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Controlling the preferred direction of the magnetic moments is essential for the design of spintronic devices
based on ultrathin films and heterostructures. As the film thickness or the temperature is increased, the easy
anisotropy axis is typically reoriented from an out-of-plane direction preferred by surface and interface energy
contributions to an in-plane alignment favored by the volume anisotropy terms. We study the temperature-driven
spin reorientation transition in two atomic layers of Fe on W(110) using well-tempered metadynamics simulations based on a spin model parametrized by ab initio calculations and find that the transition only takes place
in the presence of the Dzyaloshinsky-Moriya interaction (DMI). This demonstrates that the chiral DMI does not
only differentiate between noncollinear spin structures of different rotational senses, but it also influences the
magnetic orientation of collinear magnetic configurations.
DOI: 10.1103/PhysRevB.102.134413

I. INTRODUCTION

Ultrathin magnetic films, heterostructures, and nanoparticles have an important role in the development of energyefficient and ultrahigh-density memory and logic devices. The
combination of magnetic materials with heavy nonmagnetic
elements displaying strong spin-orbit coupling (SOC) enables
the fast electrical manipulation and detection of spin signals,
being explored in the emerging field of spin-orbitronics. The
SOC gives rise to the magnetocrystalline anisotropy (MCA)
energy stabilizing nanoscale magnetic domains, particularly
in thin films with perpendicular magnetic anisotropy (PMA).
The Dzyaloshinsky-Moriya interaction (DMI) is also attributed to the SOC in the case of broken inversion symmetry,
which naturally occurs at magnetic-nonmagnetic interfaces.
The DMI is responsible for the formation of chiral noncollinear spin structures including spin spirals [1], domain
walls [2], and skyrmions [3,4], and leads to a nonreciprocal
propagation of spin waves [5].
The MCA competes with the shape anisotropy (SA) due to
the magnetostatic dipole-dipole interaction, the latter preferring an in-plane orientation of the spins in layered systems.
The magnetization direction of thin ferromagnetic films with
PMA rotates from out of plane to in plane as the film thickness is increased—this effect is called a spin reorientation
transition (SRT). Increasing the temperature may also induce
a SRT due to the different temperature dependences of the
MCA and the SA [6]. Since its discovery in the 1960s in
NiFe(111)/Cu(111) films [7], thickness- and temperaturedriven SRTs have been observed in a wide range of
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nanostructures [6,8–10]. Understanding the SRT is essential
in engineering the thickness of the layers in heterostructures
for stable room-temperature spintronic applications.
Ultrathin Fe films deposited on W(110) represent an extensively studied model system for SOC phenomena at a
magnetic-nonmagnetic metal interface. The Fe monolayer
grows pseudomorphically on the W(110) surface and exhibits
an in-plane MCA along the (110) direction. The magnetic
ground state of the double layer (DL) strongly depends on the
size and shape of the DL areas in the experiments [11] and on
the strain relief [12,13], and it is sensitive to gas adsorption
[14]. Larger DL islands are perpendicularly magnetized along
the [110] direction at low temperature [11,13,15] turning into
the [110] in-plane direction at higher temperature following
a SRT [16]. The preferred magnetization direction rotates
toward the [001] direction at higher film thicknesses [17].
The Fe DL is one of the first ultrathin film systems where
ab initio calculations and experimental evidence determined
the presence of chiral domain walls [18,19] and nonreciprocal
magnon propagation [5,20], both of which arise due to the
interfacial DMI and have become established signatures for
detecting the chiral magnetic interaction.
Although both the MCA and the DMI are attributed to
the SOC, they typically compete with each other since the
former tends to align all spins along a preferential direction,
while the latter opens a finite angle between the magnetic moments. However, in inhomogeneous and disordered systems
the DMI may also enhance the anisotropy field, such as in
spin glasses containing nonmagnetic heavy metal impurities
and displaying a noncollinear magnetic configuration [21,22],
or due to the spin canting at the edges of nanomagnets [23].
In Ref. [24], it has been shown that thermal fluctuations and
spin correlations lead to the emergence of a DMI-induced
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anisotropy term even in homogeneous ferromagnetic systems.
The interplay between the anisotropy and the DMI also lends a
chiral character to the exchange bias effect [25,26], and it was
recently observed to give rise to a modulated ordered phase at
a temperature-driven SRT [27].
In this paper we demonstrate that the DMI may lead to
a temperature-induced SRT in homogeneous collinear magnetic systems, by giving rise to an anisotropy term competing
with the MCA and the SA. By performing well-tempered
metadynamics simulations using an atomistic spin model
parametrized by ab initio calculations, we reproduce the experimentally observed SRT in a DL Fe on W(110), and show
that it does not occur if the DMI is absent. These findings
highlight the role of spin correlations in determining equilibrium magnetic configurations at finite temperature, which
should be relevant for room-temperature applications based
on chiral domain walls or skyrmions.
II. COMPUTATIONAL DETAILS
A. Spin model

The DL Fe on W(110) is modeled by the classical spin
Hamiltonian
H=

2
2 

1  T
s pi J pi,q j sq j +
λ px (s pi x̂)2
2 p,q=1 i= j
p=1 i

+

2 

p=1

λ py (s pi ŷ)2 ,

(1)

i

where s pi is a unit vector representing the direction of
the atomic magnetic moment at site i in layer p. J pi,q j
is a 3 × 3 tensor of exchange interactions, which can be
decomposed as [28]


J pi,q j = 13 Tr(J pi,q j )I + 21 J pi,q j − JTpi,q j


+ 21 J pi,q j + JTpi,q j − 23 Tr(J pi,q j )I ,
(2)
where Jpi,q j = 13 Tr(J pi,q j ) is the isotropic Heisenberg exchange coupling, sTpi 21 (J pi,q j − JTpi,q j )sq j = D pi,q j (s pi × sq j ) is
the antisymmetric DMI, and the third term, corresponding
to a symmetric traceless matrix, stands for both the classical
dipolar and the SOC-induced pseudodipolar interactions. The
on-site biaxial MCA is characterized by the constants λ px and
λ py , where x̂ and ŷ are unit vectors parallel to the [110] and
[001] directions, respectively.
B. Ab initio calculations

The electronic structure of the system was determined via
the screened Korringa-Kohn-Rostoker (SKKR) method [29].
The seven atomic layers of W, two atomic layers of Fe, and
three atomic layers of empty spheres (vacuum) were located
between semi-infinite bulk W and semi-infinite vacuum. The
bulk lattice constant of bcc Fe is aFe = 2.867 Å, and of bcc W
is aW = 3.165 Å. Due to this large lattice mismatch, there is
a considerable inward relaxation of the Fe layers, which has
been confirmed by experimental [30–32] as well as theoretical [33–35] investigations. In our calculations the distance

between the top W layer and the interfacial Fe layer was
chosen to be 2.01 Å, while the distance between the interfacial
and surface Fe layers was set to 1.71 Å, according to the
results of earlier studies based on density functional theory
calculations [34,35]. The spin magnetic moments of the Fe
layers were found to be μS = 2.78μB in the surface layer
and μI = 2.34μB in the interface layer, and the ferromagnetic
alignment of the layers was preferred. The largest induced
magnetic moment of μW = 0.16μB was found in the top
W layer, and it was aligned antiparallel to the magnetic layers.
The relativistic torque method [28] was applied to calculate the exchange interaction tensors and the on-site
magnetocrystalline anisotropy coefficients. The calculations
were performed in parallel alignments of the spins along
two in-plane nearest-neighbor directions, one in-plane nextnearest-neighbor and third-nearest-neighbor direction, and
along the out-of-plane directions. The ferromagnetic or antiferromagnetic alignment of the moments in the Fe as well as
the substrate layers was based on the self-consistent calculations. Since orienting the moments along a specific direction
only gives information about the exchange tensor elements
with Cartesian indices perpendicular to the magnetization direction, a least-squares-fitting procedure was applied to the
results of the five different
calculations mentioned above. A
√
real-space cutoff of 8 2aW = 35.808 Å was set as a maximal
in-plane distance between interacting atoms. The magnetostatic dipolar interaction was added to the traceless symmetric
part of the exchange tensors, since it is not taken into account in the ab initio calculations. The dipolar term favors
spin alignment along the [001] direction by 0.143 meV/atom
and along the [110] direction by 0.137 meV/atom over the
out-of-plane [110] orientation. Due to the finite cutoff of the
interaction range, these anisotropy contributions are approximately 10 μeV/atom lower at T = 0 K compared to the value
calculated for an infinite DL based on the Madelung constants;
see, e.g., Ref. [29] for the calculation method.
The layer-resolved anisotropy parameters and the
exchange tensors J pi,q j are provided in the Supplemental
Material [36].
C. Metadynamics simulations

The finite-temperature magnetic anisotropy energy was
calculated using well-tempered metadynamics [37,38]. The
computational scheme is described in detail in Ref. [39].
During the simulations, the free energy is sampled
along a

collective variable η = Mz /M, where Mz = p,i (s pi ẑ) is the

z component of the magnetization, M = p,i s p,i , and M =
|M|. Following the notations used in Ref. [39], the height
of the Gaussian bias potentials was w0 = 0.04 mRy, their
width was σ = 0.06, and the metadynamics temperature was
set to Tm = 10 400 K. The simulations were performed on a
64 × 64 × 2 lattice.
III. RESULTS

The calculated on-site and two-site anisotropy parameters
are listed in Table I. The two-site anisotropy parameters are
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TABLE I. Calculated magnetic anisotropy parameters per Fe
atom for the DL Fe on W(110). The values are given in meV. The
notations x, y, and z denote the [110], [001], and [110] directions,
respectively.
λx
0.283

λy

J xx − J zz

J yy − J zz

0.067

−0.113

0.122
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TABLE II. In-plane components of the DM vectors with the
largest magnitude in the DL Fe on W(110). The Fe layer at the
interface with W is denoted by I, the Fe at the surface by S. The
number after N denotes the order of the neighbor. Dxpi,q j > 0 prefers
a right-handed rotation or fluctuation of the spins in the yz plane (z →
y), and Dypi,q j > 0 describes an energy gain from a left-handed rotation in the xz plane (x → z), following the convention of Ref. [19].
The z component of the DM vectors is 0 for all pairs in the table.
Pair

defined as
J

αα

1   αα
=
J
,
4 p,q=1,2 j p0,q j

(3)

where α = x, y, z is a Cartesian component and 0 is a reference site in layer p. Note that J αα includes the contribution
from the SA and the on-site coefficients are averaged over the
two Fe layers. From these parameters the energy difference
between the [110] and [110] directions of the magnetization
yields 0.170 meV/Fe atom, while between the [001] and [110]
directions it is 0.189 meV/Fe atom. The ground-state magnetic configuration is therefore out of plane, in agreement with
the experimental observations [11,13,15]. The competition
between the on-site and two-site anisotropy terms, however,
foreshadows a possible temperature-driven SRT.
While the DMI does not contribute to the magnetic
anisotropy energy (MAE) of a collinear magnetic configuration at zero temperature, our finite-temperature simulations
discussed below give clear evidence that the SRT is only
facilitated by the presence of the DMI in this system. The
mechanism behind the DMI-induced SRT is illustrated in
Fig. 1. At finite temperature, the spins minimize the free
energy by fluctuating around their equilibrium directions. To
estimate the free-energy gain from the DMI, we use the
formula
KDMI =

2
m 
D p0,q j · s p0 × sq j ,
2 p,q=1 j

(4)

where m is the dimensionless magnetization, normalized
to m = 1 at zero temperature. The correlation function
corresponding to the vector chirality s p,i × sq, j  describes
transversal fluctuations around the ferromagnetic state, which
acquire a chiral character due to the DMI. Since the DMI
T =0

T >0

DM
FDM = 0

DM
FDM < 0

easy
axis

FIG. 1. SRT induced by the DMI in the DL Fe on W(110). The
free energy of the system is minimized by chiral spin fluctuations in
the plane perpendicular to the DM vectors. The DM vectors lie in the
surface plane because of the C2v symmetry of the system.

S-S N1
S-I N1
I-I N2
I-I N4

Dxpi,q j (meV)

Dypi,q j (meV)

1.62
1.69
1.22
−1.12

−1.98
0.00
0.00
0.34

energy contribution reads D pi,q j (s pi × sq j ), the scalar product
D pi,q j · s p,i × sq, j  will be negative when summed up over all
neighbors in order to minimize the free energy. Free energy
may be gained if the magnetization is oriented parallel to the
DM vector, since the chiral fluctuations have to take place in
a plane perpendicular to both the magnetization and the DM
vector. Therefore, Eq. (4) depends on the orientation of the
magnetization and may be interpreted as an anisotropy term
preferring the alignment of the spins parallel to the DM vector,
the direction of which is restricted by the symmetries of the
system. The effect of this anisotropy term on the spin-wave
spectrum was discussed in Ref. [24].
The components of the largest DM vectors in the DL Fe on
W(110) determined from the ab initio calculations are listed in
Table II. The C2v symmetry of the system causes the in-plane
components of the DM vectors to dominate, as expected for
interfacial inversion-symmetry breaking. The z component of
the DMI is exactly zero for all pairs in the same magnetic
layer, as well as for interlayer pairs located in symmetry
planes. Overall, the x component of the DM vectors has the
largest contribution, preferring the formation of right-handed
Néel-type domain walls with normal vectors along the [001]
direction in the out-of-plane magnetized system, in agreement
with the experimental observations [19].
Regarding the values in Table II, Eq. (4) indicates that at
finite temperatures where the spin fluctuations play a prominent role the DMI prefers the magnetization to be aligned in
plane along the x direction. This contributes to the competition
between the on-site and the two-site anisotropy coefficients
(cf. Table I), and leads to the SRT which was observed experimentally [11].
The presence of the SRT in the model described by
Eq. (1) was confirmed by calculating the temperaturedependent magnetic anisotropy energy (MAE) K, defined
as the free-energy difference per spin between in-plane and
normal-to-plane magnetic configurations. This was performed
via well-tempered metadynamics simulations [37–39], a
Monte Carlo-based method enabling to sample the freeenergy surface. As shown in Fig. 2, the anisotropy parameter
K decreases with temperature and changes sign around Tr ≈
350 K, indicating a SRT transition from the normal-to-plane
(K > 0) to the in-plane (K < 0) direction. The temperature of
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FIG. 2. Temperature-dependent MAE of the DL Fe on W(110)
obtained from metadynamics simulations, defined as the difference
in the free energy between the normal-to-plane and the in-plane
magnetic configurations. The presented values are normalized to
one Fe atom. The black solid circles show results based on the
full Hamiltonian in Eq. (1), while the red squares correspond to
a simulation where the DMI was set to zero. An average over 60
Monte Carlo simulations was performed at each temperature, and
the error bars denote the standard deviation calculated from these
independent simulations. The number of Monte Carlo steps was
at least 1.5 × 105 at each temperature, with a higher number of
steps close to the phase transitions. The calculations were carried
out on a 64 × 64 × 2 lattice, using the metadynamics parameters
Tm = 10 400 K, w0 = 0.04 mRy, and σ = 0.06.

the SRT is higher than the value reported experimentally in
Ref. [11] (Tr ≈ 200 K), but is supported by the presence of
out-of-plane magnetized DL patches found at room temperature in Ref. [40], demonstrating that Tr strongly depends on
the size and shape of the DL areas. Although the metadynamics simulations which use only the out-of-plane magnetization
component as a collective parameter do not enable one to
differentiate between in-plane directions, calculations based
on the Metropolis Monte Carlo algorithm confirmed that
above Tr the average magnetization is aligned along the x
direction, in agreement with the prediction based on Table I.
The anisotropy goes to zero around the Curie temperature
TC ≈ 450 K, above which a paramagnetic phase is found in
the Metropolis Monte Carlo simulations. The simulated critical temperature is in good quantitative agreement with the
measurements in Ref. [16].
In order to quantify the role of the DMI in the SRT,
the simulations were repeated after removing the antisymmetric part of the coupling tensors J pi,q j . As demonstrated
in Fig. 2, in this case the MAE is shifted upwards at all
temperatures compared to simulations utilizing the full coupling, as expected from Eq. (4) since the in-plane DM
vectors prefer an in-plane orientation of the spins. Importantly, the MAE does not change sign in the simulations
without DMI. This confirms that the SRT in the Fe DL on
W(110) can only be explained if the contribution of the DMI
to the anisotropy energy at finite temperature is taken into
account.

FIG. 3. The difference in the MAE per Fe atom between metadynamics simulations with and without the DMI (black solid
circles). The red squares denote KDMI from Eq. (4), which attributes
this anisotropy to the DMI-induced chiral spin correlations, with
the magnetization and the correlation function determined from
Metropolis Monte Carlo simulations. Both calculations were performed on a 64 × 64 × 2 lattice. Error bars denote the standard
deviation calculated from 60 independent simulations.

The MAE difference for the simulations performed with
and without DMI is displayed in Fig. 3, along with the theoretical prediction of KDMI from Eq. (4). The magnetization
and the correlation functions necessary for the calculation of
KDMI were obtained from Metropolis Monte Carlo simulations, with the correlation function determined only for the
neighbors with the largest DMI interactions listed in Table II.
Figure 3 demonstrates that the analytical expression for KDMI ,
which only takes into account the lowest-order correlation
corrections, is in good quantitative agreement with the fullscale numerical simulations of the anisotropy contribution
attributed to the DMI over the whole temperature range.
Importantly, this contribution approaches zero at low temperature where the fluctuations are suppressed, and it also vanishes
close to the Curie temperature where the magnetization disappears, as can be deduced from Eq. (4). The magnitude of
the DMI-induced anisotropy is maximal around room temperature in the system, close to the SRT temperature. This is
fundamentally different from the temperature dependence of
the on-site MCA and the SA, which monotonically decrease in
magnitude from zero temperature, and for which the spin-spin
correlations lead to a faster decay compared to the mean-field
prediction [41].
IV. CONCLUSIONS

In summary, we demonstrated that taking into account
the chiral spin correlations induced by the DMI is necessary
to explain the experimentally observed temperature-induced
SRT in the DL Fe on W(110). These spin correlations induce
an additional anisotropy term preferring to align the spins
along the directions of the DM vectors, mostly lying in
the plane of the sample in ultrathin films and multilayer
systems with inversion-symmetry breaking at the interface.
Characteristically, this DMI-induced anisotropy term
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increases with temperature and reaches its maximum value
close to room temperature in the considered system, while
other anisotropy terms monotonically decrease in magnitude
as the temperature becomes higher, and the correlation
corrections enhance this decay compared to the mean-field
predictions [41]. Therefore, it is expected that this DMIinduced anisotropy term should have a considerable influence
on the design of room-temperature spintronic applications,
by affecting the magnon frequencies, the width of domain
walls, and the sizes of magnetic skyrmions. The possible
competition between intralayer and interlayer contributions
to the DMI [26,42,43] should further enrich the variety of

observed phenomena in sputtered multilayers, where the
growth process typically breaks additional symmetries
compared to epitaxial ultrathin films.
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