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Spin-spiral state of a Mn monolayer on W(110) studied by soft x-ray absorption
spectroscopy at variable temperature
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The noncollinear magnetic state of epitaxial Mn monolayers on tungsten (110) crystal surfaces is investigated
by means of soft x-ray absorption spectroscopy to complement earlier spin-polarized scanning tunneling mi-
croscopy experiments. X-ray absorption spectra (XAS), x-ray linear dichroism (XLD) and field-induced x-ray
magnetic circular dichroism (XMCD) Mn L2,3-edge spectra were measured in the temperature range from 8
to 300 K and compared to results of fully relativistic ab initio calculations. We show that antiferromagnetic
(AFM) helical and cycloidal spirals give rise to significantly different Mn L2,3-edge XLD signals, enabling,
thus, to distinguish between them. It follows from our results that the magnetic ground state of a Mn monolayer
on W(110) is an AFM cycloidal spin spiral. Based on temperature-dependent XAS, XLD, and field-induced
XMCD spectra we deduce that magnetic properties of the Mn monolayer on W(110) vary with temperature,
but this variation lacks a clear indication of a phase transition in the investigated temperature range up to 300
K—even though a crossover exists around 170 K in the temperature dependence of XAS branching ratios and in
XLD profiles.

DOI: 10.1103/PhysRevB.103.174419

I. INTRODUCTION

Noncollinear magnetic states have attracted a lot of
attention lately. However, experimental investigations of non-
collinear magnetism are difficult: Standard spatial-averaging
techniques cannot be used because the average magneti-
zation is zero. New techniques have to be sought. It was
demonstrated that scanning tunneling microscopy (STM) with
magnetic or nonmagnetic tips can provide valuable infor-
mation about local magnetic order [1]. In particular, a Mn
monolayer (ML) on W(110) [called Mn/W(110) hereafter]
has become a playground for studying noncollinear mag-
netism. Ordered Mn monolayer stripes can be prepared on
stepped W(110) single-crystal substrates by epitaxial step-
flow growth [2]. First studies of the magnetic order of
Mn/W(110) by spin-polarized STM experiments [3] as well
as ab initio calculations [3,4] suggested a collinear antiferro-
magnetic (AFM) order. Later, field-dependent spin-polarized
STM experiments with atomic resolution for a larger field of
view revealed a periodic magnetic pattern along the [11̄0]
direction of W(110) with a wavelength λ of about 12 nm,
indicating an AFM cycloidal or helical spin-spiral magnetic
ground state [5]. Theoretical investigations accounting for the
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Dzyaloshinskii-Moriya interaction proposed that the ground
state should be a left-handed AFM cycloidal spin spiral [5].
Later, additional field-dependent STM measurements pro-
vided further evidence in favor of this [6]. Recently the
Mn/W(110) system was exploited as a substrate inducing
noncollinear magnetism in adatoms [7–9].

The temperature dependence of the magnetic order of
Mn/W(110) is especially interesting. Estimates of the Néel
temperature TN based on theoretical and experimental studies
differ substantially: Atomistic simulations of the magnetic or-
der with the input parameters taken from ab initio calculations
yield TN of about 510 K whereas STM studies exploiting
the spin-orbit contrast suggest TN to be about 240 K [10]
with additional dependence of TN on the structural width of
Mn monolayer stripes along the [001] direction [11]. These
results could be reconciled by considering different timescales
probed by the experiment in connection with thermal depin-
ning of the spin spirals. Neither theory nor STM experiment
found any indication for an intermediate magnetic state be-
tween the cycloidal spin spiral (CSS) state and a paramagnetic
state at higher temperatures.

Even though spin-polarized STM is a very powerful
method, it may not provide the full picture. In particular,
if a thermal depinning takes place for a spin-spiral state, it
is possible that the spin spiral moves along its propagation
direction, resulting in a phase shift. When this process is
fast compared to the timescale of the measurement, i.e., the
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settling time of the STM tip per pixel, only a time-averaged
signal is obtained [10,12]. Regarding spatial information, typ-
ical surface imaging areas of STM are up to few hundreds of
nanometers, which is a limitation when a large variety of Mn
stripe geometries exists and good statistics is achieved only
on larger areas. Employing a complementary technique which
would provide instantaneous time snapshots for a representa-
tive part of the sample is, thus, desirable.

A suitable technique in this respect is x-ray absorption
spectroscopy. It is chemically specific, so one knows that one
gets a view on the electronic states from an atom of a given
type and, at the same time, the inspected area is macroscopic
(typically 0.1 × 0.3 mm2). Dichroic techniques studying the
change in the x-ray absorption spectrum (XAS) upon chang-
ing the polarization vectors of the incoming x rays and/or
the direction of the magnetization proved to be powerful for
studying ferromagnetic as well as antiferromagnetic order. For
studying complicated noncollinear magnetic order, such as the
one formed in Mn/W(110), XAS spectroscopy was used only
scarcely [13–15]. However, dealing with its complexity is
worthy because x-ray absorption spectroscopy can be viewed
as a complementary technique to STM.

So far, x-ray magnetic linear dichroism (XMLD) tech-
niques were mostly applied to collinear AFM bulk systems
where there would be no dichroic signal without magnetic
order—see, e.g., Refs. [16–18]. In such cases the orientation
of x-ray polarization vectors with respect to the crystal affects
the shape and intensity of the XMLD spectra [17,19], but
the very reason for the effect is magnetic. When studying
Mn/W(110), one encounters a different situation: There is
also a strong structural component of the dichroism, stemming
from the nonfourfold symmetry of the bcc (110) crystal sur-
face. The magnetic order is an additional factor affecting the
spectrum.

Our study focuses on measuring temperature-dependent
XAS at the Mn L2,3 edges and the respective XLD and
field-induced x-ray magnetic circular dichroism (XMCD) for
Mn/W(110) and on comparing these data to ab initio cal-
culations. This enables us to assess to what extent the XLD
technique can be applied to distinguish between various non-
collinear magnetic configurations. In particular, we find that,
for the particular case of Mn/W(110), the XLD technique
is sensitive to the differences between cycloidal and helical
spin spirals. Another important issue we explore is how the
magnetic order of Mn/W(110) changes if the temperature
increases from 8 K up to room temperature. Magnetic prop-
erties of Mn/W(110) vary with temperature, but there is no
clear indication of a phase transition in the investigated range.
Nevertheless, a crossover around 170 K is apparent in the
temperature dependence of L3- to L2-XAS branching ratios
and in XLD profiles (but not in XMCD); the exact nature of
this crossover is not clear.

II. METHODS

A. Sample preparation

W(110) crystal preparation and Mn deposition were per-
formed in situ in the UHV preparation chamber of the ID8
beamline at ESRF. W(110) single crystals were mounted on

(a)

φ = 0

(b)

~ 10 nm

LEED orientation
W(110) substrate 

top view 

[110]

[001]

Mn

Mn

Mn

W

W

W

Step-flow growth of Mn on W(110)

side view 

[110]

Mn / W(110) surface 

[001]

FIG. 1. (a) STM image of the Mn/W(110) surface with a Mn
coverage of about 80% of a ML. Yellow arrows indicate W(110)
step edges. The LEED image of the W(110) surface taken before
Mn growth defines the azimuthal orientation φ = 0◦ with respect to
εh and εv incoming photon polarization vectors. (b) Schematic of the
surface atomic configuration and respective orientation of εh and εv

photon polarization vectors for φ = 0◦. The small dark circles denote
Mn atoms, the large light circles denote W atoms in the subsurface
layer. Rods at Mn atoms indicate symbolically the directions of
magnetic moments for an antiferromagnetic CSS.

standard Omicron plates and cleaned in a standard two-step
process described elsewhere [5]: The crystal was annealed at
T = 1200 ◦C in an oxygen atmosphere, and the surface oxide
formed during this process is, thereafter, removed by a short
flash to T = 1800 ◦C. This cycle was repeated until STM and
low-energy electron diffraction (LEED) showed well-ordered
and clean surface properties.

Mn was evaporated from a crucible with deposition rates
of approximately 0.1 ML/min (evaporator parameters: 1.9 A,
11.4 mA, 500 V, and 300 nA). The deposition rate was
calibrated by STM. During deposition the W crystals were
kept at about 200 ◦C, which leads to a step-flow growth
of Mn monolayer stripes along W step edges as shown in
Fig. 1(a). Coverages and morphology of the Mn monolay-
ers were highly reproducible in STM when samples were
reprepared from scratch using the same parameters. The ho-
mogeneity of the Mn coverages was verified by respective in
situ XAS data—the Mn L2,3-white line intensities differed by
4% at most. Further STM images of the W(110) substrate and
Mn/W(110) sample are shown in Appendix A. After fresh
preparation the samples were immediately transferred in situ
to the XAS chamber at ID8.

In order to change the azimuthal orientation (see Sec. II B),
the W(110) crystal was ex situ rotated on the Omicron sample
holder and reentered into the UHV chambers. The in situ tung-
sten cleaning procedures described in Sec. II A were repeated,
thereafter, followed by a fresh Mn monolayer preparation and
respective STM characterization.

B. Measurement

XAS was measured at the Mn L2,3-edges (x-ray energy
630–680 eV) at the ID8 beamline for temperatures varying
from 8 to 300 K in the surface sensitive total electron yield
(TEY) mode. The beamline is known for its high resolution in
the detection of L2,3-XAS signals for ultralow coverages down
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to 1% of a monolayer. XLD was measured in a polar geometry
(� = 0◦) with horizontal εh and vertical εv x-ray polarization
vectors (in the laboratory coordinates) of the Apple II undula-
tor. A small magnetic field of B = 100 mT was applied during
the XLD measurements to reduce the TEY noise.

The XLD spectra were recorded for two different az-
imuthal crystal orientations: (i) The [11̄0] direction of the
W crystal was parallel to the x-ray polarization vector εh

[φ = 0 ± 2◦—as depicted in Fig. 1(b)], and (ii) the direction
W[11̄0] forms an angle φ = 48 ± 2◦ with εh. These azimuthal
orientations were derived from in situ W(110) LEED patterns
[as shown, e.g., at the bottom of Fig. 1(a)].

The field-induced XMCD spectra were measured for two
incidence angles, namely, � = 0◦ (polar incidence) and � =
70◦ (grazing incidence with the plane of incidence defined by
the W[110] and W[11̄0] directions). During XMCD measure-
ments an external magnetic field B = ±5 T is oriented parallel
to the photon beam. The XMCD signal, thus, reflects the
average Mn magnetizations induced by the external magnetic
field along the respective photon beam directions.

Dichroism signals are defined as

XLD = μ(εv ) − μ(εh) ≡ μ(ε ‖ W[001]) − μ(ε ‖ W[11̄0]),
(1)

with μ(ε) denoting the absorption coefficient for incoming
photon polarization vector ε, and

XMCD = μ(ε+) − μ(ε−). (2)

The respective average nondichroic signals are defined as

XAS = [μ(εh) + μ(εv )]/2 (3)

for linearly polarized x rays and

XAS = [μ(ε+) + μ(ε−)]/2 (4)

for circularly polarized x rays. All XAS signals are routinely
normalized to unity at the Mn preedge at 635 eV to compen-
sate variations of the base TEY signal, e.g., due to different
incident photon beam intensities.

As a quantitative measure of the average moment per Mn
atom we will use the so-called XMCD asymmetry. It is de-
fined as the ratio between the L3-XMCD peak intensity and
the respective L3-XAS peak intensity,

XMCD asymmetry = XMCDL3/XASL3 (5)

evaluated at the L3 edge (at about 641 eV in our case).
To check the correct photon energy calibration, the signal

of a reference MnO polycrystalline sample was monitored
during all polarization-dependent measurements to verify the
absence of XLD in the reference sample at all times (see Fig. 9
in Appendix B).

C. Calculations

Accompanying calculations were performed within the ab
initio framework of spin-density functional theory, relying
on the generalized gradient approximation using the Perdew,
Burke, and Ernzerhof functional [20]. The electronic structure
embodied in the underlying effective single-particle Dirac
Hamiltonian was calculated in a fully relativistic mode us-
ing the spin-polarized Green’s function multiple-scattering

(KKR-GF) formalism [21] as implemented in the SPRKKR

code [22].
The Mn/W(110) system was modeled by a slab consist-

ing of six W layers and a Mn layer, embedded in vacuum
(represented by three layers of empty sites above the Mn
layer). The lattice constant of bcc W was set to a0 = 3.165 Å,
and the vertical distance between the Mn monolayer and
the nearest W layer to 2.12 Å, in agreement with earlier
ab initio calculations [2,4]. First, the electronic structure of
the two-dimensional slab was calculated by means of the
tight-binding KKR technique [23] to obtain self-consistent
potentials. Afterwards, the spectra were evaluated by the
real-space calculations, using a cluster of 10.40-Å radius con-
taining 181 atoms (or 315 atoms if counting empty vacuum
sites as well). We checked that increasing the cluster further
does not lead to significant changes in the results. Raw theo-
retical spectra were broadened by Lorentzians with full widths
at half maxima 0.70 eV (L2 edge) and 0.35 eV (L3 edge) to
account for the finite core hole lifetime.

Spectra for spin spirals were evaluated as averages of spec-
tra for two AFM configurations with perpendicular directions
of the magnetization. In particular, spectra for AFM CSSs are
evaluated by averaging spectra for AFM configurations with
M ‖ W[11̄0] and with M ‖ W[110] whereas spectra for the
AFM helical spin spiral are evaluated by averaging spectra for
AFM configurations with M ‖ W[001] and with M ‖ W[11̄0].
One can view this approach as taking the long-wavelength
limit. We checked by explicit calculations that this approach
is justified in our case (see Appendix C). Note that a similar
representation of CSS with a collinear AFM configuration
was employed recently for ab initio calculations of the mag-
netic exchange force between a STM tip and Mn atoms on
W(110) [24]. Dealing with the long-wavelength limit means
that we cannot, in principle, distinguish between the rotational
senses of the cycloidal spirals (right or left handed).

The potential was without any shape approximation, i.e.,
a full potential mode was employed, relying on the rep-
resentation of the atomic cells by means of the shape
functions [25,26]. The core hole was included within the final-
state approximation, i.e., the hole is relaxed and screened.
Technically, this was achieved within the single-site impurity
approach (see Ref. [27] for more details). Accounting for the
full potential and the core hole does not lead to significant
changes in XAS, but it is important for the dichroic spectra.
The influence of the core hole is illustrated in Appendix D.

The angular momentum cutoff used for calculating the
spectra was �max = 3. A lower cutoff of �max = 2 would be
sufficient for XAS and XMCD, but to get reliable results for
XLD, �max = 3 was needed. The need for �max larger than
what is common for such systems is probably associated with
the fact that the Mn L2,3-edge XLD signal is quite small and,
therefore, a high accuracy is needed. If an even larger cutoff
of �max = 4 is used, no significant changes with respect to the
�max = 3 case occur.

When interpreting experimental spectra recorded at ele-
vated temperatures one has to consider a situation when there
are local magnetic moments at Mn atoms but without any
order—we call such a system paramagnetic. We model this
by a disordered local moment (DLM) state: A Mn site is
occupied with the same probability by an atom with spin
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FIG. 2. (a) Experimental XAS and (b) XLD spectrum recorded
at 8 K compared to spectra calculated for AFM cycloidal spin spiral
and AFM helical spin spiral states.

up and by an atom with spin down [28]. Technically, this is
achieved via the coherent potential approximation, which can
be conveniently implemented within the KKR-GF formalism.
To simulate the disorder also concerning the directions of
the magnetic moments, additional averaging of spectra calcu-
lated for the magnetization oriented along three perpendicular
directions (M ‖ W[001], M ‖ W[11̄0], M ‖ W[110]) is per-
formed. Finally, we dealt also with nonmagnetic Mn; in such
a case the potentials for the spin-up and spin-down electrons
are identical and the local magnetic moments are zero.

III. RESULTS

A. Magnetic ground state: cycloidal versus helical spirals

Experimental Mn L2,3-edge XAS and XLD spectra of
Mn/W(110) recorded at T = 8 K in normal incidence ge-
ometry (� = 0◦) for azimuthal orientation of the tungsten
crystal φ = 0◦ are shown in Fig. 2 (solid gray lines). The XAS
spectral shape looks broad, typical for Mn atoms in a metallic
state [29]. At the L2 edge a faint shoulder is visible at around
651 eV. The fact that the spectrum resembles spectra of Mn
in a metallic state suggests that atomiclike multiplet effects
will be less significant. This is even more probable for XLD
where the extended aspects of electronic states are important.
Using an ab initio theoretical scheme, which accounts for the
delocalized nature of electron states, thus, seems plausible.

We put the experimental XLD to test by verifying that it
conforms the fundamental C2v symmetry of the system. To
achieve this, we compare the XLD signals measured at two
different azimuthal crystal orientations φ = 0◦ and φ = 48◦.
The signal recorded at φ = 48◦ scales very accurately with the
signal recorded at φ = 0◦ with the scaling factor cos(2φ) =

−0.105 (Fig. 10 in Appendix B). The measured signal, thus,
indeed corresponds to the linear dichroism effect. Let us note
that the XLD signal is quite small, just a few percent of the
average XAS signal as evident from the units on the vertical
axis of Fig. 2. Polarization-resolved spectra μ(εh) and μ(εv )
defined in Eqs. (1) and (3) would, thus, be visually hardly
distinguishable from the polarization-averaged spectrum.

The theoretical spectra shown in Fig. 2 were calculated
assuming a CSS and a helical spin spiral configuration. The
spectra were aligned in energy so that the theoretical L3-edge
white line maximum coincides with experiment. On the other
hand, the vertical scaling of the spectra was performed by
scaling the experimental XAS spectrum so that it matches
the theoretical spectrum at the high-energy tail (because the
theory provides absolute units for the XAS cross section).
XLD spectra were scaled by the same factor as XAS spectra.

Theoretical XAS spectra (practically identical for both
magnetic configurations) reproduce the gross features of the
experiment but fail to reproduce the asymmetric shape of
the white lines. This seems to be a general feature of ab
initio calculations of L2,3-edge spectra of transition metals
and probably is associated with deficiencies of the final-state
approximation in describing the core-hole effect in met-
als [30]. The shoulder at 651 eV observed in experiment
probably stems from multiplet effects: It does not appear in
Mn L2,3-edge XAS of elemental Mn, but it is present for Mn-
containing semiconductors and insulators [29,31] and for Mn
monolayers on Ag(001) [32] and on Fe(001) [14]. If the
coverage is increased, the shoulder at 651 eV gradually dis-
appears [32]. So we can interpret these features in Fig. 2 as
indications that the electron states of Mn have a partially local
atomiclike character in our system and that some aspects of
theirs cannot be fully accounted for within common imple-
mentations of the SDFT. The features are, nevertheless, small,
meaning that the metallic character prevails.

There is no clear experimental counterpart to the small
peak appearing in the calculated XAS spectrum at 647 eV
[Fig. 2(a)]. This resembles the situation for transition-metal
Fe and Co [30,33]. As discussed in Ref. [33], it is probably
related to a van Hove singularity.

Concerning the XLD, one can see that cycloidal and he-
lical spin spirals give rise to significantly different signals
[Fig. 2(b)]. The helical spin spiral generates a simple deriva-
tivelike (plus/minus) structure both at the L3 and L2 edges,
whereas the CSS shows a more complex XLD line shape.
Theoretical data for a CSS reproduce the main features of the
experimental data. Nevertheless, differences in details remain,
especially further away from the edge. This may be partially
linked to the presence of minor multiplet effects in the spectra.
Another factor to consider is the possible presence of a second
Mn layer in minor areas of the sample: Although the Mn
coverage is below one monolayer and no double-layer Mn
islands are observed in the STM image of Fig. 1(a), we cannot
exclude seeds of a second Mn layer in other parts of the probed
surface area. However, we checked a reference sample with
coverage as low as 30% and the spectral shape of the XLD is
very similar, suggesting that we really deal with essentially a
monolayer system.

The theoretical XLD spectrum for a helical spiral fits the
experiment much worse than the theoretical XLD spectrum
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for a cycloidal spiral—in particular, as concerns the charac-
teristic wiggle at 640.5 eV. So we conclude that soft x-ray
absorption spectroscopy confirms that the magnetic ground
state of Mn/W(110) is an AFM cycloidal spin spiral.

B. Temperature-dependent XLD

Figure 3 summarizes the temperature dependence of XLD
signals from T = 8 to 300 K for the φ = 0◦ azimuthal ori-
entation of the W crystal. An overall view is presented in
Fig. 3(a) (with an ad hoc vertical offset between the curves),
detailed views on the XLD at the L3 and L2 edges are shown in
Figs. 3(b) and 3(c) (without offsets). The data can be decom-
posed into a temperature-independent broad quasioscillatory
background [the dashed curve in Fig. 3(a)] and temperature-
dependent features at the L3 and L2 edges.

The XLD profile changes with temperature. A closer in-
spection of the respective data in Fig. 3 reveals that most
of the change occurs between 8 and 170 K. Minor changes
occur between 170 and 300 K, especially at the L3 edge. As
a whole, the changes are gradual without any abrupt jumps
which would signal phase transitions.

To learn how the decay of the magnetic order could pos-
sibly influence the spectra, we calculated Mn L2,3-edge XAS
and XLD assuming that: (i) Mn is nonmagnetic and (ii) that
Mn is paramagnetic (by averaging DLM spectra for three per-
pendicular directions of the magnetization, see Sec. II C). The
XAS spectra are shown in Fig. 4(a) together with theoretical
spectrum for a CSS and with experimental spectra recorded
for T = 8 and 300 K. The experimental spectra practically
do not change if the temperature is increased. Likewise, we
see only small changes in the theoretical spectra when go-
ing from a CSS to the paramagnetic case. However, the Mn
L2,3-edge XAS for nonmagnetic Mn/W(110) differs quite a
lot regarding the intensity of the L3- and L2-white lines (even
though the spectra are similar in the high-energy tail region,
for E � 655 eV). This is in accordance with the changes in
the density of states (DOS): There is a big increase in the
DOS just above EF if the system is made nonmagnetic (see

Fig. 13 in Appendix E). The fact that there is no big difference
between experimental XAS for T = 8 and 300 K can, thus, be
seen as a proof that there are local magnetic moments present
at Mn atoms up to room temperature. To a certain degree this
is reminiscent of the situation for Fe and Co where the local
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magnetic moments survive up to high temperatures whereas
the magnetic order has already decayed [34,35].

To isolate the influence of the temperature on XLD, the
difference between XLD signals measured for T = 8 and
300 K,

XLD(300 K) − XLD(8 K)

is presented in Fig. 4(b). This difference is smaller than but
comparable to the intensity of the XLD signals themselves
[cf. Fig. 2(b)]. This suggests that changes, indeed, happen in
the system if the temperature increases. At the same time, the
change in the experimental XLD between T = 8 and 300 K
is quite different from the change in the theoretical XLD
when going from a CSS to a paramagnetic state or from a
CSS to a nonmagnetic state (see the respective differences
in Fig. 4). We can, thus, infer that at room temperature the
system is neither nonmagnetic nor paramagnetic. The exact
nature of the temperature-induced changes in the magnetic
state of Mn/W(110) remains unknown.

C. Temperature-dependent field-induced XMCD

The XMCD spectra were measured for polar (� = 0◦, pho-
ton beam parallel to W[110]) and grazing (� = 70◦, photon
beam inclined towards the W[11̄0] direction) incidence. To
induce nonzero average magnetization in the sample, an ex-
ternal magnetic field of B = 5 T was applied along the x-ray’s
incidence direction. The azimuthal orientation of the tungsten
crystal was kept the same as during the XLD measurements,
that is, φ = 0◦. The measurements were performed for three
temperatures (T = 8, 120, and 300 K).

The results are summarized in Fig. 5: Fig. 5(a) shows
the temperature-dependent field-induced XMCD spectra,
Fig. 5(b) presents the respective XMCD asymmetries derived
from the peak heights. The XMCD signal is very small: The
XMCD asymmetry at the L3 peak is at most 0.5% (at � =
70◦ and T = 8 K). For comparison, Mn in a ferromagnetic
state with M fully aligned along the x-ray direction would
exhibit an XMCD asymmetry of about 30% [36]. We stress
that the effect we observe is a field-induced (nonremanent)
XMCD [37]; we checked that the XMCD signal disappears

when the external field is decreased to zero. This is in contrast
to common XMCD experiments on ferromagnets where the
external magnetic field is used just to orient the magnetic
domains and where, therefore, a nonzero XMCD signal re-
mains after the external field has been withdrawn. Absence
of a zero-field XMCD signal can, thus, serve as evidence
that there are no ferromagnetic regions in the sample. Such
a confirmation could not be obtained via more traditional
magnetization measurements because the amount of magnetic
material is very small in this case.

The XMCD signal is sensitive to the projection of the mag-
netic moment of the photoabsorbing atom along the direction
of the incoming photons. Quantitatively, the XMCD intensity
IXMCD scales as

IXMCD ∼ cos α, (6)

where α is the angle between the direction of the incoming
x rays and the magnetic moment [38]. To get a more specific
idea how the measured signal may arise, we calculated the
Mn L2,3-edge XMCD of Mn/W(110) for a normal incidence
photon beam, considering different magnetic configurations
to model the effect of the external magnetic field on the
arrangement of the magnetic moments. First, we assume
that the system is nearly antiferromagnetic with magnetic
moments at Mn atoms oriented in plane along the W[11̄0]
direction but additionally tilted out of plane by 5◦ (in the
W[110] direction). The second model is a simple ferromag-
netic state with a magnetization oriented along W[110] (i.e.,
out of plane). Finally, we employed an uncompensated DLM
model: The magnetic moments are parallel to W[110], but
unlike in the paramagnetic case (dealt with in Sec. III B),
there is a slight preference in the spin orientation (51% ver-
sus 49%). There is no magnetic order in the third model; it
could be viewed as a slightly biased set of disordered local
moments.

Calculated XAS and XMCD spectra for the theoretical
models are shown in Fig. 6 together with experiment. Note
that the theoretical XMCD signal was scaled down by a factor
of 7 for the tilted AFM model and by a factor of 70 for the
ferromagnetic configuration. From comparison of the theoret-
ical XMCD with the experiment it follows that the observed
field-induced XMCD is compatible with the model where the
antiferromagnetically ordered magnetic moments are tilted a
bit in the direction of the external magnetic field. Note, in
particular, that the faint shoulder on the low-energy side of the
L3-edge peak (at 639 eV—see the arrow in Fig. 6) is present
both in experiment and in theory (see the arrow in Fig. 6).

Interestingly, the ferromagnetic model yields a XMCD
signal very similar in shape to the signal for the tilted AFM
model—just ten times more intensive. On the other hand, the
uncompensated DLM model simulating a magnetically disor-
dered system with a slight prevalence of magnetic moments
along the external field is incompatible with the experiment.
As the measured XMCD spectral shape does not change sig-
nificantly between 8 and 300 K [despite the slight changes in
intensity—see Fig. 5(a)], the incompatibility of the uncom-
pensated DLM model gives us a strong indication that there
is no magnetic phase transition to a paramagnetic state within
the temperature range we explored.
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FIG. 6. (a) Experimental XAS and (b) field-induced XMCD
recorded at 8 K compared to theoretical spectra calculated for sys-
tem: (i) in an uncompensated DLM state, (ii) in a ferromagnetic state,
and (iii) in an AFM state with moments nearly in plane but tilted by
5◦ in the out-of-plane direction. Note that the XMCD signal for the
tilted AFM state was divided by 7, and the XMCD signal for the
ferromagnetic state was divided by 70.

Considering Fig. 6, it seems that the mechanism how the
external magnetic field induces nonzero magnetization in the
Mn/W(110) system is via tilting the Mn magnetic moments
slightly towards the direction of the external field. Some
quantitative assessments can be performed in this respect. By
assuming for simplicity that all Mn moments are oriented
in the same direction, we can estimate angle α between this
direction and the surface normal by means of Eq. (6). Con-
sidering the intensity of the calculated Mn L3-edge XMCD
peak for the ferromagnetic model, we get the correct scaling
for α = 89.2◦. The AFM model with moments tilted from the
in-plane direction leads to α = 89.3◦. Obviously, both mod-
els are very simple—they disregard the spin spiral nature of
the magnetic ground state. Therefore, discrepancies between
the measured field-induced XMCD signal and the XMCD
calculated for the models have to be expected (cf. Fig. 6).
Nevertheless, the good agreement between both estimates of
α suggests that the idea that the XMCD spectra are generated
through tilting of Mn magnetic moments by the external field
is plausible.

This interpretation is consistent with the dependence of the
XMCD asymmetry on temperature shown in Fig. 5(b). The
decrease in the XMCD asymmetry with increasing temper-
ature results, in this view, from increased thermal disorder
and, hence, larger resistance of the spins to be aligned by an
external field. The linear decrease in the XMCD intensity with
temperature presents another argument in favor of the absence
of a magnetic phase transition towards a paramagnetic state
within the experimental range of temperatures: For such a
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FIG. 7. Experimental branching ratios IL3/(IL2 + IL3 ) for Mn
L2,3-edge XAS spectra at different temperatures.

phase transition one would expect a clear discontinuity in the
susceptibility.

Figure 5(b) moreover reveals that for all temperatures the
induced XMCD effect is 20% smaller at polar incidence
(� = 0◦, the external magnetic field is out of plane) compared
to that of grazing incidence (� = 70◦, the external magnetic
field is in plane). This anisotropy is consistent with an in-plane
easy axis direction along W[11̄0] previously reported experi-
mentally for a Mn monolayer on W(110) and predicted by
theory [2]. Namely, one can assume that field-induced align-
ment of magnetic moments along the hard axis will be less
efficient compared to alignment along the easy axis, resulting,
thus, in a smaller average projected magnetic moment along
the out-of-plane direction.

D. Temperature-dependent XAS branching ratio

The ratio of L3 and L2 intensities in nondichroic XAS spec-
tra of transition metals contains information on the d-shell
spin state. It can be quantified by the branching ratio (BR)
defined as

IL3

IL2 + IL3

, (7)

where IL3 and IL2 are integrated intensities of the XAS white
lines at the respective edges. We quantified these intensities
by subtracting a standard two-step-function background from
the measured XAS and integrated the peaks in the energy
ranges of 637.5–649.5 and 649.5–670.0 eV to get IL3 and IL2 ,
respectively.

BRs are shown in Fig. 7 for different temperatures; they
were evaluated for Mn L2,3-edge spectra recorded for the
φ = 0◦ azimuthal orientation of the W crystal. For low tem-
peratures the BR is constant (BR = 0.74; IL3/IL2 = 2.85). If
the temperature increases above T = 170 K, the values drop
steadily, and at room temperature BR reaches 0.71, which is
closer to that of metallic Mn (BR = 0.69 [32]) and to the
statistical value of 2/3. For comparison—the corresponding
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values for 14 ML of Mn on fcc Co(001) are BR = 0.72 and
IL3/IL2 = 2.55 [39].

According to Thole and van der Laan [40] the BR of
3d transition metals reflects the electronic d-shell config-
uration, which determines the local moment per atom. An
abrupt change in the d-shell configuration clearly occurs when
exposing our Mn monolayer samples to oxygen: oxygen con-
tamination leads to a characteristic multiplet structure in the
XAS spectral shape corresponding to a Mn2+ state (similar
to that of MnO shown in Fig. 9). In the oxidized state the
BR jumps to higher values of about 0.76 (see data point at
T = 338 K in Fig. 7), which is consistent with BR’s reported
for MnO with a d5 occupancy [41].

The observed small decay of the IL3/IL3+L2 branching ra-
tio between 170 and 300 K (disregarding the oxidized case)
suggests a subtle but continuous change in the Mn d-shell
spin configuration with temperature. Interestingly, this hap-
pens in the range where the temperature-induced changes in
the XLD peaks are small in comparison with the changes for
T � 170 K (see Fig. 3). One should bear in mind that the BR
does not reflect magnetic order but only the magnitude of the
local moments per atom.

IV. DISCUSSION

Mn/W(110) is a system where the XLD would arise even
without any magnetism, just because of the nonfourfold sym-
metry of the bcc (110) surface. However, the magnetic state
has a profound influence on the shape of the XLD spectra
(see Fig. 2). So in common terminology one could speak
about natural dichroism in the presence of magnetization.
It is not possible to disentangle the structural and magnetic
contributions to XLD from each other. This is because mag-
netization has a strong influence on the electronic structure
as demonstrated by comparing the DOS for magnetic and
nonmagnetic Mn/W(110) (Fig. 13 in Appendix E). Forcing
Mn to be nonmagnetic would change the spectra substan-
tially, similarly, as if Mn was replaced by a different chemical
element.

The XLD spectrum depends on the direction of the mag-
netic moments. This is crucial for distinguishing between
helical and cycloidal spin spirals. The direction of magnetic
moments is connected to the Mn/W(110) system via spin-
orbit coupling (SOC). The importance of SOC is illustrated
in Appendix F where it is shown how XLD changes if the
direction of antiferromagnetically coupled magnetic moments
at Mn atoms varies. Spin-orbit interaction, thus, always has to
be considered when analyzing linear dichroism for magnetic
systems, even in cases where an essential part of the dichroism
originates from the structure.

The dependence of magnetism of Mn/W(110) on tem-
perature appears to be complicated. We observe signs of a
crossover at 170 K: beyond this temperature, the rate of
change of XLD spectra with temperature drops (Sec. III B,
Fig. 3) and the BR starts to vary (Sec. III D, Fig. 7). On
the other hand, the temperature dependence of field-induced
XMCD does not exhibit any signs of crossover (Sec. III C,
Fig. 5). The changes in XLD or BR at 170 K are visible but
not dramatic, and, thus, we do not regard them as signatures
of a magnetic phase transition. As concerns the T = 300-K

case, which is the highest temperature we explored, we have
strong indications that there are local magnetic moments at
Mn atoms (Sec. III B, Fig. 4) and that these moments are not
disordered as in a paramagnetic system (Sec. III B, Fig. 4 and
Sec. III C, Fig. 5).

Multiscale calculations of Hasselberg et al. [10] do not find
any intermediate magnetic state between the CSS ground state
and the state without magnetic order. In their calculations the
crossover temperature between the ordered and the disorder
state was found to be around 510 K [10], which is significantly
higher than 240 K deduced from STM experiments [10,11].
Our XAS, XLD, and XMCD measurements do not reveal a
magnetic phase transition or a major change of the magnitude
of the magnetic moment per atom below 300 K, in agreement
with the predictions of Hasselberg et al. [10].

It was suggested that the apparent loss of magnetic order
seen in STM experiments could be due to thermal depin-
ning of the spin spirals. Depinning effects would not affect
our experimental data: XAS yields an almost instantaneous
snapshot of the magnetic state of the system, contrary to
STM, which yields information averaged over the millisecond
timescale necessary to perform typical differential conduc-
tance measurements in a lock-in mode. XAS, thus, provides
information complementary to the information obtained by
STM.

Based on our data, it is difficult to assess the significance
of the crossover observed in the temperature dependence of
XLD and BR around 170 K. Possibly, an important factor
can be that our samples contain Mn monolayer stripes of
different widths in the [001] direction and that x-ray absorp-
tion spectroscopy probes many of them at the same time.
Sessi et al. [11] found that magnetic properties of Mn stripes
depend on these widths. It is conceivable that different parts
of the sample are in a different magnetic state and that this
state varies with the temperature depending on the size of the
respective Mn island. The measured signal would then be a
superposition of different signals. One should also have in
mind that XAS will stress the role of large Mn monolayer
terraces (in comparison to short terraces) because that is where
most of the Mn atoms are sitting. Open questions clearly
remain.

V. CONCLUSIONS

X-ray linear dichroism can be used as a probe for non-
collinear magnetic order. Cycloidal and helical spin spirals
give rise to significantly different Mn L2,3-edge XLD signals
for Mn/W(110), enabling, thus, to distinguish between these
two configurations. The magnetic ground state of Mn/W(110)
is an AFM cycloidal spin spiral.

Based on temperature-dependent XAS, XLD, and field-
induced XMCD spectra we deduce that the magnetic order of
Mn/W(110) varies with temperature, but this variation lacks a
clear indication of a phase transition in the investigated range
(8–300 K). Local magnetic moments at Mn atoms are present
for temperatures up to 300 K.

A crossover exists in the temperature dependence of XAS
branching ratios and in XLD profiles around 170 K, but it
is not present in XMCD data. The ground-state magnetic
order (AFM cycloidal spin spiral) appears to be weakened

174419-8



SPIN-SPIRAL STATE OF A MN MONOLAYER ON W(110) … PHYSICAL REVIEW B 103, 174419 (2021)

and possibly partially disrupted at these temperatures, but the
system is not paramagnetic even up to 300 K. Tentatively, the
observed trends may result from the fact that x-ray absorption
provides an instantaneous view on the magnetic properties
averaged over a set of Mn islands with a variety of sizes
and shapes: For some Mn islands, the system might be in
another—yet undetermined—magnetic state.
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No. 20-18725S. Additionally, computing resources were sup-
ported by Project No. CEDAMNF CZ.02.1.01/0.0/0.0/15_-
003/0000358 (Ministry of Education, Youth and Sports)
and by Project “e-Infrastruktura CZ” (Project No. e-INFRA
LM2018140) provided within the program Projects of Large
Research, Development and Innovations Infrastructures. Soft
x-ray experiments were carried out at the ESRF facili-
ties (beamline ID08) during Projects No. HE3406 and No.
HE3638. We acknowledge financial support (travel, accom-
modation, and subsistence) by the ESRF for both projects. The
evaluation of synchrotron data was supported partly by the
Project No. SOLID21 CZ.02.1.01/0.0/0.0/16_019/0000760 of
the Ministry of Education, Youth and Sports. Finally, we
thank the DFG for financial support via the Cluster of Ex-
cellence “Advanced Imaging of Matter” (EXC 2056, Project
No. 390715994).

APPENDIX A: STM IMAGES OF THE SUBSTRATE
AND THE SAMPLE

Typical STM images of a clean W(110) surface are shown
in Figs. 8(a) and 8(c). In the clean state typical carbon-induced
(15 × 3) reconstructions have disappeared in the LEED pat-
terns. STM images demonstrating the step-flow growth of Mn
monolayer stripes (referred to in Sec. II A) are presented in
Figs. 8(b) and 8(d).

APPENDIX B: INTERNAL CONSISTENCY OF XLD
MEASUREMENTS

A typical featureless XLD signal of randomly oriented
polycrystalline MnO powder is plotted in the lower graph
of Fig. 9 (cf. Ref. [42]). Small shifts in photon energy cali-
bration between measuring the spectra for εh and εv photon
polarization would produce spurious nonzero XLD signals at
the Mn L2,3 edges with a characteristic derivative character.
We comment here that, indeed, such artifacts appeared when
the photon polarization vector was set to angles other than
the standard εh and εv undulator configurations. Therefore, to
study the dependence of XLD on the azimuthal orientation of
the sample, we kept the polarization vectors εh and εv constant
and instead rotated the W(110) crystal.

For a C2v symmetric crystal surface we expect a twofold
symmetric dependence of XAS signals versus azimuthal in-
plane ε orientations in polar incidence geometry (� = 0◦).
The C2v symmetry of the W(110) crystal surface should
lead to a fundamental dichroism between the W[100] and
the W[11̄0] directions. For a pseudomorphically grown Mn
monolayer, the spin texture would obey this symmetry. For

a C2v symmetry fundamental XLD spectra should scale as
cos(2φ), where φ is the angle between the W[11̄0] high-
symmetry direction and the εh incoming photon polarization
vector [43]: XLD is largest at φ = 0◦ and vanishes at φ = 45◦.
We verified this behavior by measuring XLD for Mn/W(110)
in two azimuthal orientations φ = 0◦ and 48◦. Respective data
are shown in Fig. 10(a). Although the average XAS intensity
is equivalent for φ = 0◦ and 48◦ (upper graph), the XLD
signal at φ = 48◦ is reduced and reversed in sign compared
to that of φ = 0◦. The respective factor is cos(2 × 48◦) =
−0.105 [see the lower graph in Fig. 10(a)]. The shape of
the XLD, however, is the same within the resolution of the
experiment, affirming a strict C2v symmetry of the system.
Respective LEED patterns in Fig. 10(b) show the azimuthal
rotation of the W(110) crystal by 48◦, corresponding to the
φ = 0◦ and 48◦ measuring geometries.

APPENDIX C: MODELING SPIN SPIRALS BY
AVERAGING OVER AFM CONFIGURATIONS

Spectra for spin spirals are calculated as averages over
spectra for two AFM configurations with perpendicular direc-
tions of the magnetization. Figure 11 demonstrates that this
approach is justified. We calculated the spectra for proper he-
lical and cycloidal spin spirals with a wavelength λ = 7.2 nm
(i.e., 16 interatomic distances between Mn atoms along the
W[11̄0] direction in which the spiral propagates). A fully
relativistic calculation is needed to account for the effect of
SOC, therefore, appropriate supercells have to be involved

(c) (d)

Clean W(110) 0.8 ML Mn on W(110)

Mn

Mn

Mn

W

W

W

(a) (b)

FIG. 8. In situ sample characterization in the ID8 preparation
chamber by scanning tunneling microscopy. (a) Clean W(110) sub-
strate with multiple terraces. (b) Step-flow growth of monolayer
Mn stripes on W(110) at Mn coverages of about 0.8 MLs. (b) and
(d) show images of respective sample areas on a smaller scale.
Tungsten step edges are indicated by yellow arrows.
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(the generalized Bloch theorem simplifying the calculations
for spin spirals [44,45] cannot be used if SOC is present).
This makes the computation very demanding, so we resorted
to the atomic sphere approximation (ASA) for the potential
and neglected the core hole in this test. The Mn L2,3-edge
XLD for a helical spin spiral is compared to the average of
XLD spectra for AFM configurations with M ‖ W[001] and
with M ‖ W[110] in Fig. 11(a). The Mn L2,3-edge XLD for
a cycloidal spin spiral is compared to the average of XLD
spectra for AFM configurations with M ‖ W[11̄0] and with
M ‖ W[110] in Fig. 11(b). There is nearly a perfect match
between the results obtained by both approaches. We checked
that the same conclusions can be reached also if the average
is made not only just of two, but also of three or five AFM
configurations with different magnetization directions.

Our approach effectively neglects the angle between adja-
cent spin directions, so it is the better the longer the spiral
wavelength is. The wavelength of the spin spirals observed
experimentally for Mn/W(110) is 12 nm [5,46], which is even
longer than the wavelength used in our test calculation. Mod-
eling spectra of spin spirals by averages over spectra of two
collinear AFM configurations with perpendicular directions
of the magnetization is, thus, justified in our case.

APPENDIX D: INFLUENCE OF THE CORE HOLE
ON THE CALCULATED SPECTRA

In metals, the presence of the core hole is usually not the
decisive factor for the shape of XAS spectra (even though
accounting for it often improves the agreement between the-
ory and experiment). However, we deal with XLD and its
variations, which is quite a subtle effect demanding a high
accuracy. We present in Fig. 12 Mn L2,3-edge XAS and XLD
spectra for a CSS magnetic configuration calculated if the
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FIG. 10. Scaling of the Mn L2,3-edge XLD intensity under az-
imuthal rotation of the W(110) substrate. All data were measured
at T = 300 K. (a) Mn L2,3-edge XAS and XLD for angles φ = 0◦

and 48◦ between the W[11̄0] direction and the εh photon polarization
vector. XLD data for φ = 48◦ are shown multiplied by 1/ cos(2φ).
(b) LEED images used for deducing the azimuthal orientation of the
crystal.

core hole is ignored (i.e., for a ground-state potential), if the
core hole is included via the final-state approximation, and
if the Slater transition state method is used (as the final-state
approximation but with only half of the core hole). A detailed
description of the procedures can be found in Ref. [27]. The
presence of the core hole does not alter the XAS spectrum
substantially (similar to metallic Fe or Co [30]), however, it
makes a significant difference for the XLD spectra. On the
other hand, there is no big difference between the effect of a
full core hole and of a half core hole (Slater transition state).
This indicates some robustness in our treatment of the core
hole.

APPENDIX E: INFLUENCE OF MAGNETISM ON DOS

To highlight the differences between the case with mag-
netic and with nonmagnetic Mn atoms, we present in Fig. 13
the DOS at Mn atoms for Mn/W(110) if the system is
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FIG. 11. Theoretical Mn L2,3-edge XLD spectra for spin spirals
compared to averages of spectra for AFM configurations for two per-
pendicular magnetization directions. Calculations performed within
the ASA without a core hole.

nonmagnetic and if it is in an AFM state. One can see that
the DOS is totally different for these two cases, similar to
what would happen if Mn was replaced by another element.
This means, among others, that it is not possible to separate
the structural contribution to XLD from the magnetic contri-
bution by calculating XLD for Mn/W(110) with nonmagnetic
Mn: One would deal with a totally different system in each
case.
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APPENDIX F: INFLUENCE OF SOC ON XLD

SOC is an important factor affecting XLD of magnetic
systems. Figure 14 shows Mn L2,3-edge XLD spectra for
Mn/W(110) calculated for collinear AFM configurations, as-
suming that the direction of the magnetic moments is parallel
to one of three mutually perpendicular directions: W[001],
W[11̄0], and W[110] (see Fig. 1 for a visual idea of these
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FIG. 14. Mn L2,3-edge XLD for Mn/W(110) in an AFM state
with the direction of magnetic moments M oriented along W[001],
W[11̄0], and W[110]. A XLD spectrum calculated with SOC sup-
pressed is shown for comparison.
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directions). One can see that the direction of the magnetic
moments (linked to the structure via SOC) has a significant
impact.

It would be instructive to compare these data with results
obtained without the SOC. This is conceptually questionable
because suppressing SOC completely (as in the scalar-
relativistic formalism) would remove the difference between
the L2 and the L3 edges altogether. To suppress the SOC
whereas keeping the distinction between L2 and L3 spec-
tra we adopt a mixed approach: (i) We suppress the SOC
for the valence states, using an approximate two-component
scheme [47] employed earlier, e.g., for studying the mag-

netocrystalline anisotropy [48], and (ii) we suppress the
relativistic exchange splitting of the 2p-core levels pertaining
to the same relativistic quantum number κ (see, e.g., Ref. [49]
for decomposition of the L3- and L2-white lines into relevant
components). This second step is analogous to the model of
Kuneš and Oppeneer [19]. The Mn L2,3-edge XLD spectrum
calculated in this way is labeled as “SOC suppressed” in
Fig. 14. It does not depend on the direction of the magnetic
moments and can be seen as the outcome of a nonrelativistic
calculation.

It is evident that relativistic (SOC-related) effects are
crucial.
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