinear spin configuration of the Co film. Comparison
of Figs. 5 and 6 shows that the account for the change of
the electronic structure with spin disordering is important for
the understanding the SOC-caused effects in ferromagnetic
systems disturbed by temperature or laser light.

To illustrate the influence of the modification of the
electronic structure on the properties of the orbital moments
we present in Fig. 2 the components of the atomic orbital
moments calculated for noncollinear spin configuration with
angle 80° between local atomic spin axes. The comparison
of the curves shows that the spin noncollinearity leads to the
narrowing of the peaks in agreement with the narrowing of the
peaks of the DOS. There is also specific change in the form
of the upper (spin-down) peak in the energy dependence of
the x component of the orbital moment. For both Fe and Co a
broader FM peak is transformed to a narrower peak followed
by a wide shoulder. The crucial difference between Fe and
Co is that in the case of Fe the Fermi level lies directly at the
position of the peak leading to large x component of the orbital
moment and increased MAE. On the other hand, in the case
of Co, because of one extra 3d electron, the Fermi level is in
the energy region of the shoulder. The comparison of the iy,
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dependencies of the MAE and the anisotropy of the orbital
moment (Fig. 4) show clear qualitative similarity of the pairs
of dependencies for both Fe and Co films. The two curves for
the same film, however, are not proportional to each other and
there is no simple quantitative relation between them.

If we now plot MAE and Am, as a function of Oy in
the case of FePt (Fig. 4) we see that the behavior of Am, of
Fe atoms does not follow Bruno’s concept. For small 6;,.; we
can establish correlation in the behavior of Am, of Pt atoms
and MAE in the sense that they have opposite signs and both
decrease with increase of 6;y.,. For larger angles the strong
difference between curves becomes obvious. These results
show nontrivial richness of the physics in binary systems
combining a magnetic 3d element with a heavy 5d element.
This richness cannot be captured on the basis of a simple
qualitative consideration and needs detailed first-principles
calculations.

We should remark that the present work is restricted to
very simple noncollinear spin configurations that cannot reflect
the whole complexity of the process of the spin disorder.
A consequent investigation of the temperature effects should
include the selection of the representative set of noncollinear
configurations and the statistical-mechanics averaging with
account for the energies of excited states. Such a study is not
a part of the given paper.

IV. CONCLUSION

In conclusion, we performed calculation of the SOC-
induced quantities of three itinerant-electron systems as a
function of the angle between spin structure and crystallo-
graphic axes. Two results we consider as main findings of
the work. First, we demonstrate by the example of FePt film
that the presence of the competition of different SOC-caused
processes leads to a remarkable property of the orthogonality
of the inducing spin and induced orbital moments. Second, we
demonstrate opposite trends in the variation of the MAE with
increasing noncollinearity of atomic spins in Co and Fe films.
We explain the diversity of behavior by the strong dependence
of the electronic structure on spin disordering. This suggests
a microscopic explanation to the long-standing challenging
problem of the absence of a universal temperature behavior of
the MAE in itinerant magnets.
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