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Structure-property relationship of reversible magnetic chirality tuning
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The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction mediates collinear magnetic interactions via the
conduction electrons of a nonmagnetic spacer, resulting in a ferro- or antiferromagnetic magnetization in
magnetic multilayers. Recently it has been discovered that heavy nonmagnetic spacers are able to mediate
an indirect magnetic coupling that is noncollinear and chiral. This Dzyaloshinskii-Moriya-enhanced RKKY
interaction causes the emergence of a variety of interesting magnetic structures, such as skyrmions and spin
spirals. Here, we show by spin-polarized scanning tunneling microscopy that the interchain coupling between
manganese oxide chains on Ir(001) can reproducibly be switched from chiral to collinear antiferromagnetic
by increasing the oxidation state of MnQO,, while the reverse process can be induced by thermal reduction.
The underlying structure—property relationship is revealed by low-energy electron diffraction intensity analysis.
Density functional theory calculations suggest that the magnetic transition may be caused by a significant
increase of the Heisenberg exchange which overrides the Dzyaloshinskii-Moriya interaction upon oxidation.

DOLI: 10.1103/PhysRevB.107.L.060409

Introduction. Driven by the discovery of spin-polarized
charge transport, such as the giant magnetoresistance effect,
the coupling between magnetic layers separated by nonmag-
netic spacers attracted considerable interest over the past 40
years [1,2]. It was soon realized that the interlayer exchange
coupling is governed by the Ruderman-Kittel-Kasuya-Yosida
(RKKY) coupling [3—6]. Whereas the conventional RKKY
interaction exclusively results in collinear magnetism, i.e.,
ferromagnetic (FM) or antiferromagnetic (AFM) coupling [7],
another long predicted [8], yet only recently discovered inter-
action is able to mediate a chiral magnetic coupling between
magnetic chains [9,10] or layers [11-13], respectively. Similar
to conventional collinear RKKY, this novel interaction is also
mediated by conduction electrons of a nonmagnetic spacer
which are polarized by the magnetic material. Due to the high
spin-orbit coupling of the spacer, however, a Dzyaloshinskii-
Moriya (DM) type enhancement takes place [8], resulting in
an asymmetric indirect exchange interaction.

This DM-enhanced RKKY (DME-RKKY) interaction, also
called interlayer DMI in layered systems [12,13], is funda-
mentally different from the more common interfacial DMI
which results from the combination of strong spin-orbit
coupling and broken inversion symmetry [14,15]. The DME-
RKKY interaction is of high fundamental and practical
interest. For example, it may “provide the capability to further
tailor topological spin textures, in not only one-dimensional
(1D) or two-dimensional (2D) but also 3D space” [16], such
as skyrmions which are robust against thermal or quantum
fluctuations [17]. This may potentially enable novel spintronic

“Corresponding author: alexander.schneider @fau.de
fCorresponding author: bode @ physik.uni-wuerzburg.de

2469-9950/2023/107(6)/L060409(6)

L060409-1

applications, such as racetrack memories [18], spin valves
with heavy-metal cap layers [19], or spin-orbit torque-based
logic devices [20].

Whether or not chiral spin structures form, however,
critically depends on the balance between the DMI and
other interactions, such as the exchange interaction and the
magnetocrystalline anisotropy. Particularly fascinating and
promising for applications are concepts where this balance
can reversibly be fine-tuned by an external stimulus. Various
methods have been proposed, including tuning of the oxygen
coverage [21], hydrogen adsorption [22], or the application of
electric fields [23]. Although experimental implementations
have been reported for systems with interfacial DMI [24,25],
these concepts have not yet been realized in the context of the
DME-RKKY interaction.

MnO, on Ir(001) is the ideal testbed towards a better under-
standing of the structure—property relationship which drives
the transition between chiral and collinear spin structures,
as the surface character of all constituents allows for the
direct probing of structural and magnetic properties which
are difficult to obtain in buried multilayer films [24,25]. Here
we reveal by spin-polarized scanning tunneling microscopy
(SP-STM) that the MnO, interchain coupling can reversely
be switched between chiral and collinear AFM by tuning the
oxygen partial pressure po, during preparation. This transition
can directly be linked to specific structural properties by an
analysis of the energy-dependent intensity of low-energy elec-
tron diffraction beams (LEED-1V). Our study reveals that the
different spin configurations arise from a structural transition
from MnO, at low po, to MnOj3 chains with the addition of
another oxygen atom at the Ir bridge site, Oy, at high po,. Our
work presents a new path toward “spin orbitronics” [22] by
introducing a reversible and reproducible manipulation of the
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FIG. 1. (a) Scheme of the sample preparation procedures. Depending on the oxygen pressure po, during the final annealing step, different
MnO, stoichiometries with x =2 or x > 2 are obtained. (b) Large-scale STM topographic image of a sample prepared at low po,. MnO,
chains are oriented along the [110] and [170] direction of Ir(001) (scan parameters: U = 100 mV, I = 500 pA). (c),(d) Atomic resolution
images scanned with a nonmagnetic tungsten tip and a magnetic Mn tip (U = 100 mV, I = 1 nA). (e) Line profiles measured on the chains
indicated by colored markers in (c) and (d) showing a doubling of the a;, period in (d) as well as a systematic variation of amplitudes and
phases between green, blue, and red line profiles, characteristic for chiral magnetic order across MnO, chains. (f) Model of the (9 x 2) MnO,
structure. Gray, red, and yellow spheres represent Ir, O, and Mn atoms, respectively. Mn spin orientation is marked by black arrows. (g) Large
scale STM image of a similar surface as in (a), but prepared at high po, (U = 100 mV, I = 50 pA). (h),(i) Atomic resolution STM images
of the c(6 x 2) MnQO, chain structure scanned with a nonmagnetic and a Mn-coated magnetic tip, respectively [(h) U = 50 mV, I = 1 nA; (i)
U =300 mV, I = 0.5 nA]. (j) Line profiles along the lines in (h) and (i), showing a doubling of the periodicity in (i) compared to that of (h)
and an antiphase relation between neighboring rows. (k) Model of the c(6 x 2) MnO, structure.

magnetic structure in indirectly coupled magnetic transition- oxygen-rich MnO;.-., structure, exposure to ~1.3 L at po, <
metal oxides via chemically tuning their stoichiometry. 5 x 1078 mbar gives the oxygen-poor MnO, structure. A
Sample preparation. The four-steps sample preparation  careful discussion of the transferability of the prepara-
procedure is schematically represented in Fig. 1(a). It con- tion parameters between the different laboratories, SP-STM
sists of (i) the preparation of clean Ir(001), (ii) the formation and LEED-IV data acquisition and analysis, as well as
of an oxygen-terminated Ir(001)—(2 x 1) adsorbate structure, density functional theory (DFT) procedures is provided
(iii) submonolayer (ML) Mn deposition, and (iv) a final in Ref. [26].
oxygen annealing step. We found that the oxygen pressure Experimental results (STM). Figures 1(b)-1(d) present
during this concluding step is decisive for the stoichiome- spin-averaged and SP-STM results obtained on MnO, chains

try of the resulting MnO, chains. Whereas a high exposure prepared at low po,. Figure 1(b) shows a typical overview
of ~13.5 Langmuir (L) at po, > 1 x 1077 mbar yields an STM topographic image of a sample partially covered by
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MnO; chains. The chains are highly ordered, periodic, and
oriented along the Ir [110] and [110] directions. Previous
studies showed that the Mn atoms reside above a missing-row
structure and only indirectly interact with the Ir substrate via
oxygen atoms. Each Mn atom is coordinated to four surround-
ing oxygen atoms, which in turn bind to one substrate Ir atom
and two Mn atoms [27]. Figure 1(c) shows an atomically
resolved STM image of the MnQO; chains scanned with a
nonmagnetic tungsten tip. We recognize a (3 x 1) unit cell
(white rectangle), in agreement with published data [9,10,27].
Line profiles along three adjacent MnO, chains marked by
purple markers in Fig. 1(c) are presented in the upper part
of Fig. 1(e). The periodicity is consistent with the Ir lattice
constant ay; ~ 2.71 A.

Figure 1(d) shows a corresponding data set, but scanned
with a spin-sensitive tip. In good agreement with Ref. [9] we
recognize a magnetic (9 x 2) unit cell (white rectangle). Line
profiles taken along three adjacent MnO, chains reveal that
the periodicity has doubled to 2ay,; see lower part of Fig. 1(e).
The corrugation amplitude along the chains systematically
varies between 1.6 pm and 4.1 pm and the line profiles are
phase shifted to one another. As sketched in Fig. 1(f), these
observations can consistently be explained [9] by a magnetic
(9 x 2) unit cell caused by collinear AFM order along the
chains and a chiral 120° spin spiral perpendicular to the
chains.

Figure 1(g) shows a typical large-scale STM image of a
sample prepared similar to the one presented in Fig. 1(b), but
with a final annealing step performed at high po,. We again
find chains which are highly ordered, periodic, and oriented
along the Ir [110] and [110] directions. Since the final anneal-
ing step (Tynn = 1020 K) was performed at high po,, and since
the MnO,; chains only decompose in vacuum at 7 > 1070 K,
we speculate that the oxygen excess results in the formation
of MnO,.,. This assumption will be confirmed below by
LEED-IV structural analysis. Figure 1(h) shows atomically
resolved data of MnO,..., chains scanned with a nonmagnetic
tip. We recognize a (3 x 1) unit cell (white rectangle), i.e.,
the same as in Fig. 1(c). Line profiles along three adjacent
MnO,., chains indicated by purple markers in Fig. 1(h) are
shown in the upper part of Fig. 1(j). Again, the periodicity
agrees with ay.. The striking resemblance of Fig. 1(h) and
Fig. 1(c) implies that the Mn core of the oxide chain remains
unchanged.

Yet SP-STM data of the MnO,., chain structure now
reveal a c(6 x 2) unit cell (white rectangle); see Fig. 1(i).
Line profiles along three adjacent MnO,., chains marked
in Fig. 1(i) are shown in the lower part of Fig. 1(j). A 2ay,
periodicity and a 7 phase shift between adjacent chains are
immediately apparent. To reveal the structural differences
even clearer, we compared the two structures by calculating
the respective 2D Fourier transformed STM topographic im-
ages, showing different periodicities in the reciprocal features
(see Ref. [26] for exemplary results). Furthermore, unlike for
MnO; in Fig. 1(d), the corrugation of (4.0 £ 0.1) pm remains
the same for all MnO,., chains. These observations imply
a spin structure which is not only collinear AFM along the
chains, but also collinear across adjacent chains. Figure 1(k)
shows this presumed spin structure of MnO,.., with its c(6 x
2) magnetic unit cell [28].
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FIG. 2. LEED patterns of 1/3 ML Mn oxidized in (a) po, =
5 x 107 mbar molecular O, and (b) in pno, = 1 x 107® mbar
(for exact conditions see text). The intensity spectrum of the spot
marked in (b) is shown in Fig. 3. (c) Top and side view of the
(3 x 1) MnOj3 + Oy, structure and relevant structural parameters as
obtained by LEED-IV structural analysis of the preparation in (b).
The resulting parameters of the DFT energy minimization are given
in brackets.

Importantly, we were able to reversibly and repeatedly
switch between the collinear AFM spin structure of ¢(6 x 2)
MnO,., and the noncollinear, chiral (9 x 2) MnO, chains
by annealing at T,,, = 1020 K in high or low po,, respec-
tively (see Ref. [26] for exemplary results). We would like
to highlight that this transition does not require any further
Mn supply, indicating that only the oxidation state changes
whereas the Mn remains on the Ir(001) surface, without any
desorption into the gas phase or diffusion into the substrate.

Experimental results (LEED-1V). Tt is evident that the
two distinct magnetic unit cells observed for MnO, chains
prepared by high and low po, must have a structural rea-
son. Based on our previous work on the CoO, chains on
Ir(001) [29], we expected that MnO, could also be further
oxidized to MnOj3. However, for Co this was only achieved
with an oxidizing agent (NO,) that provides O atoms eas-
ily [29]. We therefore first checked if MnOj chains could
be produced from MnO, by oxidation with NO,. To obtain
the crystallographic structure from LEED-IV analysis with
high quality and low error margins, we deposited 1/3 ML
Mn/Ir(001), which leads to a surface homogeneously covered
with MnO; chains in a (3 x 1) superstructure after oxidation
in po, = 5 x 107% mbar. A LEED pattern of this surface is
presented in Fig. 2(a). Comparison to LEED spectra obtained
previously [27] confirms that the chains have the expected
MnO, structure. Subsequently, we oxidized the surface in
pNo, = 107% mbar at 870 K and performed two annealing
steps at 530 K. The final cooldown was carried out without
NO; flux to ensure the desorption of remaining NO, from the
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FIG. 3. Intensity spectra of the k;; = (%/3 1) beam. (a) Compari-
son of the normalized intensity between the experimental (red) and
the calculated (blue) spectrum of the MnO3;+-Oy, structure (single
beam R factor R = 0.091). (b) Comparison between experimental
spectra obtained from the (3 x 1)MnO, at 13 ML Mn (lowest curve,
blue) of the (3 x 1)MnO3;+Oy, prepared by oxidation in NO, (top
curve, red), and a preparation comparable to that when the c(6 x 2)
magnetic supercell occurs (middle curve, green). The middle curve
is scaled by a factor of 2. The visual agreement between the middle
and upper curve is substantiated by an R factor of R = 0.14. Curves
in (b) are offset for clarity.

surface. The LEED image of the resulting surface is shown
in Fig. 2(b). Again, a (3 x 1) LEED pattern is observed with,
however, very different spot intensities. This unambiguously
proves a changed surface structure. A LEED-IV analysis with
a Pendry R factor of R = 0.083 reveals that the structure ob-
tained after NO, oxidation is indeed the expected MnO3 chain
structure (analogous to CoO;3 [29]), only with the important
difference that the Ir bridge sites between the chains are all
occupied by additional oxygen atoms (with error margin of
17%). The model was also tested in a structural relaxation
calculation using DFT. All structural parameters determined
experimentally agree within the single-digit picometer range
to the calculated values after scaling the DFT qy, lattice pa-
rameter to the experimental one [Fig. 2(c)]. An example of the
excellent agreement between measured and calculated LEED
spectra is shown in Fig. 3(a). For the complete data set, see
Ref. [26].

For an Ir(001) surface fully covered with MnO, chains,
further oxidation in O, was impossible up to po, = 107°
mbuar, i.e., the chains remained in their MnO, state. Only for
partially covered surfaces, e.g., at 1/6 ML Mn, did further
oxidation become possible. We suspect that partially covered
Ir(001) provides (defect) sites for O, dissociation. However,

the reduced order also complicates the LEED-IV analysis.
The proof of oxidation becomes possible when looking at the
third-order diffraction spots that do not contain intensity con-
tributions from the coexisting (2 x 1)O phase. This is shown
in Fig. 3(b) for the k;; = (2/3, 1) spots. Visual inspection of
the spectra already reveals that those of the highly oxidized
phase at 1/6 ML Mn belong to the pure (1/3 ML) MnO3+Oy;
rather than to the MnO, phase. An R factor analysis between
a set of experimental third-order beams of the 1/6 ML phase
and the MnO3;+Oy, structure yields R = 0.14, whereas the
MnO,; structure gives R = 0.81 [26]. We can therefore be
confident that the preparation with 1/6 ML Mn oxidized at
pPo, = 10~° mbar results in the MnO3+Oy, phase and that this
structure gives rise to the ¢(6 x 2) magnetic unit cell observed
in Figs. 1(g)-1(i). Furthermore, a phase stability analysis by
DFT [29-31] supports the view that only the MnO3+Oy, and
MnO, chains appear as stable phases [26].

Discussion. The SP-STM results presented in Fig. 1 show
that the magnetic order across adjacent MnO, chains can
controllably and reversibly be switched between a collinear
AFM and a noncollinear chiral state by annealing at high or
low po,, respectively. Structural LEED-IV analysis reveals
that this different interchain coupling comes along with a
different surface stoichiometry. While samples annealed at
low po, exhibit MnO; chains, annealing at high po, results
in a higher oxidation state, where a third O atom is relaxed
in the vacancy row underneath the Mn atom and another O
occupies the Ir bridge site midway between the MnOj3 chains.

The chiral 120° magnetic coupling observed between
MnO, chains across the intermediate Ir(001) substrate was
explained by the DME-RKKY interaction [9]. We have to bear
in mind, however, that a chiral spin structure can only develop
if the DMI is able to overcome the Heisenberg exchange
interaction J and the anisotropy K [32,33]. In a slightly sim-
plified picture the transition occurs at D> > 4JK [32]. Since
J is extremely small for MnO,/Ir(001) (=1 meV per Mn
atom), the DMI can trigger the spin spiral state observed in
Fig. 1(d) [9,27].

To get an idea of the relevant J values which drive
the transition to the collinear state for TMO chains with
the stoichiometry MnO,.,, we calculated the magnetic
intra- and interchain coupling for MnO,, MnQOj3, a hypo-
thetical MnO,+Op,, and the MnO3;+4Oy, structures using
spin-resolved, collinear DFT+4U. All structures show a strong
AFM intrachain coupling of 20 to 30 meV per Mn atom,
in agreement with our experimental findings presented in
Figs. 1(d) and 1(i). The interchain coupling quantitatively
depends on the amount of oxygen in the surface structure.
As reported before, we calculate a weak AFM interchain cou-
pling of ~1.5 meV per atom for the MnO, chains [27]. This
coupling essentially vanishes for the hypothetical MnO, 4Oy,
structure. For the MnOj3 structure we find a much stronger
AFM interchain coupling of 7 meV per atom, and eventually
a FM interchain coupling of 5 meV when the Oy, is added.
Despite the fact that a (3 x 2) magnetic cell is predicted by
DFT for the experimentally found MnO3;+Oy,, the results
clearly show that indirect coupling via the substrate is sub-
stantially increased by the additional oxygen atom underneath
the Mn atom. The Oy, adds a second interference path for
the RKKY interaction and may change size and sign of the
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interchain interaction. To resolve the discrepancy with respect
to the experimentally observed magnetic cells, we suggest to
use our robust structural analysis as a basis for more refined
calculations which also consider noncollinear magnetic order
and spin-orbit coupling.

In summary, we presented a combined SP-STM and
IV-LEED study which resolves the structure-property rela-
tionship of MnO, chains on Ir(001), a surface-accessible
sample system which for x = 2 exhibits a chiral interchain
coupling driven by the DME-RKKY interaction. We find that
oxidation at high po, results in MnOj; chains with additional
Oy on the Ir(001) substrate between the chains. DFT calcula-

tions confirm that the higher oxygen content results in a strong
enhancement of the Heisenberg exchange interaction, proba-
bly sufficient to override the weak DME-RKKY interaction
responsible for chiral magnetic order at low oxygen content.
Our study provides an addition to the toolbox of tailoring
topological spin textures by the DME-RKKY interaction.
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