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We use the constrained random-phase approximation (cRPA) method to calculate the Hubbard U parameter
in four one-dimensional magnetic transition metal atom oxides of composition XO2 (X = Mn, Fe, Co, Ni) on
Ir(100). In addition to the expected screening of the oxide, i.e., a significant reduction of the U value by the
presence of the metal substrate, we find a strong dependence on the electronic configuration (multiplet) of the
X(d) orbital. Each particular electronic configuration attained by atom X is dictated by the O ligands, as well as
by the charge transfer and hybridization with the Ir(100) substrate. We find that MnO2 and NiO2 chains exhibit
two different screening regimes, while the case of CoO2 is somewhere in between. The electronic structure of
the MnO2 chain remains almost unchanged upon adsorption. Therefore, in this regime, the additional screening
is predominantly generated by the electrons of the neighboring metal surface atoms. The screening strength for
NiO2/Ir(100) is found to depend on the Ni(d) configuration in the adsorbed state. The case of FeO2 shows an
exceptional behavior, as it is the only insulating system in the absence of the metallic substrate and, thus, it has
the largest U value. However, this value is significantly reduced by the two mentioned screening effects after
adsorption.
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I. INTRODUCTION

The metallic or insulating character of a system often
lies beyond the descriptive power of one-electron models. In
systems with localized electrons, such as in d electrons, the
existence of a gap is determined by three quantities: (i) the
charge transfer (CT) gap �Ld from a ligand (L) to the open
d shell, (ii) the bandwidth that results from hybridization,
and (iii) the d-orbital intrashell electron-electron Coulomb
interaction, usually expressed in terms of correlation U and
exchange J parameters. The renowned Zaanen-Sawatzky-
Allen (ZSA) diagram abridges the various insulating and
metallic phases resulting from these interactions [1]. Like-
wise, exchange interactions between spin-polarized ions stem
from the aforementioned terms of the Hubbard Hamiltonian,
as a direct consequence of the competition between electron
itinerance and intrashell Coulomb interaction. While the bare
interaction amounts to a few tens of eV in 3d transition
metals (TM), the effective interaction is strongly damped by
the electronic screening. Therefore, its magnitude depends on
the electronic structure of the particular system, e.g., on the
hybridization of the d orbitals and charge transfer effects. It
has been found that the effective interaction parameter is of a
few eV in bulk oxides and, at the metal/oxide interface, the
Coulomb interaction is further screened by twice the image
charge formation potential [2,3]. The dimensionality d deter-
mines the screening length: for d � 2, long-range screening

is suppressed and antiscreening may exist at intermediate
interatomic distances [4,5].

Several electronic structure methods rely on realistic effec-
tive U parameters to account for screening mechanisms as an
alternative to more complex calculations. In this context, the
popular LDA + U [6] used in density-functional theory (DFT)
allows to include correlation effects via an orbital-dependent
functional that is applied specifically to the localized orbitals.
It can be formulated as a rotationally invariant functional
dependent on constant U and J values [7]. In the next level
of complexity we find many-body methods beyond the one-
electron picture of DFT, for example, LDA++ [8], GW [9],
MP2 [10], or RPA [11] and, notably, methods based on dy-
namical mean-field theory (DMFT) [12–14].

LDA + U and DMFT-based methods require suitable U
and J parameters to predict correlation-dependent properties.
A number of methods have been proposed to determine those
quantities self-consistently from first principles, such as con-
strained DFT [15,16] (recently improved to avoid supercell
calculations [17,18]) and constrained random-phase approxi-
mation (cRPA) [19,20]. The latter approach also gives access
to the frequency dependence of the interaction. In it, the
polarizability contribution of electrons in the correlated sub-
space is excluded to obtain a screened interaction Û , whose
matrix elements in the localized basis are the sought-for
Umn,m′n′ Coulomb matrix elements of the Hubbard Hamilto-
nian, where indices label the orbitals. In practice, maximally
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FIG. 1. Atomic structure of the free-standing (top) and adsorbed
chains (bottom) on the missing-row (3 × 1) Ir(100) surface.

localized Wannier functions (MLWF) are used as basis
sets [21–24].

In this paper, we use cRPA to calculate Û in four
one-dimensional magnetic transition-metal oxides (TMO) of
composition XO2 (X = Mn, Fe, Co, Ni) on Ir(100). In addition
to the expected screening effect of the metal substrate, we
find a strong dependence of the U value on the electronic
configuration (multiplet) of the X(d) orbital. The particular
configuration attained by X is dictated by the O ligands, as
well as by the charge transfer and hybridization with the sub-
strate. MnO2 and NiO2 chains represent two different regimes.
The electronic structure of the MnO2 chain remains almost
unchanged upon adsorption. In this regime screening by the
neighboring metal surface atoms applies. In contrast, NiO2/Ir
is in the other regime, where screening is dominated by the
Ni(d) configuration adopted in the adsorbed state. The cRPA
calculations show that the multiplet effect cannot be uncou-
pled from screening by the metal.

XO2 chains grown in ultrahigh vacuum on Ir(100) are
aligned along the [100] crystallographic direction and can
reach lengths up to 130 nm [25]. The chains self-organize in
a (3 × 1) missing-row superstructure (see Fig. 1) with rota-
tional domains of ∼100 nm2 extension. Low-energy electron
diffraction [LEED-I(V)] shows that the Ir atoms below the
chain are lifted to leave room for the X atoms, which are
not coplanar with the oxygens [25,26]. Pt(100) can serve
as growth template as well [26,27]. DFT + U calculations
in the literature have used a low value U − J = 1.5 eV for
these systems on the premise that the interactions within
the X(d) orbital are heavily screened by the metal sub-
strate [25,27]. Weak antiferromagnetic (AFM) coupling is
found along MnO2 and CoO2 on Ir(100) [25] and CoO2 on
Rh(553) [28], FeO2/Ir(100) is ferromagnetic (FM) and the
Ni spin moment in NiO2/Ir(100) is quenched [25]. A long-
range chiral noncollinear modulation is also observed along
MnO2/Pt(100) using scanning tunneling microscopy [27].
Substrate-mediated RKKY exchange promotes additional lat-
eral interactions between the MnO2/Ir(100) chains, which
are also noncollinear and chiral [29]. The modeling of these
magnetic properties is subject to understanding Coulomb

interactions. As a matter of fact, a variation in the Curie and
Néel critical temperatures has been observed during magnetic
oxide film growth on metals that can be explained by the
image potential screening length [30,31]. As a first approxi-
mation, the magnetic exchange along the chain follows from
the electron hopping through X(d)-O(p)-X(d) orbitals (su-
perexchange) [32,33]. In the CT insulator limit (U � �pd )
[1], the coupling constant of the AFM channel roughly scales
as ∼t4/U 3, where t accounts for the hopping integrals, and
the FM one as ∼ − t2/U . Additionally, the fourfold coordi-
nation of X(d) allows for competing hopping pathways that
tend to weaken the magnetic interactions [28]. All in all, the
combined effect of the O(p) ligands and Ir substrate screening
channels will lead to a system-dependent renormalization of
intraorbital X(d) interactions with consequences for the pre-
viously described magnetic properties. This understanding of
system dependent interactions is the purpose of this study.

The paper is organized as follows: In Sec. II we describe
the DFT and cRPA calculations; the results and discussion
are presented in Sec. III, which is divided into Secs. III A
and III B on the isolated and the adsorbed chains on Ir(100),
respectively. Finally, conclusions are drawn in Sec. IV.

II. THEORETICAL METHODS

Ideal free-standing planar XO2 chains are modelled in the
supercell approach in their ferromagnetic state. The geome-
try is found by relaxing the X-X distances and X-O bonds
in a calculation with the VASP code (projector augmented
wave potentials and a plane-wave basis set [34,35]) using the
GGA + U approximation [25,29]. The details of the geom-
etry determination are described in Tables S1 and S2 in the
Supplemental Material (SM) [36]. For the XO2/Ir(100) model
structures, also in their ferromagnetic state, a (3 × 1) missing-
row reconstructed substrate (see Fig. 1) with the experimental
in-plane lattice constant a = 2.71 Å is used, as found in the
LEED-I(V) study of Ref. [25]. The substrate slab consists of
five monolayers, where the bottom layer is kept fixed during
the relaxation. Two layers are kept in the cRPA calculations
[37]. These geometry relaxations have been carried out at a
fixed value U = 1.5 eV, used also in other papers with sup-
ported XO2 chains [25,29]. In the coplanar isolated chains the
equilibrium geometry shows little sensitivity to the U value,
but the spin state can be altered by a change in U (see Fig. S1
in the SM [36]).

The one-electron wavefunctions used in the cRPA cal-
culations are obtained from ab initio DFT + U calculations
[6] with the generalized-gradient PBE functional [38] in
the fully-localized limit [39] for the LDA + U double-
counting term. The used code, FLEUR [40], is based on the
full-potential linearized augmented plane waves (FLAPW)
formalism [41–43]. The local basis functions are expanded to
lmax = 8, 6 and 8 inside the X, O and Ir muffin tin spheres,
of radii 2.1, 1.2 and 2.4 a.u., respectively. The wavevector
cut-off in the interstitial region is 5 a.u.−1 for wavefunctions
and 14 a.u.−1 for the potential, using a 10 × 3 × 3 Brillouin
zone sampling (the sampling in the perpendicular direction
is needed for constructing the Wannier functions). The Fermi
level was determined by a Fermi-Dirac smearing of width
0.27 eV. To adapt these parameters to each particular case,
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slight modifications are performed that can be found in Table
S3 in the SM [36].

For the unsupported XO2 chains, MLWFs [21,22] for 11
bands are constructed with projections of d type on X = Fe,
Co, Ni, and s, px, pz or p = (px, py, pz ) orbitals on O. For
MnO2, 13 bands are needed (d on Mn and s, p on O). In
the supported case, the Wannier basis needs to be extended
to include the Ir states, since the oxide states are strongly
hybridized with the metal substrate. Up to 41 bands are
considered, including p, d projections on X, s, p on O and
sp3d on Ir. The static partially screened Coulomb interaction
matrices in the Wannier basis are calculated with the cRPA
formalism as implemented in the code SPEX [44], where cor-
related subspaces can be selected ad hoc to obtain information
about different screening channels in the system. The effective
parameters U, J are obtained by averaging the Coulomb inter-
action matrix elements as described in Ref. [39].

In cRPA, the Hilbert space is divided into the correlated (d)
and the remainder (r) parts. The two subspaces are orthogonal.
The total polarization is P̂ = P̂d + P̂r , where Pd contains d →
d transitions only, while P̂r accounts for d → r, r → d and
r → r transitions. The fundamental equations of the cRPA
formalism [19] are (dropping the frequency dependence)
Ŵ = (1 − ŴrP̂d )−1Ŵr and Ŵr = (1 − v̂P̂r )−1v̂, where v̂, Ŵr

and Ŵ are the bare, effective and fully-screened Coulomb
interactions, respectively. The spherical average of the static
limit of Ŵr is the sought-for Hubbard U parameter. The use of
MLWFs basis to isolate the localized states belonging to the
d subspace is commonplace and there are different methods
to uncouple the r and d subspaces [23]. Here, we use the one
described in Ref. [24], which is fully basis-set independent.
In it, the transitions are weighted by the probability that the
initial and final states belong to the d subspace. Finally, the
effective Coulomb interaction matrix elements Umn,m′n′ are
calculated for a selected subset of functions out of the whole
Wannier set. In order to interpret the Umn,m′n′ matrix elements
obtained in this cRPA approach as atomic Coulomb integrals,
we make sure that the MLWFs conserve, to a large extent, the
initial shape of the atomic orbitals (see, for example, Figs. S7
and S8 in the SM [36]). The MLWFs are also used to calculate
band structure projections and orbital occupancies.

III. RESULTS AND DISCUSSION

A. Isolated planar XO2 chains

In this subsection, we study an ideal situation where the
main substrate effects are suppressed, namely the geometry
change (the here-assumed coplanarity between the X and O
atoms is lost in the adsorbed geometry) and charge redistribu-
tion at the metal-oxide interface. These idealized planar chains
allow us to examine the screening originated exclusively by
the X-O bond formation and the one-dimensionality of the
system.

All the cRPA calculations are initialized with the electronic
structures obtained with U0 = 5.5 eV and J0 = 0. Once the
first U1 is calculated using cRPA, a new DFT + U cycle is
started with this value. After 4–5 iterations, convergence is
achieved for MnO2, FeO2, and CoO2. The resulting U and
J values for the ↑↑ spin channel, shown in Table I, lie in

TABLE I. Converged values of U and J , averaged over the ↑↑
spin channel orbitals, for the transition metal atoms in free-standing
planar and Ir-supported XO2 (sup superscript) chains. Ũ are the
values calculated in the shell folding approach [46]. All units in eV.

XO2 U J Ũ XO2/Ir U sup Jsup

Ni (C1) 6.59 1.17 8.45 Ni 1.71 0.87
Ni (C2) 2.41 1.01 7.03
Mn 6.21 1.04 6.57 Mn 3.78 0.98
Co 5.73 1.11 8.62 Co 2.39 0.90
Fe 7.67 1.13 9.06 Fe 1.38 0.80

the 5–7 eV range and are obtained independently of the U
value used in the initial iteration (this was checked by starting
from U0 = 3.5 and 7.5 eV). The effective parameter U plays
the role of the F 0 Slater integral in the Coulomb interaction
term and the effective intra-atomic exchange parameter is
J = (F 2 + F 4)/14 in the case of a d orbital [39]. F 2 and
F 4 are known to be almost insensitive to screening effects
[3,45] and, in fact, we obtain the typical value J � 1 eV in
the cRPA calculations. Due to the spin dependence of the
single-particle states, the Wannier functions exhibit a spin de-
pendence, too. As a consequence, we can distinguish between
the matrix elements U ↑↑, U ↑↓, and U ↓↓. They exhibit a spread
of ≈0.5 eV about their average values for FeO2 and MnO2,
and of ≈0.2 eV for NiO2 and CoO2 (see Table S5 in the SM
[36]). Spreads in the J values are � 0.2 eV.

The case for NiO2 deserves further attention. Unlike in
the other chains, two electronic configurations of the Ni(d)
orbital are stabilized in the initial run for different U0 values,
labelled C1 and C2 hereafter. The C1 and C2 configurations
are preserved throughout the subsequent cRPA cycles, which
converge to two different U values (see Table I). DFT + U
calculations with U0 < 4 eV yield C2 as the most stable con-
figuration and finally U = 2.41 eV, while C1 is the preferred
configuration for U0 � 4 eV, leading to U = 6.59 eV. The
details of d-orbital occupancies that define C1 and C2 are
gathered in Table S4 in the SM [36] for the DFT + U calcu-
lations at the converged U values. Occupancies are calculated
as integrals of the projected densities of states (PDOS) on the
individual d-like MLWFs (see Fig. S3 in the SM [36]). The
projected band structure is shown in Fig. 2.

The Ni spin moments obtained for the C1 and C2 con-
figurations, 1.23 and 0.55 μB, respectively, deviate from an
integer value. The closest integer is 1 μB in both cases, which
leads us to interpret C1 and C2 to be two Ni multiplets of the
same nominal spin state S = 1/2. The bare Coulomb param-
eters in the C1 and C2 configurations take essentially similar
values, differences between individual matrix elements being,
on average, 8%. This small difference in the bare Coulomb
matrix is solely due to differences in the Wannier functions
shape. Indeed, their real-space representations show marginal
differences (see Fig. S7 in the SM [36]). Therefore, the Wan-
nier functions shape cannot be responsible for the different
U values found for C1 and C2. Instead, the origin must be
in the electronic configurations adopted by Ni(d) upon the
formation of the oxide chain. To confirm this interpretation,
we have analyzed the bare and screened Coulomb matrix
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(c)(a) (b)

FIG. 2. Band structures (central subpanels) and densities of states (lateral subpanels) for NiO2 chains, free standing in the C1 (a) and C2
(b) configurations, and supported on Ir(100) (c). Spin majority and minority contributions are indicated by red and blue arrows, respectively.
The color code indicates the Ni(d) orbital resolved bands, obtained from projection on the corresponding MLWFs, with dot sizes accounting
for the magnitude of the projection (the full bands are shown for the isolated chains, while only the projected bands on Ni(d) are shown for
the supported ones). The solid gray and black shaded curves are the total and Ni(d)-projected densities of states, respectively, in each system.

elements obtained in cRPA calculations with different choices
of the constrained subspace. The ↑↑ spin channel values of
the elements needed in the determination of U , i.e., Umn,mn,
are summarized graphically in Fig. 3 with the contracted index
notation Umn. Using as baseline wavefunctions those of the C1
and C2 states at the previously converged U values [panels
(a) and (d)], the new Umn have been calculated with subspaces
that include also the O(s) [panels (b) and (e)] and O(p) orbitals
[panels (c) and (f)]. This means that in panels (a) and (d) the
screening is (predominantly) due to O(sp), in panels (b) and
(e) to O(p) and in panels (c) and (f) only to O(s). As a refer-
ence, the bare Coulomb matrix elements are shown in panel
(g). The general trend is that the formation of Ni-O bonds
largely screens the atomic Coulomb interaction at the Ni(d)
orbital, reducing it from values ∼25 to ∼6.5 eV in C1 and to
∼2.5 eV in C2. The comparison of data columns (a) versus (b)
and (d) versus (e) in Fig. 3 shows that, for both configurations,
the screening contribution of the O(p) electrons apparently
suffices to reproduce the complete screening. This does not
mean that there is no significant O(s) contribution, though.
In panels (c) and (f) we see that the U value for d electrons,
calculated as the average 〈Û dd〉 of the matrix block elements
with indices m, n = 1 − 5, is screened by O(s) electrons from
25 to 15 eV and to 10 eV in C1 and C2, respectively. We draw
two conclusions from this result: (i) The Coulomb screening
of s and p channels on Ni(d) is not additive and (ii) the
p screening is felt differently in C1 and C2 because each
multiplet binds differently to the neighboring O atoms.

The main contribution to the screening is expected from
states near the Fermi level, as they provide small denomi-
nators in the polarization expression. Therefore, in a coarse
approximation, we can relate insulating and metallic behavior
to weak and strong screening, respectively. Unlike in C2, in
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FIG. 3. Screened Coulomb matrix elements Umn (↑↑ spin chan-
nel) in eV for the NiO2 chain for selected orbitals screened by
the remaining electrons. For the free-standing C1 configuration,
the selection is: (a) d (indices ordered as 1 − dz2 , 2 − dxz, 3 − dyz,
4 − dx2−y2 , and 5 − dxy), (b) d and O(s) (index 6), and (c) d and
O(p) orbitals (indices ordered as 6 − pz, 7 − px and 8 − py). [(d)–(f)]
shows the same information as [(a)–(c)] but for the free-standing C2
configuration. In the bottom row, bare Coulomb matrix elements of
(g) free-standing C1 and (h) Ir-supported NiO2, which we take as
reference values. (i) For Ir-supported NiO2, Umn elements of the d
orbital screened by the rest of electrons. Note the different color scale
for the panels (g) to (i).
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(e)

(f)

(a) (c)

(b) (d)

FIG. 4. The same information as in Fig. 2 is provided here for free-standing planar (top panels) and supported (bottom panels) XO2 chains
with X = Mn [(a), (b)], Co [(c), (d)], and Fe [(e), (f)].

the C1 configuration the Fermi level lies in a spin-majority
bandgap, i.e., C1 is a half-metal, which is consistent with
a larger effective U value (note also that the ZSA theory
allows for noninsulating behavior despite U being large [1]).
This qualitative DOS difference is also manifested in the spin
dependence of the interaction screening: the U parameters
of metallic C2 show an almost negligible spin dependence,
in contrast to the other half-metallic and insulating chains
(see the comparison in Table S5 in the SM [36]). As shown
in Figs. 2(b) and 2(c), the main difference between the two
configurations is in the hybrid dz2,x2−y2 band [47], which is
partially filled and strongly hybridized with the O(p) in C1,
while it is fully filled and localized in C2. This relates to
the aforementioned conclusion point (ii) in the interpretation
of the screening channels. Indeed, the bindings to the li-
gand differ qualitatively: The sharp peaks in the DOS around
EF − 1 eV form a d − d gap for C2, in contrast to

the d − p gap of C1 (see Fig. 2 and Fig. S3 in the
SM [36]), which suggests that the C2 configuration is
prone to undergo a Mott transition [1]. Nevertheless,
from these calculations it is not possible to tell which
configuration is more stable, as the DFT + U total ener-
gies obtained with different U values cannot be directly
compared [48].

The results of Table I follow the trend laid down by the
DOS at the Fermi level, shown in Fig. 4 and Fig. S4 in the SM
[36] for the other studied isolated chains: FeO2 is insulating
(its band structure shows the features of a conventional CT
insulator) and, thus, screening is the weakest (U = 7.67 eV)
among the different studied systems, while it is somewhat
stronger in the half-metallic systems MnO2, CoO2, and NiO2-
C1 (with U values close to 6 eV), and even stronger in
metallic NiO2-C2 (U = 2.41 eV). In Ref. [49] an expression
of the screened U is given as the derivative of the Kohn-Sham
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potential with respect to the number nd of electrons in the
d orbital, which makes clear the explicit dependence on the
relaxation of the d bands themselves for a given occupancy.
When this expression is applied to the case of TM impuri-
ties of the same valence state embedded in an alkali metal
(Rb), screening increases linearly with nd , and it is stronger
for monovalent than for divalent impurities. In the four XO2

isolated chains this scaling does not apply, because of the
more complex chemical environment, involving directional
bonds and orbital-specific band dispersion. Indeed, while the
d-shell occupancies are similar in the C1 and C2 configura-
tions [nd (C1) = 7.71 and nd (C2) = 7.92], the U parameters
are clearly different (Table I), due to the pronounced screening
contribution from s and p electrons.

It has been argued in Ref. [46] that considering a corre-
lated subspace of d states in a system as the present chains,
where the TM d orbitals strongly hybridize with the O(p)
ligands, often leads to an underestimation of the U values. In
these chains, a bonding-antibonding dxy − px,y pair is formed,
which appears as a one-dimensional dispersive occupied band
of width ∼2 eV (see red data points in Figs. 2 and 4). It is
also manifested in the MLWF corresponding to the dxy orbital,
which acquires a nodal feature between the atoms (see the
NiO2 and FeO2 cases in Figs. S7 and S8, respectively, in the
SM [36]). In principle, by having this localized wavefunction
in the correlated space for cRPA, the splitting between the
X(d) space and the rest space (r) retains a partial contri-
bution of the O(p) ligands in the correlated subspace [23].
Alternatively, when using a correlated subspace formed by p
and d electrons, like in Figs. 3(c) and 3(f), the off-diagonal
5 × 3 matrix blocks Û d p account for intershell interactions
that renormalize the intrashell interaction matrix blocks Û dd

and Û pp. This is the so-called “shell folding” approach [46],
whereby, if the total occupation of the d and p subspaces
remains invariant under changes in U , the renormalized av-
erage interaction between the d electrons is written simply
as Ũ ≡ 〈Û dd〉 − 〈Û d p〉. This expression corrects the contri-
bution of itinerant electrons to screening. With this approach
we obtain Ũ > U (see Table I and further details in Table
S6 and Figs. S6 in the SM [36]). In the case of MnO2

the difference is only 0.36 eV, which means that the ligand
is almost fully disentangled from the correlated d subspace
[Figs. 5(a) and 5(b) show the Umn matrix elements], while
for NiO2-C2 the difference is as large as 4.62 eV. Moreover,
we find an average 〈Û d p〉 = 3.28 eV in NiO2-C2, while it is
∼6 eV for the other four cases. NiO2-C2 also has a lower
〈Û dd〉 (see Table S6 in the SM [36]). We recall that this case
is characterized by a d − d type gap, while the others follow a
p − d gap behavior, where bands of predominant p character
appear separated [see Fig. 2(a) and Figs. 4(a), 4(c), and 4(e)].
This is consistent with the lower values of 〈Û d p〉 and 〈Û dd〉
in NiO2-C2. Therefore, the intershell interactions in the C2
configuration are qualitatively different from the other studied
cases.

B. XO2/Ir(100)-1 × 3

For oxide films on a metal, the Coulomb interaction can
be modelled as the difference between the ionization and
affinity energies, each corrected by the image potential energy
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[(c), (d)]: same quantities for the supported MnO2 chain. [Note, O(s)
electrons, which belong to the correlated space in panel (d), are not
shown.]

Eim created by the charged X(d) shell [2,3], U = E (dn−1) +
E (dn+1) − 2E (dn) − 2Eim, where each total energy term is
calculated for a fixed population of the d orbital. When the
XO2 chains are adsorbed on the Ir(100) substrate there is, in-
deed, a reduction in the screened U values with respect to the
planar free-standing chains in the range 0.7 − 6.3 eV, being
strongest for FeO2. These results, obtained after 3–4 conver-
gence cycles with cRPA, are shown in Table I. Hybridization
between chain orbitals and Ir states, clearly visible in the band
structures, results in a nonuniform charge redistribution at the
interface. The reduction of the intraatomic Coulomb interac-
tion in X(d) will depend on the interfacial electronic structure
details, which can be captured by ab initio methods, but not
by an image charge model potential [50]. Charge transfer upon
adsorption modifies the X(d) orbital occupancies, eventually
forcing it to adopt a very different multiplet configuration
from that of the isolated case. As we have seen in the pre-
vious section, this can have a dramatic effect on the screening
contribution of the p ligands. In brief, the overall screening
observed upon adsorption may have a non-negligible indirect
contribution from a multiplet change. The importance of this
additional mechanism depends on the chain composition. We
note in passing that the noncoplanar atomic geometry adopted
on the Ir(100) substrate alters the band structure of the chains,
but this does not suffice to produce significant variations in
the U, J values with respect to the planar geometry (we have
checked that the U values obtained by cRPA for buckled
MnO2 free-standing chains, where the atomic positions are set
as in the adsorbed geometry, are not significantly affected by
this distortion, although it does change the bands dispersion,
as shown in Fig. S2 in the SM [36]).
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The particular case of MnO2/Ir(100) allows us, as
we discuss next, to obtain a separate estimation of the
contribution of the metal substrate effect from that of the
ligand effect. We recall that in the isolated MnO2 chain the
U − Ũ difference was small, which we interpreted as a nearly
full disentanglement of the d space from the ligand in the cal-
culation of U = 6.21 eV. This value drops to U sup = 3.78 eV
for the adsorbed chain (we use the superscript sup in the
following to denote the U values of the supported chains).
Figure 4 top panels show that the MnO2 band structure un-
dergoes significant changes due to hybridization with Ir, yet,
the changes in the Mn(d) orbital occupations (Table S4 in
the SM [36]) are subtle. Alternatively, we can consider a
correlated subspace formed by Mn(d) and O(p) and apply
shell folding renormalization to the matrix elements shown in
Fig. 5(d). We obtain Ũ sup ≡ 〈Û dd,sup〉 − 〈Û pd,sup〉 = 3.29 eV,
which is close to the value obtained in the usual calculation,
U sup = 3.78 eV. This implies that, as in the isolated case,
the ligand orbitals in MnO2/Ir(100) are well disentangled
and we can estimate the separate Ir contribution to the in-
teraction as the difference 〈Û dd,sup〉 − U sup = 0.88 eV or as
〈Û dd,sup〉 − Ũ sup = 1.37 eV. Therefore, in the reduction from
U to U sup (Table I), generally �1 eV can be attributed to the
hybridization with Ir.

Next, we consider the NiO2 chains. In the adsorbed state,
the Ni(d) configuration resembles better that of C2 than C1
(see Table S4 in the SM [36] and Fig. 3). Since the C1
configuration is not found on the surface (not even as a
metastable state), we interpret this fact as a consequence of
the multiplet effect playing a dominant role in the screening
of Coulomb interactions in NiO2/Ir(100), leading to the low
value U sup = 1.71 eV (calculated for the ↑↑ channel). Indeed,
to probe the robustness of the result on Ir, we have initialized
the cRPA iterations with high and low U0 values and Ni(d)
frozen C1 and C2 configurations. In all cases, the calculation
converges towards the U sup values and occupancies shown
in Table I and Table S4 in the SM [36]. Ni(d) states remain
overall as narrow bands around the Fermi level. In particular,
the hybrid dz2,x2−y2 states, which form an anticrossed pair of
narrow bands at EF − 1 eV in the isolated NiO2-C2 chain [47]
[cyan and orange bands close to the Fermi level in Fig. 2(b)],
become partially occupied by a relatively weak hybridization
with Ir states [note that the states that lie at the Fermi level
have predominantly dz2 character in Fig. 2(c)] and, therefore,
screening is expected to be enhanced. All in all, the multiplet
features that lead to the low U = 2.41 eV value in isolated
NiO2-C2 are present also in the NiO2/Ir(100) adsorbed case.
The further reduction to U sup = 1.71 eV is compatible with
the already mentioned hybridization mechanism, consisting of
a reduction of �1 eV, as estimated from the MnO2/Ir(100)
case. The same procedure for NiO2/Ir(100), shown in Ta-
ble S6 in the SM [36], would yield a smaller reduction of
〈Û dd,sup〉 − U sup = 0.28 eV, probably due to the stronger en-
tanglement with O(p) ligands detected at NiO2-C2.

Finally, we address the FeO2 case. A very efficient overall
screening, with a dramatic reduction of the U value from 7.67
to 1.38 eV, is found in adsorbed FeO2/Ir(100). The Fe(d) mul-
tiplet is changed by interaction with the Ir substrate, changing
from a S = 2 to a S = 3/2 state (see Table S4 in the SM [36]).
The FeO2 band structure, which is that of a CT insulator when

the chain is isolated, becomes conducting upon hybridization
with Ir, as the Fe(d) spin-minority band bottom edge is pinned
to the Fermi level. We attribute the strong U reduction of
the Fe(d) shell to this insulating-to-metallic transition. The
pinning of the Fe(d) spin-minority band at the Fermi level
persists when high U values are used in the band structure
calculation and when the FeO2 chain is artificially lifted from
the substrate. To ascertain whether the huge reduction in the
U value upon adsorption is physically meaningful or is an
artifact due to a residual chain states pinning at Fermi, we
have lifted the chain until achieving detachment, i.e., to the
height zFe where there is no charge transfer from the sub-
strate and screening is due only to the metal surface image
potential. First, we have carried out cRPA for structures with
intermediate height zFe = 2.5 Å and two initial U0 values to
prevent stagnation at metastable states. Starting from both
U f

0 = 7.67 eV (the converged free-standing value, labeled
f ) and U sup

0 = 1.38 eV (the converged supported value), the
value is stabilized at �3.5 eV after two iterations and a resid-
ual peak of chain states is still visible at the Fermi level.
A height as large as zFe = 4 Å is needed for these residual
states to vanish, as shown in Fig. S5(d) in the SM [36] (the
PDOS corresponding to some of those cases is shown in
Fig. S5 in the SM [36]). However, at this distance, the U
parameter does not stabilize at the value of the free-standing
chain U f

0 , but reduces to 6.13 eV after one iteration. Starting
from the adsorbed value U sup

0 , it results in 3.81 eV. Therefore,
despite the hybridization of the chain states with the surface is
negligible at zFe = 4 Å, a non-negligible screening persists.
This behavior is not necessarily unphysical: It means that
the calculation accounts for the substrate potential tail, at
least partially. Nevertheless, in order to accurately describe
the screening for far-lying chains, a different exchange and
correlation (xc) functional would be needed. Note, the GGA,
being a semilocal xc functional, works by error cancellation,
providing a poorer description when low electron densities
are involved in the interactions, failing to provide an accurate
asymptotic 1/z behavior.

IV. CONCLUSIONS

In summary, we have performed a cRPA investigation of
magnetic one-dimensional transition metal oxide XO2 chains
deposited on a Ir(100) surface aimed at understanding the
screening of intraorbital Coulomb interactions in the X(d)
shell under the combined effect of low dimensionality, the
ligand field and a neighboring metal.

Calculations for the isolated XO2 chains show a strong
dependence of the Hubbard U parameter on the X species,
ranging from 2.4 to 7.7 eV. In each case, the U value reflects
the insulating or (half)metallic character of the chain. Impor-
tantly, we find low-U and high-U regimes in the case of NiO2

associated to d − d (Mott-Hubbard) or p − d (charge trans-
fer) gap types, respectively. The gap type is determined by the
Ni(d) electronic configuration or multiplet. In the particular
case of NiO2, multiplets with even the same orbital filling and
same spin state (as it is the case of the C1 and C2 multiplets
found in the present work) lead to different regimes. Due to
the interaction with the O(p) ligands, the inclusion of O(p)
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electrons in the cRPA correlated subspace results in a different
renormalization and higher values of the U parameter for each
transition-metal species. The increase is smallest for MnO2

and largest for the NiO2 in the Mott-Hubbard-like multiplet.
Since the ligand field is weak for MnO2, this case al-

lows us to establish that the U reduction by interaction with
the metallic substrate is �1 eV and a much larger reduction
comes from the change of the occupation of the d states.
In general, however, the contributions of substrate and lig-
and cannot be uncoupled. Adsorption drives the formation
of interfacial states and charge transfer to the chain, which
in turn can undergo an insulator-to-metal transition (such is
the FeO2 case, where the value of U is reduced by almost
6 eV) or have its multiplet configuration altered. The latter is
the scenario for NiO2/Ir(100), where a low value of 1.71 eV
is obtained in part because the substrate adopts the Mott-
Hubbard-like multiplet. Incidentally, the fine details of the
band dispersion play a lesser role in the determination of the U
parameter.

All in all, Coulomb interactions in a low-dimensional oxide
by a neighboring metal cannot be described in simple terms
by a charge screening model. Instead, the fine details of the
hybrid oxide-metal electronic structure must be considered,
as they also affect the renormalization of the interactions due
to the O(p) ligands.
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Czyżyk, and G. A. Sawatzky, Phys. Rev. B 48, 16929
(1993).

[40] FLEUR site: http://www.flapw.de
[41] H. Krakauer, M. Posternak, and A. J. Freeman, Phys. Rev. B 19,

1706 (1979).
[42] E. Wimmer, H. Krakauer, M. Weinert, and A. J. Freeman, Phys.

Rev. B 24, 864 (1981).
[43] A. B. Shick, A. I. Liechtenstein, and W. E. Pickett, Phys. Rev.

B 60, 10763 (1999).
[44] C. Friedrich, S. Blügel, and A. Schindlmayr, Phys. Rev. B 81,

125102 (2010).
[45] D. van der Marel and G. A. Sawatzky, Phys. Rev. B 37, 10674

(1988).
[46] P. Seth, P. Hansmann, A. van Roekeghem, L. Vaugier, and S.

Biermann, Phys. Rev. Lett. 119, 056401 (2017).

[47] Due to the chain symmetry, bands stemming from d2
z and dx2−y2

atomic orbitals hybridize. In fact, as shown in Fig. 2, anti-
crossing features appear for bands with weight in the MLWFs
corresponding to d2

z and dx2−y2 , while not on bands with dxz,
dyz, or dxy character, as the latter belong to different symmetry
representations.

[48] Since in DFT + U the Hubbard terms are applied to a subset
of Kohn-Sham eigenstates, which have no physical meaning on
their own, only total energies obtained in same-U calculations
can be compared. For the particular values U = 6 and J = 1 eV
for Ni(d), we find that C2 is metastable with an energy differ-
ence of 0.33 eV with respect to C1.

[49] I. V. Solovyev and P. H. Dederichs, Phys. Rev. B 49, 6736
(1994).

[50] The image potential tail behaves as −q/4(z − zX), where q is
the X(d) charge, zX is the X atom adsorption height and z the
vertical distance from the surface. However, the X atom is too
close to the surface for that law to be applicable, since it is
partially inserted in the trough of the Ir missing row (zX values
lie in the 0.7–1.25 Å range [25]).

035130-9

https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.48.16929
http://www.flapw.de
https://doi.org/10.1103/PhysRevB.19.1706
https://doi.org/10.1103/PhysRevB.24.864
https://doi.org/10.1103/PhysRevB.60.10763
https://doi.org/10.1103/PhysRevB.81.125102
https://doi.org/10.1103/PhysRevB.37.10674
https://doi.org/10.1103/PhysRevLett.119.056401
https://doi.org/10.1103/PhysRevB.49.6736

