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We report on the self-organized growth of monatomic transition-metal oxide chains of (3 x 1)
periodicity and unusual MO, stoichiometry (M = Ni, Co, Fe, Mn) on Ir(100). We analyze their structural
and magnetic properties by means of quantitative LEED, STM, and density functional theory (DFT)
calculations. LEED analyses reveal a fascinating common atomic structure in which the transition-metal
atoms sit above a missing-row structure of the surface and are coupled to the substrate only via oxygen
atoms. This structure is confirmed by DFT calculations with structural parameters deviating by less
than 1.7 pm. The DFT calculations predict that the NiO, chains are nonmagnetic, CoO, chains are
ferromagnetic, while FeO, and MnO, are antiferromagnetic. All structures show only weak magnetic
interchain coupling. Further, we demonstrate the growth of oxide chains of binary alloys of Co and Ni or Fe
on Ir(100), which allows us to produce well-controlled ensembles of ferromagnetic chains of different
lengths separated by nonmagnetic or antiferromagnetic segments.
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In a variety of quasi-one-dimensional systems exciting
electronic [1-5], magnetic [6—8], and chemical properties
[9,10] were reported. Such systems can be produced using
one of three options: first, the atom-by-atom assembly
[5-7], second, decoration of substrate step edges [8—11],
and third, self-assembled growth [1-4,12]. Atom-by-atom
assembly results in the utmost control over the low-
dimensional structures, but it does not allow their produc-
tion on any larger scale. Step decoration is the most flexible
if it comes to the choice of materials; however, the system
length can hardly be controlled. This is due to the fact
that step edges exhibit kinks and also serve as preferred
nucleation centers of residual contaminants. Lastly, self-
assembled growth is limited to certain choices of materials,
but one can produce one-dimensional structures to high
perfection and with high surface density. This opens the
opportunity to employ spatially averaging methods to
determine their properties. Low-dimensional metal oxide
structures in general [13] and as quasi-one-dimensional
systems [14] have been reviewed, although the latter is
mainly a theoretical review for lack of experimental
realizations.

In this Letter we report on the growth of quasi-one-
dimensional metal oxide chains of MO, stoichiometry
(M = Ni, Co, Fe, Mn) that form self-organized on the
Ir(100) surface. The up to 500 atoms long chains form well-
ordered (3 x 1) superstructures and therefore are of much
higher lateral density than feasible by the step decoration
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technique. We resolve the atomic structure of the oxide
chains, which is unprecedented in the crystallographic
sense for such systems: the transition-metal atoms reside
above a missing-row structure with only indirect interaction
with the substrate via oxygen atoms. We further discuss the
implication of this unusual structure on the electronic and
magnetic properties of the chains. To that end, we apply
quantitative low-energy electron diffraction (LEED), scan-
ning tunneling microscopy (STM), and density functional
theory (DFT).

The samples were prepared in an UHV chamber
(pressure in the low 107! mbar regime) equipped
with the typical appliances for surface preparations
and a LEED setup. Samples were transferred in situ to a
room-temperature STM operating at a pressure of
2 x 107" mbar. For the LEED structural analyses we
collected a database of 10-22 keV intensity data (LEED-
IV) for each structure. Full-dynamical LEED spectra were
calculated using the phase shifts provided by Rundgren’s
program [15]. A structural search procedure [16] using the
TENSERLEED code [17] was applied controlled by the Pendry
R factor [18] for the quantitative comparison of spectra. The
DFT calculations were performed with the Vienna Ab initio
Simulation Package (vAasp) [19,20], using projector aug-
mented wave potentials [21] and the Perdew-Burke-
Emzerhof exchange-correlation functional [22] combined
with DFT + U corrections [23] with a value of U —J =
1.5 eV. All spatial positions from the DFT calculations were
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scaled by approximately 1% to match the calculated sub-
strate lattice parameters with the experimental ones. Details
of the experimental and theoretical procedures are given in
the Supplemental Material [24].

On Ir(100) the quasi-one-dimensional oxide chains are
homogeneously formed when depositing 0.33 ML of the
respective transition metal under UHV conditions either
on the Ir(100)-(2x 1)-O [31] or on the metastable
Ir(100)-(1 x 1)  [32] followed by annealing in
1 x 1077 mbar O,. The optimum annealing temperatures
were determined by LEED via an assessment of the quality
of the superstructure spots to Tyjcopre=970K and
Ty, =1070K. When heating the samples beyond these
temperatures, oxygen desorbs and the (3 x 1) phases are
destroyed.

The LEED pattern in Fig. 1(a) and the STM overview
image [Fig. 1(b)] demonstrate the resulting homogeneity of
the surface structure for the case of CoO, chains on Ir(100).
Perfectly ordered domains with two equivalent, orthogonal
orientations are found built up by defect-free monatomic
chains of up to 500 atoms length. From atomically resolved
STM images [Fig. 1(c)] and from the metal coverage, it can
be deduced that the bright protrusions are the Co atoms
while the oxygen is not visible. This interpretation is
confirmed by our DFT simulations [Fig. 1(c), inset]. The
other MO, chains look identical in STM (cf. Ref. [24]).

o

FIG. 1. (3 x 1) CoO, structure on Ir(100). (a) LEED pattern
showing the (3 x 1) structure annealed at 970 K with two
orthogonal domains. (b) Corresponding large scale STM image
taken at room temperature. (c) Atomically resolved STM image
showing monatomic chains in (3 x 1) periodicity. Inset: DFT
simulation of the STM image. (d) Large scale STM image of a
preparation annealed only at 670 K. The (3 x 1) structure is still
homogeneously formed but islands are observed that cover
one-third of the surface area.

Figure 1(d) shows the situation obtained when annealing
the CoO, chains to a lower temperature of 670 K. Under
these conditions the complete surface is covered by the
same (3 x 1) phase found at the optimal annealing temper-
ature. But in contrast to the ideal flat domains of the
preparation of Fig. 1(b), one-third of the surface is covered
by monolayer high adislands corresponding exactly to the
areal density of evaporated Co. This proves that the newly
formed (3 x 1) phase is not simply an adsorbate phase on
the intact Ir(100) surface but is formed by a one-to-one
exchange of Ir substrate atoms by Co. Hence, for the ideal
morphology of Fig. 1(b), relatively high temperatures are
needed to dissolve the (3 x 1) CoO, islands by diffusion of
the exchanged Ir atoms to step edges. It was also possible to
grow the (3 x 1) CoO, structure on Pt(100) but not on the
(100) surfaces of Cu, Ag, Au, Pd, or Rh. The preparation
recipe was also tested with Cu and Ti on Ir(100); both
metals did not form the quasi-one-dimensional structure.

In order to resolve the crystallographic structure of the
(3 x 1) chain phase, structure determinations were carried
out for all systems by full-dynamical LEED intensity
analyses and compared to the relaxed structures as deter-
mined by DFT. Complete LEED-IV analyses were man-
datory for all MO, systems since the experimental spectra
of the fractional order beams taken from phases with
different transition-metal ions differed substantially
(R factors R > 0.6) although the final structures turned
out to be quite similar (cf. Ref. [24]).

Several types of models were tested during the LEED
analysis. Only the models presented in Fig. 2 produced a
convincing best fit between experimental and calculated
spectra. By optimization of 20 geometrical and 3 vibra-
tional parameters the LEED analyses yielded convincing R
factors in the range R = 0.08-0.10, while the best-fit values
of all other tested models were R > 0.4. An example of the
fit quality is shown in Fig. 2(a) for two beams; the full data
sets are presented in Ref. [24]. The relevant crystallo-
graphic features of the best-fit structure for the case of
Co0O, is schematically displayed in Fig. 2(b) top and
Fig. 2(c) side view. In Fig. 2(d) we show the position of
the transition-metal ion for the remaining MO, structures
on Ir(100). Each transition-metal atom M is coordinated to
four surrounding oxygen atoms, which in turn are bound to
one substrate Ir atom and two M atoms. An essential and
fascinating aspect of all MO, structures is that the M atoms
nominally replace a surface iridium row consistent with the
experimental findings shown in Fig. 1(d). However, the
transition-metal rows are shifted by half a substrate lattice
vector along the chain and pulled out of the Ir surface layer
by the M-O bonds [Figs. 2(b) and 2(c)]. Consequently,
substantial atomic relaxations are induced in the Ir sub-
strate. Comparing the different systems we find that in the
series Ni, Co, Fe, the M atom sinks farther into the trough
of the missing Ir row (dy; > dc, > dg.) while the oxygen
atoms hardly change their position with respect to the Ir
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FIG. 2. Structures as derived from LEED. (a) Example of the
close correspondence between experimental and theoretical
LEED intensity for the proposed structural model. (b) Top and
(c) side view of the (3 x 1) CoQ, structure. (d) Side views of the
MnQO,, FeO,, and NiO, structures on Ir(100). The most important
structural parameters are given as derived from experiment and
DFT calculations (in brackets). DFT values were scaled as
described in the text.

(
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substrate [Figs. 2(c) and 2(d)]. Surprisingly, the MnO,
chains do not follow this trend and show a dy;, ~ dy;. From
the structural data nearest neighbor M-Ir distances d;y,
follow that are larger by at least 0.3 A than the correspond-
ing bond lengths (Table I); hence, no M-Ir bonding is
expected. The M-M bond length of 2.71 A (= ay,) is larger
than that of the corresponding bulk metal but smaller than
that of the bulk oxide. The whole structure may be
understood as a (3 x 1) periodic missing-row structure of
Ir(100) induced by the MO, chains which cover the created
troughs avoiding direct M-Ir bonding.

TABLE 1. Parameters of (3 x 1) MO, structures on Ir(100)
from the DFT calculations: d,,, is the shortest distance between
the M atom and substrate Ir atoms (in the second layer), u,, is
the magnetic moment (in units of Bohr magnetons up), n, is the
number of transition-metal d electrons, ¢, the charge of
the transition-metal atom, g and gy, the charges of the O and
Ir atoms of the first surface layer (in units of the elementary
charge e). Lengths from DFT calculations were scaled as
described in the text.

dyae (A) iy () ng (@) gy () qo (€) gy (€)
NiO, 3.22 0.00 8.4 +1.00 -0.81 +0.29
Co0O, 3.02 1.96 7.2 +1.14 -0.84 +0.28
FeO, 2.83 3.55 6.0 +1.37 -=0.89 +0.27
MnO, 3.12 3.62 49 +1.53 -0.97 +0.24

The DFT calculations reproduce the LEED best-fit
structures and the STM images to an excellent degree of
accuracy. The root mean square deviation between the
structural parameters from the LEED analyses and from the
DFT calculations is less than 1.7 pm for all structures. This
demonstrates the reliability of the two methods but also
serves as incentive to analyze the properties of the MO,
chains predicted by DFT. The calculations show that the
NiO, chains are nonmagnetic while the other MO, chains
carry a large magnetic moment on the metal ion
(cf. Table I). It is found that in CoO, a ferromagnetic
coupling along the chains is favorable by 25 meV, while for
FeO, and MnO, the antiferromagnetic coupling is favored
by 44 and 27 meV per M atom, respectively. The magnetic
coupling energy per M atom across the chains was
calculated in a 6 x 2 cell and found to be ferromagnetic
for Co (4 meV) and antiferromagnetic for Fe (9 meV) and
Mn (0.4 meV). Therefore, the chains can be considered as
nearly one-dimensional magnetic objects, where the
strength of residual magnetic coupling across the chains
is obviously connected to the M-Ir distance (Table I). A
Bader analysis [33] shows that the charge states of the
transition-metal atoms is between +1.0 (Ni) and +1.5
(Mn), considerably less than one would naively expect
from the formal stoichiometry of the chains (Table I).
However, this finding is easily rationalized by the addi-
tional binding of the O atoms to the substrate, yielding an
O charge around —1.0 and a slight positive charge on the
bonded Ir atoms in the topmost layer. Any remaining
charge deficit is compensated by a corresponding charge
in the second Ir layer. Comparing the number of
d electrons n; and the charge states ¢g,;, one finds a
non-negligible contribution of transition metal s and p
electrons to the total charge. This affects the on-site
screening of the d electrons, which in turn justifies the
choice of a rather low value of the Hubbard U.

Figure 3 shows the calculated projected density of states
(PDOS) of the four MO, chains with the coordinate system
chosen such that the x axis is oriented along the M-O bond
(along [010]). As a common feature of the MO, oxide
chains, the calculations show a pronounced bonding or
antibonding splitting of the d,>_» states due to the pdo
interaction with the oxygen p states. Yet, there is also a
major difference between NiO, [Fig. 3(a)] and the other
three oxide chains: NiO, is nonmagnetic, while the
magnetic splitting is around 2 eV for CoO, and 4-5 eV
for FeO, and MnO,, reflecting the trend of the magnetic
moments (see Table I). While FeO, and MnO, are
predicted to be antiferromagnetic and have a magnetic
moment close to the DFT values of the respective MO bulk
oxides, we find a reduced moment and a different magnetic
coupling for CoO, and no moment for NiO,. The break-
down of the magnetic moment in the case of NiO, is due to
the pronounced pdo interaction overturning the magnetic
splitting. The height variation of the M atoms is connected
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FIG. 3. Partial density of states (PDOS) for the Ir(100)-(3 x 1)

-MO, phases calculated in a 3 x 1 super cell on a 7 layer Ir
substrate. The filled curves correspond to the M—dxz_yz, the
M-d ., and the summed M-d,,,d,.,d,, contributions, respec-
tively (colors, see figure). The black line denotes the O-p
contribution. NM (a), FM (b), and AFM (c,d) indicate a non-
magnetic, a ferromagnetic, and an antiferromagnetic ground state
with collinear ordering, respectively.

to the M-O bond strength, which in turn is determined by
the occupancy of the bonding and antibonding pdo
orbitals. While the antibonding states are unoccupied for
NiO,, the exchange splitting increases the antibonding
contribution by pulling down states in the majority spin
channel and it furthermore decreases the bonding contri-
bution in the minority channel for CoO, and FeO,. This
leads to an increase in the M-O bond length from 1.86 A
(Ni) to 1.94 A (Fe) and hence a decrease in the height from
1.10 A (Ni) to 0.70 A (Fe) [Fig. 2]. For Mn this series is
broken because the antibonding orbitals are again unoccu-
pied due to d-band filling: compared to Fe, the number of d
electrons is reduced by one and, therefore, the Mn dxz_yz
states are almost rigidly shifted up in energy [Fig. 3(d)].
Hence, the Mn-O bond is shortened to 1.90 A, and the Mn
height increased to 1.04 A.

We found that alloy oxide chains can also be produced
from a mixture of two transition-metal species. Because of
the different magnetic properties of the MO, chains, this
opens the possibility of forming complex magnetic

structures where ferromagnetic segments are separated
by antiferromagnetic or nonmagnetic segments. As an
example, the resulting structure of Co,sNiys0, and of
Cog 67Nig 330, chains is shown in Fig. 4(a). The chemical
identity of the atoms in the chain can clearly be visualised
by STM for the chosen examples [Figs. 4(a) and 4(b)].
From the STM images the resulting probability P(n) of an
M atom to reside in a chain segment of length n was
determined and is plotted in Fig. 4(c) for three different M
contents x. We find P(n) agrees with the expectation of a
statistical incorporation of the transition-metal atoms into
the growing alloy oxide chains. We note that P(n) is
equivalent to the weight of the signal from an n chain in a
spatially averaging experiment like XMCD [8].

In conclusion, we have presented a novel system where
monatomic transition-metal MO, chains are grown by self-
assembly on the Ir(100) surface. We performed crystallo-
graphic analyses of in total four structures which so far
could not be achieved with similar systems grown, e.g., at
step edges. We find an excellent quantitative agreement
between the experimentally determined structures and the
fully relaxed ones from first-principles DFT calculations.
From the latter we derived the electronic and magnetic
properties of the MO, chains and found them to be close to
magnetically one dimensional. The magnetic coupling
along the chains is predicted to be nonmagnetic for
NiO,, ferromagnetic for CoO,, and antiferromagnetic for
FeO, and MnO, chains. We further showed that alloy oxide
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FIG. 4. (a) Atomically resolved STM image of CosNij 50,
(upper panel) and Co 47Ni 330, chains (lower panel). (b) Line
section along the line indicated in (a). The two species are easily
identified. (c) Analysis of the probability P(n) of an M atom to
reside in a chain segment of length n as a function of different M
content x of the alloy oxide. The experimental data (symbols)
follow closely the expectation (lines) according to a random
incorporation of the metal atoms.
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chains of statistical mixtures of Ni, Co, and Fe can also be
grown. These alloy oxide chains represent a well-controlled
ensemble of mixed one-dimensional (anti)ferromagnetic
magnets with nonmagnetic separators.
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