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Dzyaloshinskii-Moriya interaction accounting for the orientation of magnetic domains
in ultrathin films: Fe/W(110)
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Combining relativistic first-principles calculations with a micromagnetic model, we establish the
Dzyaloshinskii-Moriya interaction as an important mechanism in thin-film magnetism, determining the orien-
tation of magnetic domains relative to the lattice, the type of domain wall, and the rotational direction of the
magnetization in the wall. Applying the analysis to two monolayers Fe on W(110), we provide an explanation
for puzzling experimental data obtained by spin-polarized scanning tunneling microscopy.
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Understanding the nature of domains and domain walls in
magnetic nanostructures has become an important issue in
the field of spintronics as the controlled motion of domain
walls opens up vistas for new types of memory and logic
devices (e.g., Refs. 1 and 2). Domain walls in nanostructures
and thin films are known to originate from the interplay of
the quantum-mechanical exchange interaction (also ex-
pressed as spin stiffness), the magnetocrystalline anisotropy
caused by the relativistic spin-orbit coupling (SOC), and the
classical long-ranged magnetostatic contribution. Usually,
the shape of the domains is at random or depends on the size
and geometry of the sample.’>= In these instances there is no
correlation between the relative orientation of the domains
and the crystal lattice. For a few systems, however, the ori-
entation and anisotropy of the crystal lattice matter. To ex-
plain the shape and orientation of the domains, in some of
these cases the anisotropy of the spin stiffness must be taken
into account,®’ while in others only certain spatial orienta-
tions of the domain walls minimize the sum of the magneto-
static stray-field energy and the magnetocrystalline aniso-
tropy energy.?

In this Rapid Communication we report on a different
mechanism on how the domain-wall orientation is linked to
the crystal lattice. For an ultrathin Fe film, we found out that
the Dzyaloshinskii-Moriya interaction (DMI) plays the cru-
cial role accounting for the orientation of the walls and fur-
ther for the type of the wall and the rotational direction of the
magnetization in the wall. The DMI is an antisymmetric ex-
change interaction that favors spatially rotating magnetic
structures of a specific rotational direction.”!9 It vanishes in
inversion-symmetric crystal structures; therefore, it can be
excluded for most simple bulk materials. In surface or inter-
face geometries, however, the inversion symmetry is broken
and the DMI may become relevant.!! In a recent work!? it
was demonstrated for the first time that on some surfaces the
DMI is so strong that it even dominates over the symmetric
exchange interactions and induces a spatially rotating mag-
netic ground state.

In this study, we describe the domain walls by a micro-
magnetic model in which the DMI is included. In contrast to
earlier work, we determine all model parameters quantita-
tively from their electronic origin by first-principles calcula-
tions and thus we are able to draw conclusions on the rel-
evance of the different interactions. The system taken under
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scrutiny consists of two monolayers (MLs) of Fe grown epi-
taxially on the (110) surface of bcc W [2 ML Fe/W(110)]. Its
magnetic structure is well known from experiments employ-
ing spin-polarized scanning tunneling  microscopy
(SP-STM).!3-20 The system shows ferromagnetic domains, in
which the magnetization direction points out of plane. A puz-
zling observation remained unexplained. The domain walls
that separate domains of opposite magnetization directions
are predominantly oriented normal to the [001] direction ir-
respective of the sample geometry and surface topology
(e.g., orientation of step edges).'>?® Therefore, the domains
tend to form long stripes oriented normal to [001] (cf. Fig.
1). The SP-STM experiments reveal a further stunning fact
that all domain walls exhibit the same rotational direction'
(cf. Fig. 2). It is already speculated in Refs. 17 and 21 that
the DMI might be a possible cause of the preferential rota-
tional direction for the studied surface.

In our ansatz, the system is discussed on the basis of a
micromagnetic model. The magnetization direction is repre-
sented by a continuous function m(r) with |m|=1 and the
energy E of the system is approximated by a functional of
m(r) and its spatial derivatives:

E[m]:fdrf[m(r),(%m(r))}. (1)

Here, the index i labels the two spatial coordinates parallel to
the surface plane. For the energy density f, we employ a
local function consisting of an m-dependent anisotropy term
and exchange terms that depend on the spatial rotation of the
magnetization. As we will show below, for the studied sys-

FIG. 1. (Cf. Ref. 13) Magnetic structure of 2 ML Fe/W(110)
imaged with SP-STM. The bright and dark areas correspond to
domains that are aligned out of plane and parallel or antiparallel to
the magnetization of the STM tip. The thin vertical lines originate
from step edges and other geometrical irregularities. The domain
walls are oriented normal to the [001] direction.
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FIG. 2. Schematic representation of domain walls with different
spin rotation axes and rotational directions. (a) Two Bloch walls
with opposite rotational directions. The magnetization rotates
around the x axis, i.e., the rotation axis is in the surface plane and
parallel to the propagation direction. (b) Two Néel-type walls with
opposite rotational direction. The magnetization rotates around the
y axis, i.e., the rotation axis is again in the surface plane but per-
pendicular to the propagation direction. We denote these two rota-
tional directions as left (1) and right (r).

tem, it is sufficient to work with a local function although
magnetostatic dipole-dipole interactions contribute to the an-
isotropy term. The continuum approach is adequate as the
wall width is larger compared to the lattice spacing (6 =2 vs
0.16 nm).'*

The exchange interactions are approximated by f..=foo;
+f170 with terms quadratic and linear in dm representing the
symmetric and antisymmetric exchange, respectively,

(5] v lmx) st
fi=Al— ] +D;-{mXxX—|, ie{001,110}. (2)
dr; dr;

A and D denote the spin stiffness and Dzyaloshinskii vector,
respectively. The quadratic term does not influence the rota-
tional direction of the magnetic moments, whereas the sign
of D determines whether the magnetization is left or right
rotating.

We discuss the magnetic structure within a simplified
model that was first proposed by Dzyaloshinskii.?> Thereby,
we assume that the direction of magnetization is constant on
the lines parallel to the domain wall and we consider changes
in the magnetization only along the spatial coordinate x in
the direction perpendicular to the wall (in the following de-
noted as propagation direction). Furthermore, we assume that
the magnetization direction is confined to a plane and thus
can be described with a single angle ¢. The latter assumption
is valid over a wide parameter range, and it is sufficient for
this analysis as our main aim is to identify the interactions
that are relevant for the orientation of the domain wall. We
rewrite the energy functional according to Ref. 22 as

2
E[(p]:fd){A(d—gD) +Dd—(P+Ksin2 go}, (3)
dx dx

where the third term in the integrand approximates the mag-
netocrystalline and magnetostatic anisotropy in the plane of
rotation. We introduce boundary conditions consistent to the
two different out-of-plane directions of the magnetization in

X—+®%
the domains: ¢ — 0 and ¢ — . With these boundary con-
ditions, the variation in the functional (3) yields the domain-
wall profile ¢(x)=* arccos tanh(VK/Ax) (Ref. 23) and the
wall energy
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FIG. 3. Planar rotation paths of the magnetization and corre-
sponding model parameters for the domain walls in 2 ML Fe/
W(110). The magnetization in the domains points out of plane and
is indicated by circles and the magnetization direction in the middle
of the wall is indicated by arrows.

E=4JAK T 7D. (4)

The upper (lower) sign corresponds to positive (negative) D
and left- (right-) rotating walls. The precise magnetization
profile ¢(x) does not depend on D. Although we refer to it as
an energy, strictly speaking the quantity E in Egs. (3) and (4)
has the dimension of energy over length and the energy of
the thin-film domain wall is proportional to its extension
normal to the propagation direction.

The model parameters A, D, and K depend on the spatial
propagation direction i and on the spin rotation axis. The
magnetocrystalline anisotropy and the DMI are conse-
quences of the spin-orbit coupling, whereas the spin stiffness
is determined mainly by nonrelativistic exchange processes.
As these nonrelativistic processes do not depend on the ori-
entation of the magnetization with respect to the crystal, the
value of A depends on the spatial orientation of the domain
walls but hardly on the spin rotation axis. The anisotropy
coefficient K, on the other hand, accounts for the energy
differences between the spin orientations in the domains and
in the middle of the domain walls. This parameter depends
on the spin rotation axis but not on the propagation direction.
The DMI term depends on both the propagation direction
and on the spin rotation axis. If the propagation direction is

aligned along a high-symmetry line ([110] or [001]), then we
can apply the symmetry considerations given in Ref. 10 and
conclude that the Dzyaloshinskii vector is oriented in plane
and normal to the propagation direction. In these cases, the
DMI term vanishes for Bloch walls (i.e., walls with a spin
rotation axis parallel to the propagation direction; cf. Fig. 2)
but not for Néel-type walls with a spin rotation axis pointing
in plane and parallel to the Dzyaloshinskii vector.?* Assum-
ing that the propagation direction and the spin rotation axis
are both oriented along a high-symmetry line, we have to
consider eight different walls that depend on six parameters
(cf. Fig. 3).

We use density-functional theory to quantify these six pa-
rameters for the studied system of 2 ML Fe/W(110). We
employ the local-density approximation (LDA), using the
full-potential linearized augmented plane-wave (FLAPW)
method® as implemented in the FLEUR code.?® The surface is
modeled by a film of seven W layers covered by two Fe
layers on one side, taking into account the interlayer relax-
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FIG. 4. Energies of the homogeneous spin spirals. The energies
are plotted against the inverse of the period length \. A™'=0 corre-
sponds to the ferromagnetic state. The results shown in (a) are ob-
tained within a scalar-relativistic approach (neglecting SOC). Qua-
dratic fits to these symmetric curves yield the spin stiffness A. (b)
shows the odd part of E(\~!) obtained by including SOC. The slope
of these curves at A~'=0 determines D (Ref. 28).

ations dg, p.=0.171 nm and dp,.w=0.200 nm. We use a
plane-wave cutoff of G,,,,=76 nm™!. The potential is calcu-
lated self-consistently for the ferromagnetic configuration
with 484 k; points in the two-dimensional Brillouin zone.
The effects of the spin rotations and the SOC are determined
using the magnetic force theorem and 7200 k; points.

In order to obtain the exchange parameters A and D, we
calculate Néel-type homogeneous spin spirals (i.e., magnetic
structures with Z—f:const).ﬂ These spirals are characterized
by A:Zw(%f)‘l. The spatial period is given by |\| and the
positive (negative) sign of N denotes right- (left-) rotating
spirals (cf. Fig. 2). Within our model ansatz (3), the average

energy density E of such a homogeneous spiral is given by
E=(m)*AN 2+ 27D\ + K. (5)

We compare this expression with the results of our
electronic-structure calculations for spirals with different \’s.
Quadratic and linear fits to the electronic-energy curves

E(\7") yield A and D. These fits are indicated in Fig. 4 and
the respective values are given in Table I (one surface atom
corresponds to 0.071 nm?).

The anisotropy coefficient K corresponds to the energy
difference between the configurations with out-of-plane and
a specific in-plane magnetization direction. It consists of
two main contributions: K©° is due to SOC and KWP is
due to the magnetostatic (dipole-dipole) interactions between

TABLE I. Computed model parameters. In the case of the ex-
change parameters A and D the indices 001 and 110 correspond to
the propagation direction and in the case of K they correspond to
the magnetization direction (cf. Fig. 3).

001 110
A (meV) 58.8 51.1
D (meV nm™) -8.0 6.9
K (meV nm™2) 1.4 3.0
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FIG. 5. Locality of the magnetostatic interactions. The data
points show the sum of dipolar interactions evaluated up to a certain
interatomic distance x in the [001] direction. In the [110] direction,
the sums are truncated at 2000 unit cells. The asymptotic values
(dashed lines) are obtained by summing over (2000 X 2000) unit
cells.

the atoms’ moments. A comparison of the calculated elec-
tronic energies of different collinear configurations yields

WOl — gl _E69=54 meVnm?  and K(]S]SS:E(ISI—O(;—ETO)
=6.8 meV nm™2. The magnetostatic contribution to the an-
isotropy coefficient K is identified by evaluating the sum of
dipole-dipole interactions.”” Considering the calculated di-
pole moment of the atom in the first (Fe, 2.9u3), second (Fe,

2.2up), and third (W, —0.1ug) surface layers, we obtain

K&P=—4.0 meV nm2 and K(ldl—lg)
5 illustrates the degree of locality of the dipolar interactions.
A comparison of the length scale in the figure with the ob-
served domain-wall widths of approximately 6 nm justifies
our model ansatz that does not contain long-ranged magne-
tostatic interactions. For the total anisotropy coefficient K
=K+ K0P we obtain Ky =14 meVnm> and K7,
=3.0 meV nm~2 (0.10 and 0.21 meV/surface atom). These
values are in agreement with the experimentally observed
out-of-plane easy axis (K>0), although the absolute values
are at the level of energy resolution of current ab initio
methods.

The calculated model parameters are summarized in Table
I. Inserting them into Eq. (4), we obtain the following ener-
gies for the domain walls shown in Fig. 3:

=-3.8 meV nm~2. Figure

4\"A001K001 - 7T|D001| =11 meV nm_l,
4 AOOIKI 10= 53 meV nm_l 5
4\A1I0K001 =34 meV nm_l,

4\JA 70K 70— D110 =28 meV nm™, (6)

According to the values given in Eq. (6) the lowest energy
indeed corresponds to a wall oriented normal to the [001]
direction (cf. Fig. 3) as observed experimentally. The nega-
tive sign of Dy, corresponds to a right-rotating wall. The
formation of a domain wall does not lower the energy of the
system. This implies that the collinear state is the ground
state. However, due to the very small value of K an uncer-
tainty remains and we cannot rule out that the observed regu-
lar domain pattern'3 represents a Dzyaloshinskii spiral as it
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occurs for 4VAK — D] < 0.2122 Without the DMI, our model
shows no essential difference between Bloch and Néel-type
walls and the optimal domain-wall orientation depends only
on the anisotropy of the spin stiffness A. The values that are
given for the latter in Table I are adequately accurate [note
the energy scale in Fig. 4(a)]. Thus, our results clearly show
two points: the observed wall orientation cannot be attributed
to an anisotropic spin stiffness and the DMI is strong enough
to compete with the other interactions.

In summary, on the basis of first-principles calculations in
combination with a micromagnetic model we have shown
that for a 2-ML-thick Fe film on W(110) the Dzyaloshinskii-
Moriya interaction is sufficiently strong to determine the
type and rotational direction of the domain walls. The inter-
play of the DMI and the magnetic anisotropy determines the
preferred orientation of the walls and the stripe domains,
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respectively. In agreement with SP-STM experiments we
find walls with a specific rotational direction that are oriented
normal to the [001] direction. We identify these walls as
right-rotating Néel-type walls. Based on the microscopic un-
derstanding we are able to solve a longstanding open prob-
lem of why the domain orientation is sensitive to the under-
lying crystal structure rather than to the surface geometry.
Knowing this fact we invite experiments to unravel and ex-
ploit these phenomena in more detail.
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