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The influence of the Dzyaloshinskii-Moriya interaction on the spin-wave dispersion in an Fe double

layer grown on W(110) is measured for the first time. It is demonstrated that the Dzyaloshinskii-Moriya

interaction breaks the degeneracy of spin waves and leads to an asymmetric spin-wave dispersion relation.

An extended Heisenberg spin Hamiltonian is employed to obtain the longitudinal component of the

Dzyaloshinskii-Moriya vectors from the experimentally measured energy asymmetry.
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In 1957, Dzyaloshinskii proposed an antisymmetric ex-
change interaction, based on symmetry arguments, to ex-
plain the weak ferromagnetism observed in some oxide
materials, e.g., �� Fe2O3 (Hematite) [1]. Only three years
later it was shown by Moriya that, in principle, this inter-
action can be analytically derived by considering the rela-
tivistic spin-orbit correction in the Hamiltonian [2]. The
antisymmetric exchange interaction, Dzyaloshinskii-
Moriya (DM) interaction, became very important to under-
stand many physical properties of different systems, i.e.,
spin glasses [3], cuprates [4], molecular magnets [5,6], and
multiferroics [7,8].

In nanomagnetism, where the surface effects are notice-
able, the spin-orbit coupling is one of the most important
intrinsic magnetic perturbations, which creates novel phe-
nomena. Recently, it has been shown that a strong spin-
orbit coupling in the presence of the broken inversion
symmetry at the surface leads to the DM interaction, which
stabilizes a noncollinear spin structure for a Mn monolayer
on W(110) [9] and W(100) [10] surfaces.

An ultrathin Fe film grown on W(110) is another system
that is believed to show the DM interaction [11–13].
Magnetic excitations in this quasi-two-dimensional spin
system have been studied theoretically for many years
[14–21]. In the description of the collective magnetic ex-
citations, only the symmetric exchange interaction was
considered and the DM interaction has been neglected. In
such systems, where DM interaction is relatively large, it
should, in principle, change the intrinsic properties of the
spin waves (SWs). Only very recently, the influence of the
DM interaction on the spin-wave dispersion has been
predicted to give rise to an asymmetric spin-wave disper-
sion in an Fe monolayer on W(110) [22]. However, the
effect of the DM interaction on the spin-wave dispersion in
low-dimensional systems has never been measured
experimentally.

In this Letter we report the first experimental evidence of
the influence of DM interaction on the spin-wave disper-
sion in a double-layer Fe. We show that in the presence of

the DM interaction the spin-wave dispersion is asymmet-
ric. By measuring the highly resolved spin-polarized elec-
tron energy loss (SPEEL) spectra in both energy loss and
gain regimes and by reversing the magnetization of the
film, we measure the DM interaction driven asymmetry in
the spin-wave dispersion of Fe double-layer grown on
W(110). By using an extended Heisenberg spin
Hamiltonian, the energy asymmetry is modeled giving
rise to a quantitative determination of the longitudinal
components of DM vectors.
The iron layer was deposited onto a clean W(110) single

crystal at room temperature (RT). Special care has been
taken concerning the cleaning of theW crystal as described
elsewhere [23]. Prior to the spin-polarized electron energy
loss spectroscopy (SPEELS) measurements, the structural,
chemical, and magnetic properties were checked by means
of low energy electron diffraction, Auger electron spec-
troscopy, and magneto-optical Kerr effect measurements.
The Fe films reveal the expected structural and magnetic
properties well known from literature [24–26]. The
SPEELS measurements were performed using our high
performance spectrometer with an energy resolution well
below 20 meVand a beam polarization of about 70� 10%
[27].
A schematic representation of the scattering geometry is

given in the inset of Fig. 1(a). Awell-defined monochrom-
atized spin-polarized electron beam is scattered from the
sample and the electron energy loss and gain spectra are
measured as a function of the in-plane momentum transfer

(�Kk) for both spin orientations of the incoming electron
beam (up " and down # ). The surface SWs are excited in a
virtual spin-flip scattering process [28–31]. The conserva-
tion of the angular momentum during the scattering pro-
hibits SW excitations for incoming electrons with a spin
polarization antiparallel to the sample magnetization (I").
Hence, only electrons having minority spin character (I#)
can create SWs. The electrons with majority spin character
(I") can, in principle, annihilate the thermally excited SWs

while gaining energy. These facts lead to a peak in the
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minority spin channel in the energy loss region and a peak
in the majority spin channel in the energy gain region (this
is in analogy to the Stokes and anti-Stokes peaks in
a Raman or Brillouin light scattering experiment).
Figure 1(a) shows a typical SPEEL spectra measured at

�Kk ¼ 0:5 �A�1 on a 2 ML Fe film. The amplitude of the
peak due to the SWannihilation (in the energy gain region)
is much smaller than the one caused by the SW creation.
This is due to the fact that the probability of having
thermally excited SWs in the system is given by the
Boltzmann factor, which is about 0.01–0.1 at RT. This
gives rise to a large peak in the energy loss region and a
small dip in the energy gain region of the difference
spectra. However, both features can be seen clearly in the

asymmetry curves, where the asy ¼ I#�I"
I#þI"

is plotted as a

function of energy for both loss and gain regions. In
Fig. 1(b), the difference and asymmetry curves are pre-

sented. The big triangles mark the peak positions due to the
spin-wave creation and annihilation processes.
In the absence of the DM interaction the spin-wave

dispersion has to be symmetric with respect to the energy
axis, meaning that measuring the SW spectra for negative
wave-vector transfers has to result in the same excitation
energy as the one measured at positive wave-vector trans-

fers: �E ¼ Eð�KkÞ � Eð��KkÞ ¼ 0.
Figure 2 shows a series of difference and asymmetry

curves measured on a 2 ML Fe film on W(110) at RT. The
full symbols are the results of measurements when the
magnetization is pointing along the ½�110� direction. One
clearly sees that for �Kk ¼ 0:5 �A�1 the SW creation peak
(energy loss) is at higher energies, whereas the SW anni-
hilation peak (energy gain) is at lower ones (it can be seen
better in the asymmetry curves). The situation is totally

reversed for negative wave-vector transfers, i.e., �Kk ¼
�0:5 �A�1; the SW annihilation peak is at higher energies
and SW creation peak is at lower energies now. If this

FIG. 1 (color online). (a) SPEEL spectra measured on a 2 ML
Fe film epitaxially grown on W(110). The incoming electron
beam had an energy of E0 ¼ 4 eV. The inset shows the geome-
try of our SPEELS experiment. The spin-polarized electron
beam is scattered along the [001] direction of the Fe(110) surface
in the magnetic remanent state. The scattering angle is kept at
�0 ¼ 80�. By changing the incident angle �, the in-plane wave-
vector transfer parallel to the surface, �Kk, can be adjusted
[�Kk ¼ kf sinð�0 � �Þ � ki sinð�Þ, where ki and kf are the

initial and final momentums of the electrons, respectively]. For
this experiment it was chosen to be �Kk ¼ 0:5 �A�1. (b) The
difference and asymmetry spectra. The big triangles show the
peak position due to the SW creation and annihilation taking
place in energy loss and gain, respectively.

FIG. 2 (color online). (a) Series of difference, diff ¼ I# � I",
and (b) asymmetry, asy ¼ I#�I"

I#þI"
, SPEEL spectra measured for

�Kk ¼ �0:5 �A�1 on a 2 ML Fe at RT. The filled symbols are
for M k ½�110� and the open ones are for M k ½1�10�. The spectra
are recorded at a beam energy of E0 ¼ 4:163 eV with an energy
resolution of 19 meV. The big triangles mark the peak positions
of SW creations and annihilations, taking place at energy loss
and gain, respectively.
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effect is caused by an uncertainty in the wave-vector trans-
fer, due to the stray fields induced bending of the electron
beam in two different experiments, one would expect the
same effect in the gain and loss regions (increase or de-
crease in both energies). The reversed phenomenon in
energy gain and loss regions indicates that this effect
cannot be due to a slightly different electron trajectory in
two different experiments. Another argument which clari-
fies that this is an intrinsic property of the system comes
from measuring the same spectra for opposite magnetiza-
tion directions. In magnetism, reversing the sample mag-
netization is equivalent to time inversion (in our
experiment it basically means that the beam source and
the detector are interchanged). The data for magnetization
along the ½1�10� direction are shown by open symbols in
Fig. 2. In the case of reversed magnetization the SW

excitation peak for �Kk ¼ �0:5 �A�1 is at higher energies

with respect to the one for �Kk ¼ 0:5 �A�1. This clearly
indicates that having a slightly different energy for the
SWs propagating along the [001] direction with respect
to the ones propagating along the ½00�1� direction is an
intrinsic property of the SWs in this particular system.
Based on the spin-wave theory the symmetric exchange
interaction cannot lead to any degeneracy breaking of the
spin waves. One may think about the presence of the
dipolar interaction that is responsible for the unidirectional
Damon-Eshbach surface modes [32]. In this case the en-
ergy difference should be about 0.1 meV, which is much
smaller than values observed in our experiment. Finally, we
conclude that the presence of DM interaction breaks the
degeneracy of the SW energies and leads to different en-
ergies for a given �Kk. Therefore, the assumption

�Eð�KkÞ ¼ �Eð��KkÞ is not valid here anymore.

It is worth mentioning that measurements on a 20 ML
thick sample showed also an energy asymmetry. The val-
ues of the energy asymmetry in this case are smaller than
the ones measured for the double layer. This observation
reveals two facts: (i) since SPEELS is only sensitive to the
topmost layer(s), this effect is more likely a surface effect
and is preserved up to even 20 ML thick films; (ii) this
effect has nothing to do with the stray fields caused by the
sample, because the stray fields strength is proportional to
the film thickness. If this effect was caused by stray fields,
one would expect a larger effect for the thicker films.

The energy asymmetry,�E ¼ Eð�KkÞ � Eð��KkÞ, in-
duced by DM interaction varies with the in-plane wave-
vector transfer. In Fig. 3(a) the energy asymmetry is plotted
as a function of the in-plane wave-vector transfer, �Kk.
Our data show that �E has a distinct maximum at �0:5<

�Kk <�1.
Now, we attempt to estimate the amplitude of the DM

vectors from our experimental data. By starting with a
simple classical description of the SWs, the modified
Heisenberg Hamiltonian in the presence of the DM inter-
action can be written as H ¼ P

i�jJijSi � Sj � Keff

P
iðSi �

êÞ2 þP
i�jDij � Si � Sj. Here the first term is the symmet-

ric exchange interaction (Jij is the exchange coupling

constant between spins Si and Sj), the second term is the

magnetic anisotropy energy (MAE) term (Keff is the effec-
tive MAE constant with an easy axis along ê), and the last
term is the DM interaction term (Dij are the DM vectors).

The last term is the only one, which leads to an asymmetric
dispersion relation. Using the same notation as in Ref. [22],
the asymmetry in the SW energies, �E ¼ EDMðqÞ �
EDMð�qÞ, reads

�E ¼ 2csin2�
X

i�j

ðDij � êÞ sin½q � ðRi �RjÞ�; (1)

where q is the wave vector of the SWs (in our case SWs are

propagating along the [001] direction, therefore jqj ¼
�Kk), c ¼ �1 is the chirality rotation index (being þ1
for right rotating sense and �1 for the left rotating one), ê
is the unit vector of the magnetization M, � is the relative
angle between moments and ê, and RiðRjÞ is the position
vector of site iðjÞ. For a double-layer slab Eq. (1) can be
simplified to

�E ¼ �4c

�

ð2Dx
1 þ �Dx

1Þ sin
�
�Kka
2

�

þDx
2 sinð�KkaÞ

�

:

(2)

Here the � sign stands for different magnetization di-
rections, a is the interatomic distance being 3.16 Å, and
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FIG. 3 (color online). (a) The energy asymmetry as a function
of wave-vector transfer. The symbols are the measured values for
two different magnetization directions and the solid curves are
the fits using Eq. (2) for c ¼ þ1 and different magnetization
directions. The error bars represent both the statistical and
systematic uncertainties. (b) Real space representation of a
2 ML Fe slab.
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Dx
i ¼ sin2�Di � ê ( �Dx

i ¼ sin2� �Di � ê) is the longitudinal
component of the DM vector of the ith neighbors in the
same atomic plane (in the neighboring atomic plane),
see Fig. 3(b). The maximum j�Ej observed in our ex-

periments, taking place at �0:5< �Kk <�1, is in line
with the fact that Eq. (2) has also a local extremum at

��=2a � �0:5<�Kk <��=a � �1. By fitting the ex-
perimental data with Eq. (2) for different magnetization
directions (ê k ½1�10�- and ê k ½�110� direction) one finds

j2Dx
1 þ �Dx

1j ¼ 0:9ð3Þ meV and jDx
2j ¼ 0:5ð3Þ meV. Note

that the fits are performed for c ¼ þ1 meaning that the
spin spiral structure, which is formed by DM interaction,
has right rotating sense, in agreement with the recent
experimental results obtained by spin-polarized scanning
tunneling microscopy [13].

This is the first direct experimental determination of the
DM vector components on each individual atomic site. The
measured values are smaller than the theoretically pre-
dicted values for an Fe monolayer [22]. However, those
calculations were done for the monolayer Fe without con-
sidering the temperature effects, whereas our experimental
results are obtained for the double layer at RT by employ-
ing a simple model. This discrepancy might also be due to
the fact that in the calculations the electron-magnon and
phonon-magnon coupling are not considered.

In summary, we showed that the DM interaction lifts the
degeneracy of the SWs and leads to an asymmetric spin-
wave dispersion relation. The DM interaction induced
energy asymmetry of SW energies is measured for an Fe
double layer grown on W(110) using SPEELS. It is shown
that the DM interaction is preserved even up to RT. An
extended Heisenberg spin Hamiltonian is used to obtain the
component of the DM vectors from the experimentally
measured energy asymmetry. Our results, which reveal
the importance of the antisymmetric exchange interaction,
provide a new insight into the spin dynamics in magnetic
nanostructures and would contribute to a better under-
standing of magnetism on the nanoscale.

The authors appreciate the fruitful discussions with D. L.
Mills and L. Szunyogh.
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Blügel, and R. Wiesendanger, Nature (London) 447, 190
(2007).

[10] P. Ferriani, K. von Bergmann, E. Y. Vedmedenko, S.
Heinze, M. Bode, M. Heide, G. Bihlmayer, S. Blügel,
and R. Wiesendanger, Phys. Rev. Lett. 101, 027201
(2008).

[11] E. Y. Vedmedenko, L. Udvardi, P. Weinberger, and R.
Wiesendanger, Phys. Rev. B 75, 104431 (2007).

[12] M. Heide, G. Bihlmayer, and S. Blügel, Phys. Rev. B 78,
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