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Because of its narrow split-off conduction band, doping of V2Os leads to interesting strongly
correlated electrons. We study the effects of doping on V2Os5’s electronic and magnetic properties,
either by adding electrons compensated by an artificial homogeneous background, or a virtual crystal
approximation (VCA), by changing the atomic number Zv, so as to keep charge neutrality, or
by explicitly introducing Na as a dopant. The former two are considered as a way to simulate
injected charge by gating, the latter occurs in the vanadium bronze NaV,0Os. We also simulate
Naj_; V205 using a virtual crystal approximation by changing the atomic number 10 < Zn, <
11. The differences in band structure resulting from how the electrons added to the band are
compensated by positive charge in the three models are compared. The electronic band structures
are calculated using the quasi-particle self-consistent QSGW method including a lattice-polarization
correction and the local spin density functional method with Hubbard-U corrections (LSDA+U).
For NaV30s, the half-filling leads to a splitting of the up and down spin lowest d,, band. The
spins are found to prefer an anti-ferromagnetic ordering along the chain direction. Other spin
configurations are shown to have higher energy and the exchange interactions are extracted and
compared with literature. The optical conductivities are calculated and compared with experiment.
Similar results are found for simply doping the band compensated by a background or virtual
crystal approximation. However, the position of the occupied bands depends on the method chosen
for compensating the charge. The most realistic way to simulate gating in which the compensating
charge is kept away from the V2Os layer is the VCA with varying Zna. The splitting between the
up and down spin bands depends on the filling. We find that below a certain concentration of about
0.88 electrons per V, the FM arrangement becomes preferable over the anti-ferromagnetic one. The

magnetic moments then gradually decrease as we lower the filling of the split-off band.

PACS numbers: 71.20.Ps,73.21.-b

I. INTRODUCTION

A unique feature of V505, a layered material with weak
interlayer van der Waals bonding, is that its lowest con-
duction band is separated from the rest of the conduction
bands by a gap of about 1 eV and has essentially one-
dimensional dispersion. The origin and dispersion char-
acter of this split-off narrow band is closely related to the
unique structure of VoOs5, which consists of chains within
each layer. As explained in detail in our recent paper!
and elsewhere,?? the split-off band corresponds to V d,
orbitals, with zy in the plane of the layer, which do not
have an anti-bonding interaction with the bridge oxygen
linking the two chains. All other V-d orbitals have anti-
bonding interactions with O-2p orbitals and thus lie at
higher energy. In pure V2Ojs this circumstance is of little
importance because the band is empty. However, as soon
as we add electrons to this band by doping, interesting
effects can be expected. That is the reason why in this
paper we study doping of V2Os5.

The doping of V5Os5 is expected to play a significant
role in various of its existing and potential applications.
These include catalysis,*® Li-ion batteries,®”, electro-
chromic devices,® and electro-optical switching devices.”
The catalytic properties in oxidation reactions are in part
related to the vanadyl oxygens which are singly bonded
to V. Removing this oxygen also dopes the lowest con-
duction band.'® However, alkali intercalation also plays
a role in certain catalytic activities.> Li and other al-
kaline metals can be intercalated in the structure, and

may find interesting ionic conduction channels in V5,05
nanostructures but also dope the system with electrons.
Nanostructuring of VoO5 has been explored recently in
designing new types of Li ion batteries. From a funda-
mental science point of view, alkali and alkaline-earth
intercalated V5035, in particular NaV4O5 have attracted
great attention as so-called ladder compounds,?'! as dis-
cussed in detail below.

In a usual semiconductor, doping is mostly viewed as
facilitating the transport by adding mobile electrons or
holes in an otherwise empty or filled band. However, even
at fairly high doping levels, one usually considers the
bands themselves as fixed. In other words, one adopts
a rigid band model. This is not entirely correct, but
the deviations from rigid band behavior are small. It
is well known, for example, that electron-interaction ef-
fects reduce the band gap slightly when the band is filled
degenerately up to a Fermi level.'’>* Also, the Moss-
Burstein effect'®16 of band filling on the optical absorp-
tion are well known. However, in V5Os, the lowest split-
off narrow conduction band may be expected to become
strongly modified by doping since the doping can fill a
sizable fraction of the band. We are then faced with a
narrow band with strong on-site Coulomb interactions
because of the d character of the band. This situation
leads to strong correlations and possibly magnetic effects.
In addition, new optical absorption channels between the
partially filled V-d lowest band and the higher empty d-
bands in the infrared and visible are probably involved
in the electro-chromic activity.



There are several possible routes to doping VoOs. The
one mostly explored in the past is intercalation with alkali
and alkaline earth ions. There have been several studies
of V505 doped with various alkali or alkaline metals and
even noble metals such as: Li'", Cs'"18 Nal'? K Ag?°,
Mg'7, Cal”, and Ag?'. These materials are called vana-
dium bronzes. Some of these dopants perturb the crystal
structure significantly from its native layered structure.
For example, as one increases the concentration of Li in
V505, several phases form. However, we are here only
interested in the cases where the layered structure stays
intact, except that the intercalates may somewhat ex-
tend the distance between the layer. This is the case of
o’-NaV;05. This material is an example of a so-called
quarter filled ladder compound as explained in the next
paragraph.

In fact, NaV50j5 corresponds to doping of 1 electron
per two d,, orbitals, so a quarter filling of the correspond-
ing bands. Since only one of those bands is split off from
the rest of the conduction band continuum, it means the
split-off band is half filled. Furthermore, this band has
dispersion essentially only along the chains. This is then
a half-filled Hubbard chain, and thus we indeed expect
interesting correlation effects and anti-ferromagnetic or-
dering. NaV,Oj5 has indeed been reported by Carpy et
al.?? to have an anti-ferromagnetic susceptibility with a
an estimated Néel temperature of Ty =~ 320 £+ 50 K. Be-
cause of the one-dimensional character, the ordering is
not perfect and is probably accompanied by significant
spin fluctuations even at fairly low temperature.

At 34 K a phase transition has been found in «o’'-
NaV305 to an even more interesting state.'! It was first
thought to be a spin-Peierls (SP) transition. The spin-
Peierls transition corresponds to the dimerization of an
anti-ferromagnetic 1D Heisenberg (S = 1/2) chain. It
corresponds to the formation of a minimum energy or
gap for the spin-wave excitations. A historical review
on the subject can be found in Jacobs et al.?® Theoreti-
cally, it arises in the context of finding the ground state
and low energy excitations of one-dimensional spin sys-
tems. Important papers on this subject include Bon-
ner and Fisher?®, Bulaevski?®, Haldane?%:2”. Experi-
mentally, such transitions were first observed in organic
systems,??, and subsequently in CuGeQs.2® It was then
reported to occur in o/’-NaV,05 by Isobe and Ueda.!!
However, the spin Peierls model in o/-NaV305 was based
on the assumption of a separate V4 (S = 1/2) and V°F
(S = 0) chain corresponding to a non-centrosymmetric
orthorhombic crystal structure with two inequivalent V
and 5 inequivalent O sites, as determined by Carpy et
al.?? The latter was found to be incorrect by more accu-
rate structure determinations.?2? The structure, at least
above the transition temperature was found to be cen-
trosymmetric Py, which is the same space group as
pure V5Og5 and a single spin was argued to occupy each
V-O-V “rung” in a quarter filled ladder compound is a
sort of molecular state.

Because of this finding, the phase transition was then

argued to consist of a charge ordering (CO)3Y, or possibly
a charge ordering followed immediately by a spin-Peierls
transition.?! In fact, the centrosymmetric P,y struc-
ture was found to be no longer stable at low temperature.
For instance, nuclear magnetic resonance (NMR) mea-
surements show that there are 2 inequivalent vanadium
sites below T" = 34 K one electron being localized in the
3d,, state of one vanadium (S = 1/2) and another be-
ing empty non-magnetic (S = 0) in a rung which clearly
implies that the NaV,05 undergoes to a charge ordering
phase transition. In fact, similar charge ordering is also
revealed by x-ray diffraction3? and dielectric?® studies.
Although a low temperature structure was determined
by Ludecke et al.32, there is still a controversy about
the charge ordering whether it occurs in every vanadium
ladder®® or in every other ladder.3435% There also is still
some controversy about the nature of the ground state
of the electrons in the V-O-V rungs, for which different
results are obtained within open-shell Hartree-Fock and
configuration interaction based cluster models.?436 Such
models assign an important contribution to the singly oc-
cupied Obridgepy orbital configurations, while DFT based
models consider this orbital always doubly occupied.

In the present paper, however, we will not delve into
the nature of the low-temperature phase but focus on the
anti-ferromagnetic state above 34 K. Instead our focus is
on different approaches to doping and their effect on the
electronic band structure.

Experimentally, other approaches to doping or “reduc-
tion” of V305 to a lower oxide exist. It is pretty easy
to see that vanadyl oxygen vacancies would dope the
split-off band. Vanadyl oxygens are the oxygens that are
bonded to one V via a triple bond. Breaking the bonds
of this oxygen to V would mainly lower the dsz,2_,2 and
dy2, dy. orbitals but these lie well above the d, derived
split-off band so its electrons will dope the split-off band
without introducing levels below it. This type of dop-
ing leads to lower oxides if the vacancies order and has
also been studied to some extent although their electronic
structure has not been fully explored. Studies of oxygen
vacancies in Vo035 can be found in Scanlon et al.37 and
Xiao et al.”.

With the recent developments in fabricating ultra-thin
films of only a few atomic layers thick, for example by
exfoliation, as used in graphene and transition metal
dichalcogenides, another way of controlled doping be-
comes possibly available. These are thin enough that
gating by means of a control electrode on the back side
of the substrate on which the thin-film material is placed
allows one to inject a sizable fraction of electrons in the
material. Other possibilities for applying a higher field
to the layer include electrolytic double layers on the sur-
face or possibly a scanning tunneling microscope tip. A
doping of 1 electron per V205 formula unit corresponds
to 5x 10 e/cm?. This is large but possibly within reach
for a thin enough layer. The main advantage of this ap-
proach would be that doping could be pursued contin-
uously without at the same time introducing scattering



centers and disorder in the film itself. It is similar in that
sense to the approach of delta-doping in semiconductor
heterojunctions. It could also be used in conjunction
with intercalation. For example one might envision plac-
ing an atomically thin mono- or few-layer VoOj5 sample
on an alkali metal covered surface and then with a bias
voltage reducing or enhancing the carrier concentration
in the layer.

Our focus in this paper is to compare this situation
with doping by means of intercalation. In order to simu-
late additional electrons in the layer, we need to maintain
charge neutrality. We can do this in two ways, either
by adding a corresponding compensating homogeneous
background, or by a so-called virtual crystal approxima-
tion (VCA), in which we replace the V core charge by
a fractional number. For example to add 0.1 e per V
we would add 0.1 to the atomic number of V. The ap-
proach with homogeneous background means that the
corresponding positive charge is in part situated in the
interstitial region between the layers, but also in part in
the layer itself. On the other hand, in the case of actual
doping by alkali metals such as Na, the positive Na™ ions
are also situated in the interstitial region but in a dis-
cretized rather than continuous manner. The Na indeed
creates energy levels high in the conduction band and
just donates electrons to the system. We found that the
split-off bands have negligible contribution from the Na.
However, Na also modifies the structure slightly. Mostly,
it increases the c-lattice constant, or distance between the
layers. We have previously studied how increasing the c-
spacing between the layer affects the electronic structure
in our study of monolayer VoOs5. Thus our goals are to
compare the different ways in which these different ap-
proaches to doping affect the band structure.

In particular we focus on the energy region of the split-
off bands and the gap. To first approximation, what one
expects is that for half-filling of this band it may become
favorable to split the band into its spin-up and down
parts and in other words create a magnetic moment if
the Stoner criterion is satisfied. However, the question
than becomes: does the material become ferromagnetic
or anti-ferromagnetic and what is the preferred way of or-
dering the moments? This situation corresponds closely
to that of NaV50s5 in the anti-ferromagnetic phase. We
thus examine it first and make contact with the previ-
ous studies of this material. Next we investigate to what
extent a similar band splitting and magnetism occur for
doping without Na but using the background approach
or VCA. Finally, since the latter allows to add arbitrary
density of additional electrons, we can study whether the
the magnetic phases persists for lower electron doping
concentrations. This could in principle also be done by
using Na, V205 and in fact concentrations 0.9 < x < 1
have been explored experimentally. However, here we
also want to consider even lower concentrations. We can
again do this within a VCA by using Z = 11 — z for Na.

Although several previous studies of NaVoO5 made use
of the LSDA+U approach, i.e. local spin density ap-

proximation with Hubbard-U corrections, the quasipar-
ticle self-consistent QSGW approach, which we applied
recently! to V50s5, has not yet been applied to this ma-
terial and may offer new insights because it provides a
parameter free and starting point independent approach
to the quasiparticle excitations. Nonetheless, in order to
obtain a suitable starting point which already includes
the expected spin-splittings, we will use LSDA+U. We
emphasize that the final result however, is independent
of this starting point.

As in our previous work®®, we find that QSGW sig-
nificantly overestimates the band gap for VoO5 which is
attributed in most part due to the missing lattice po-
larization effect in the screened Coulomb interaction W.
We therefore estimate the lattice polarization effect using
published results on the LO-TO splittings in NaV,Os.
Essentially, this leads to a strong reduction in the GW
self-energy. As a result LSDA is actually remarkably ac-
curate for VoOs5. Still, we will show it is important to go
beyond it to include the correlation effects in the split-
off d bands. These are, in effect, the main focus of the
paper.

The paper is organized as follows. In section II,
we revisit the first principles approximations such as:
LSDA+U and QSGW. The section III is split in several
subsections. First, in Sec. III A we review the structure
and our structural relaxation results. Next, in Sec. III B
we focus on NaV50Os. In this section, we first discuss
band structure at different computational levels, then the
optical properties and finally the magnetic exchange in-
teractions. In the next subsection III C we discuss alter-
native models for doping, such as the homogeneous back-
ground and virtual crystal approximation, and finally we
apply these methods to varying doping levels. In section
IV, we conclude this work.

II. METHODOLOGY

The full potential linear muffin-tin orbital (FP-
LMTO)?%4% method is used to solve the density func-
tional Kohn-Sham eigenvalue problem within the local
density approximation (LDA)*%42 or the local spin den-
sity approximation (LSDA) with Hubbard U corrections
(LSDA+U) as well as the quasiparticle equation in the
QSGW approximation. The implementations used are
available in Refs.43 and 44. In the FP-LMTO method
used,3? the basis set is specified by two sets of param-
eters, the smoothing radii R, and decay lengths (k)
of smoothed Hankel function envelope functions. For
NaV,05 we include (spd, spd) for V, (spd, sp) for O
and (sp,s) for Na atoms respectively. These indicate
the angular momenta included for each x. The enve-
lope functions are augmented inside the spheres in terms
of solutions of the Schrodinger equation and their energy
derivative up to an augmentation cut-off of l,,,,, = 4.

The Brillouin zone integration k-point convergence
and other convergence parameters of the method were



carefully tested in our previous work of VoOs and sim-
ilar criteria were adopted here. Specifically, we use a
2 X 6 x 6 un-shifted mesh for the Brillouin zone of the
standard unit cell, along with the tetrahedron method
for the metallic cases in the LDA self-consistent charge
convergence. A slightly coarser sampling 1 x 3 x 3 was
adopted for the calculation of the ¥ in GW but the lat-
ter is interpolated to the finer mesh or the k-points along
symmetry lines in plotting the GW bands. For the anti-
ferromagnetic cell doubled in the b-direction, we use a
correspondingly smaller number of k-points, 2 X 4 X 6 in
LDA and 1 x 2 x 3 for QSGW.

As already mentioned in the introduction, one ex-
pects that the half-filled narrow band may become spin-
split. Therefore we need to include spin-polarization. In
some cases, however, the LSDA functional is not suf-
ficient to create the splitting. Therefore we use the
LSDA+U method, which adds an orbital dependent
stronger Coulomb interaction U to the d-states. The
smallest possible U providing a splitting was used. In
fact, for the anti-ferromagnetic case, or in case of back-
ground doping, a splitting of the bands already occurred
within LSDA without need for adding U. We stress,
however, that we use this only as a starting point for
the QSGW calculations. The results or the latter are
independent of the starting point and the GW self-
energy in the end replaces the additional potentials from
the LSDA+U in going beyond LSDA. The quasiparti-
cle self-consistent QSGW method is described in de-
tail elsewhere.*>~4" The implementation parameters used
here are similar as in our previous study of the band
structure of bulk and monolayer V,0s5.!

As mentioned earlier, in order to simulate doping by
gating, we wish to add electrons without adding specific
dopants. To keep the system neutral we employ two dif-
ferent approaches, either add a homogeneous background
(@B) or we distribute the counter charge over the nuclei
of the V505. Although, this is not the only possible
choice, we only modify the atomic number Zy of the
vanadium atoms.

III. RESULTS
A. Structure of NaV,05

As already mentioned, there have been numerous
studies of of NaV;05 in particular to elucidate the
low temperature phase. The first experimentally pro-
posed structure?? at room temperature has the non-
centrosymmetric Py, m,y space group with two vanadium
and 5 oxygen inequivalent sites. However this structure
was refuted by later experimental results. Instead a cen-
trosymmetric structure? was found at room temperature.
This crystal structure is orthorhombic with the Py,
space group with 1 vanadium and 3 inequivalent oxygen
sites as in pure V05 crystal. The unit cell is shown
in Fig.1 and contains two formula units or a total of 16

FIG. 1. (Color-online) Crystal structure of NaV20s showing
edge shared polyhedra alternatively pointing up and down.
Here the blue spheres represent V, the yellow Na and the
green O atoms respectively.

TABLE 1. Bond lengths in A.

V-0, V-O V-Ocp V-Op Na-Op, Na-V
Our 1.62 1.89 1.99 1.80 2.42 3.32
Expt.® 1.61 1.92 1.99 1.82 2.43 3.35

2 By Smolinski et al.?

atoms: 2 Na, 4 V and 10 O atoms. The lattice con-
stants are slightly changed from pure V505, for example
a = 11.315 A% (11.5124)*® b = 3.61 A (3.56A), and
¢ = 4.80 A (4.37A), where the numbers in parenthesis
refer to pure V505. This amounts to —1.7%, 1.4% and
9.8% changes in a, b, ¢ respectively. Clearly the c lattice
constant increases the most. This also leads to a rota-
tion of pyramids surrounding each V because the apical
(vanadyl) oxygen anions are attracted towards the Na
cation. This implies that some more intermixing of the
different d-orbital types will occur.

We first carried out structural optimization in LDA for
the NaV5Os5 case. To avoid the typical underestimate of
experimental lattice constants in LDA, and the difficul-
ties of standard density functionals to optimize the dis-
tance between Van der Waals bonded layers, we adopt
the experimental lattice constants. Only the atomic in-
ternal coordinates were relaxed. The relaxation is carried
out until the forces are less than 1073 Ryd/Bohr. As
shown in Table I, the bond lengths of various atoms in
NaV30j5 slightly underestimate the experimental values.
The bond lengths of Na to V or O correspond to nearest
neighbor distances. Corresponding results for pure Vo035
were reported in Ref.1.

B. Band structure of quarter-filled NaV.0Os;

We start our study with NaV,05. First, we carried
out non-spin-polarized (LDA) as well as spin-polarized
(LSDA) and LSDA+U calculations for hypothetical
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FIG. 2. (Color on-line) Non-spin-polarized LDA calculation
of NaV20Os5 bands and density of states.

ferromagnetic (FM) and the actual anti-ferromagnetic
(AFM) structure, which has alternating spin-up and
spin-down along the chains in the b direction and par-
allel spins for V atoms in a bridge and for the two double
chains occurring in the standard V5Os unit cell. Addi-
tional anti-ferromagnetic arrangements were also consid-
ered.

1. Non-spin-polarized band structure

The non-spin-polarized band structure and density
of states is shown in Fig.2. As anticipated, the band
structure looks very similar to that of pure VoOs5 with
the difference that now the Fermi level is placed in-
side the split-off conduction band and is in fact pre-
cisely half-filled. The density of V-d like states at the
Fermi level Dy_g(ep) = 0.657 states/eV /spin and does
not satisfy the Stoner criterion ID(ep) > 1 with the
Stoner I = 0.354 eV for vanadium taken from Janak.*"
Correspondingly, we indeed find that within LSDA, no
magnetic moment forms and the band structure stays
non-spin-polarized. However, within LSDA+U with a
Usg = U — J = 2.7 eV and splitting of up and down spin
states occurs and subsequently we can apply QSGW and
find that formation of a magnetic moment persists. The
value of Ugg is not critical. The value chosen here is cho-
sen to mimic the results of the final QSGW as best as
possible for the AFM case. The anti-ferromagnetic struc-
ture could in fact be stabilized even in LSDA without
any U. As will be shown below the anti-ferromagnetic
ordering of these moments along the b axis is preferred.
However, before delving into the magnetic total energy
differences, let us first discuss the band structure.
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FIG. 3. (Color on-line) Band structures of NaV,0Os obtained
in the QSGW approach for (a) ferromagnetic and (b) anti-
ferromagnetic ordering of the moments. Red solid lines indi-
cate majority spin and green dashed line minority spin bands.

2. QSGW band structures in AFM and FM cases

The QSGW bands of FM and AFM NaV,05 are shown
in Fig.3. As for pure VoO5 we first notice a strong in-
crease in the gap between O-2p valence bands and the
bottom of the conduction bands (not counting the spit-
off band) to an unrealistic value of about 5 eV. This is
even larger than in pure V5Os which results from the
larger inter-layer distance or the increase in the c lattice
constant by almost 10 %. We also see that the split-off
band splits in up and down spin and the filled major-
ity spin band is pushed down to about 2 eV below the
continuum of d-conduction bands. One may recognize
a corresponding minority spin band with almost identi-
cal dispersions. We call the more or less constant split-
ting between these two bands A,, the exchange splitting
of the band. It is indicated in Fig.3 along with other
splitting discussed later. Obviously in the LSDA+4U ap-
proach, its value increases with the choice of U but it is
not exactly equal to U. However, we also see a majority
spin very flat band at 2 eV which is the second dg, like
band which has anti-bonding interactions with the bridge



oxygen but which is shifted down by the exchange inter-
action with the spin-polarization of the other d, band.
In other words, the spin-polarization of the split-off band
results in an induced spin splitting in all the higher lying
d-bands. We can indeed see a splitting of up and down
spin bands throughout the conduction band. In other
words, we produced a ferromagnetic insulator instead of
a metallic band structure. However, as will be discussed
later, this is not the lowest energy structure because the
spins prefer an AFM ordering along the chain.

Now, if we go to the AFM case, a similar gap struc-
ture occurs. There is a gap of about 3 eV between O-2p
VBM and the lowest filled d-states. Then there is a gap
of about 2 eV to the next empty states. A new set of 4
empty bands is split-off by about 0.4 eV from the con-
tinuum of d-bands. This is again the same splitting as
we saw before for the FM bands and results from the in-
duced spin-polarization in the higher d-bands. Remark-
ably, however, the dispersion of the filled split-off band is
now strongly reduced. The band width of the FM split-
off band was about 1 eV but in the AFM case it is reduced
to only about 0.2 eV. This results from the fact that in
a collinear spin calculation, hopping only occurs between
orbitals of the same spin and so along the chain direc-
tion, the nearest neighbor V hopping is now suppressed
and only much weaker second nearest neighbor hopping
contributes to the band width. If we examine this band
structure as function of Ueg in LSDA+U, we find that
the splitting between the first empty and first occupied
d band stays more or less constant but the splitting be-
tween the filled d band and the empty d band contin-
uum increases, so the filled band gets pushed closer to
the O-2p bands. This is because the larger U, the more
the occupied spin states are pushed down but the lowest
separate set of empty bands are not the corresponding
opposite spin bands but rather the d;, bands that are
anti-bonding with bridge O-p,.

8. QSGW with lattice polarization correction

The QSGW band structure in this material is quite
unrealistic and as we proposed in Bhandari et al.' for
pure VoOs5 which can be largely attributed to the impor-
tance of lattice polarization contributions to the screen-
ing of W in these materials. This results from the
strong LO-TO splitting of the phonons. The LO phonons
lead a contribution to the dielectric screening for long
wavelengths (q — 0 limit) which affects the screening
of the electron-electron interaction even though the LO
phonons are much lower frequency than the electronic
inter-band transitions. The generalized Lyddane-Sachs-
Teller relation gives this increase in the screening due to
lattice polarization as:
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FIG. 4. (Color on-line) Band structures of NaV2Os obtained
in the QSGW-aAY approach with a = 0.38 for (a) ferromag-
netic and (b) anti-ferromagnetic ordering of the moments.

where the product is over all modes corresponding to the
irreducible representation to which the Cartesian com-
ponent « belongs. In practice, we estimate this effect
by taking the w — 0 limit and assuming that the GW
self-energy shift AY is dominated by the static screened
exchange contribution. Thus we multiply AY by a re-
duction factor @ = e./etot To take in to account the
anisotropy we average over directions by multiplying the
Cartesian components and taking the cube root. In pure
V505 this led to a reduction factor of o = 0.38. In the
present case, using phonons for NaV,0s5 as reported in
Popova et al.?® we obtain a reduction factor a = 0.5.
The phonons in V505 and NaV30O5 are indeed very sim-
ilar and this difference should be considered to be within
the uncertainty of the approach, which is only a crude
way of estimating the lattice polarization effect to begin
with. We thus keep the a = 0.38 as in our previous V4,05
calculation for easier comparison.

The corresponding band structures are shown in Fig.4.
The gap between the O-2p like VBM of V205 and the
lowest now filled V-3d band is about 1.81 eV and the gap
between the filled d band (new VBM) and the empty d
bands is now about 1-1.3 eV, slightly lower in the FM
than in the AFM case. Also note that in the FM case,
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FIG. 5. (Color on-line) Band structure of AFM NaV2Os
within LSDA+U with Ueg = 2.7 €V.

the lowest gap is indirect between the majority spin filled
split-off band at S and the corresponding minority spin
band at I'. However, the lowest direct allowed transi-
tions would be between the majority spin bands at S.
The splitting between up and down spin d, bands is
about 2 eV and is uniform throughout the Brillouin zone.
This corresponds to the exchange splitting A, of these
bands and justifies the previous use of a Usg =~ 2.7 eV
in LSDA+U. In the AFM case this splitting cannot be
so easily identified and the gap between lowest filled and
lowest empty d band is slightly larger, about 1.3 eV.

There are further small differences between LSDA+U
and these 0.38 AY QSGW results. Overall, similar band
structures to ours were obtained by Ming et al. us-
ing LSDA+U.%! We include in Fig.5 our band structure
within LSDA+U with Usg = 2.7 €V because it agrees
best with optical response as will be shown in the next
subsection. In particular, we may note a slightly larger
splitting of the two sets of empty split-off d-bands below
the continuum of the conduction band.

4. Optical response

We now compare these results with experimental data
of the optical conductivity by Konstantinovi¢ et al.>?
Similar results were obtained by Atzkern et al.?® from
electron energy loss spectroscopy (EELS) and by Presura
et al. by spectroscopic ellipsometry.>* To this end we cal-
culate the optical conductivity for E || a and E || b, as
shown in Fig.6. We compare both the LSDA+4U with
U =2.72 eV and the 0.38AY. QSGW with experiments.

Experimentally, a peak in optical conductivity is found
at about 1 eV for E || a and assigned to transitions be-
tween the highest filled and lowest empty V-d states.??
This agrees well with our calculation, which shows a
strong peak at about 1 eV in LSDA+U case but in the
0.38AY-QSGW case this peak is found a little higher at
1.5 eV. Further inspection of the PDOS (in LSDA+U)
shown in Fig.7 shows that this corresponds to a transition
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FIG. 6. (Color on-line) Optical conductivity of AFMI1
NaV2Os: top panel, experiment®®; middle panel, LSDA+U;
and bottom panel, 0.38AX.
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FIG. 7. (Color-on-line) PDOS on V atoms in the filled and
empty split-off bands and low conduction bands relevant to
the optical transitions obtained top panel in LSDA+U with
U = 2.72 ¢V and bottom panel in QSGW 0.38%.

to the V-d,, derived which forms anti-bonding interac-
tions with Opridge-py. In previous work this is sometimes
called the anti-bonding zy band.

In a simple tight-binding model, the “molecular” states
of the rung, from which the split-off bands are con-
structed can be described by a Hamiltonian of the form

Ed ‘/der
H = Eq Vapr (2)
Vdp7r Vdp7r Ep



The basis functions here correspond to d;y on the left
V atom, diy on the right V atom, and p, on the bridge
oxygen between them. There is only a Vg, interaction
between the O and V orbitals. One may now down-fold
the p-states into the d-states to obtain an effective 2 x 2
Hamiltonian:

depﬂ' depﬂ'
Hyy = | DN ECER BeR (3)
Vdpﬂ' E + Vdpfr
Eq—E, dT E,—FE,
whose eigenvalues finally are:
Ey, = Eq,
Vi

E,=E;+2—""_ 4
a d+ Ed — Ep ( )

In other words, for the symmetric or bonding combina-
tion of the two effective d-orbitals, the anti-bonding inter-
actions with O-p canceled out. In fact, by symmetry one
can see easily that if the two xy orbitals have the same
sign, they are antisymmetric with respect to the mirror
plane passing through the bridge and therefore do not in-
teract with the O-p,. The antisymmetric or anti-bonding
combination however has twice the anti-bonding interac-
tion with O-p,. From this it becomes clear that for polar-
ization E || a which is also antisymmetric with respect to
this mirror plane, optical transitions are allowed between
these bonding and anti-bonding xy orbital combinations
on the same rung. Apparently, our 0.38A3 model slightly
overestimates this bonding to anti-bonding gap, just as
it still slightly overestimates the O-2p — V-d gap. This
may be because we do not yet fully accurately include
the anisotropies of the lattice polarization effect, and/or
because of missing electron-hole interaction effects on the
screened Coulomb interaction W. The assignment of this
peak for E || a agrees with that by Atzkern et al.?3.

This transition is not allowed for E || b for the sym-
metry reasons explained above, but we find a weaker
transition, which in LSDA+U occurs at slightly higher
energy and in 0.38AX occurs slightly below it. Further
inspection shows that in LSDA+U, the first narrow set
of empty d-bands again split in two, while in 0.38AX,
they are closer together. Inspecting the PDOS shows
that the band corresponding to this transition has oppo-
site spin character to the occupied d band which is the
initial state of the transition. In fact, Atzkern et al.>3
assigned this transition to a dgy 1 to dg, | transition.
However, without circularly polarized light, there should
not be transitions between up and down spin. However,
because of the anti-ferromagnetic order along the b axis,
or the chain, it means that the atoms along the chain have
alternating spin. So, this is in fact a transition from one
V to the next V along the chain between states with the
same spin. It is now clear why this transition becomes
allowed for E || b.

This transition is indeed seen as a much weaker peak
in Fig.3 of Ref.52 for E || b or also in Atzkern et al.53
reproduced here as the upper panel in Fig.6. The fact

TABLE II. Band gaps and other energy differences in
NaV205. A, is the spin-splitting of the FM split-off band,
Ey4 is the lowest direct gap between occupied d and empty d
states, Egpq is the lowest direct gap between O-2p like VBM
and empty d states. Wy is the width of the split off ma-
jority spin band, Eg; is the gap between occupied d, and
empty anti-bonding d., bands; Eg42 is the gap between oc-
cupied d;y 1 and dzy | on the same atom, F, and E; are
the transitions from the O-2p VBM to the same final states.
The calculated transitions are indicated in the band figures.
The corresponding experimental features Fq41, E, and Fga2,
E, correspond to peaks for E || a and E || b respectively. All
energies are in eV.

method FM AFM

A FEga Egpa Wi Eqn Ege E. Ey
QSGW 296 197 5.21 091 1.90 1.81 4.97 4.83
0.38AXY 1.68 1 3.5 091 1.36 1.14 3.72 3.50

0.5A% 1.93 1.25 3.76 0.92 1.40 1.22 3.89 3.69
LSDA+U® 1.66 0.48 3.10 0.86 0.92 1.32 3.26 3.74
LSDA 0.48 0.84 3.25 3.62
Expt.P 09 12 325 39
a U =272eV

b From Ref. 52

that this is an optical transition involving charge transfer
from one rung to the next in the ladder explains why it
is weaker in oscillator strength than the E || a transition
which is between molecular states localized on the same
rung.

Since this transition is essentially resulting from the
spin-splitting of the d band, it is sensitive to the U value
chosen, as was found by Atzkern et al.’3. We find this
transition at about the same energy in LSDA+4U with
Ueg = 2.72 and in 0.38AX, which again justifies the
choice of Ueg-value. The E || a transition on the other
hand was found to be rather independent of U because it
results from the bonding to anti-bonding splitting of the
xy bands instead.

At higher energy near 3.5 ¢V for E || a and 4.0 ¢V for
E || b we observe the transitions from the O-2p valence
band maximum to these same two bands. We labeled
these F,, Ey and they are listed in the Table II. These
peaks are broader and probably also include transitions
to the higher-lying d,, and d,. orbitals near the bot-
tom of conduction band continuum. In between the two
lowest peaks and the 3.5 eV and beyond ones, we see
some small peaks in our calculations which correspond
to the onset of transitions from the occupied d,, band
to the continuum of d-bands which is dominated by d,,
and d,. like states. A background of transitions is also
visible in the experiments. The experimental first peak
shows a marked asymmetric broadening. Atzkern et al.>3
attempted to explain this in terms of spin-wave fluctua-
tions away from the perfect anti-ferromagnetic ordering.
They considered spiral spin waves which indeed broaden
the majority spin occupied split-off d-band. However,
they were still not able to fully account for the line shape
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FIG. 8. (Color on-line) AFM1 spin configuration and labeling
of the V atoms. Vi — V3 form the central rung connected
by a bridge oxygen. In the AFM1 model, the Vi_4 atoms
(red) have opposite spin of the Vi_, atoms. The exchange
interactions are indicated.
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of this peak.

In Kontantinovic et al.’s work®? additional features are
seen in the optical conductivity, which were interpreted
as transitions to an impurity band in between the low-
est empty d and filled d bands. This impurity band oc-
curs only when the Na concentration is less than 100
%. However, the new empty split-off band in the anti-
ferromagnetic case which we here interpreted as the op-
posite spin counterpart to the bonding zy band, was not
identified before. Finally, we summarize the band gaps
and splittings in NaV505 obtained in different approxi-
mations in Table II for both the FM and AFM case. Even
though the FM is not found to occur experimentally, it
is important because potentially it could be realized by
placing the sample in a saturating magnetic field and may
occur for significantly lower Na concentrations as we will
discuss below.

5. Anti-ferromagnetic ordering and exchange couplings

Now, we address the total energy differences between
different magnetic configurations and the exchange in-
teractions. These were calculated within the LSDA+U
approach with Ueg = 2.72 eV. First, in Fig. 8 we show
the experimentally occurring AFM structure, which we
label as AFM1. We number the V-atoms 1-4 and 1’-
4’ as indicated to identify the other spin configurations
considered in Table III.

These energy differences can be described by a gener-
alized Heisenberg Hamiltonian of the form

H=— Z Jijei . ej (5)
i#]
where the sum is over both ¢ and j, so it counts each

neighbor pair twice and the spins are represented as clas-
sical unit vectors. This means the magnetic moments

TABLE III. Total energies of different magnetic configura-
tions relative to the ground state. The V atoms in the 1 x2x 1
cell are labeled in Fig. 8.

1 2 3 4 17 2 3 4 AE (meV)
NM 160
FM 2t Y Y MY N 139
AFM1T ¢t 1+t t 4 1 L 0
AFM2 1+ | 1t L Lt 1 1 717
AFM3 + L L 1t o+ L L 1t 713
AFM4 1t 1 L L 4 L 1T 7 4

are folded into the definition of the J;;. The magnetic
moments here are found to be about 0.5 up/V for AFM,
which indicates single electron occupation per rung or V-
pair. The net moments are found to be slightly larger in
the FM than in the AFM case. We include the exchange
interactions J; with n = 1,2, 3 as follows: J; is between
V1 and Va, Jo between Vi and V3, and J3 between Vi
and V/. The total energies of the 8 V-atom cell of each
of the configurations are then given by

&

(FM
AFM1

) = —8J; — 16.J5 — 16.J3,
( ) = —8J; + 16.Js,
(AFM2) = 8.J; + 16.J5,
(AFM3) = 8J, + 16.J5 — 16.J3,
(AFMA4) = —8.J; + 165 (6)

SRR RS

We see that within the model up to 3rd neighbor in-
teractions AFM4 and AFMI1 have the same energy. In
our calculations they differ by only 4 meV. Even if one
would include a Jy between Vi and V4, they would still
be equal. So they differ only by some further range in-
teraction. Within this model, we can extract 3 energy
differences and hence the 3 exchange parameters.

We see immediately that E(AFM2) — E(AFM1) =
16J; and hence J; is 44.8 meV. This indicates a strong
ferromagnetic coupling between the two V in the same
rung. This is not surprising. In fact, if one thinks of
the half-filled ladder as only having one electron in each
rung spread over the two V atoms, then obviously, they
must have the same spin. On the other hand, we read-
ily find Jo = —4.5 meV and Js; = —2.1 meV. Thus
both of these interactions are anti-ferromagnetic and the
they fall off as function of distance. It indicates that
the neighboring chains want to be anti-ferromagnetically
coupled as well as the ordering inside the chain tends to
be anti-ferromagnetic. The last conclusion agrees with
the study by Atzkern et al®®. These authors started
from the AFM1 observed structure and within LSDA+U
extracted exchange interactions from the spin-wave exci-
tations.

The anti-ferromagnetic interaction .J3 between atoms
along the chain can be thought of as super-exchange via
the chain oxygens connecting the V-atoms. More pre-
cisely they interact via the pdrm interaction with Q¢hain —
pz. We obtain a super-exchange interaction here, because



the bonding xy-band of each spin is exactly filled. On the
other hand, the exchange interaction J5 between adjacent
ladders cannot be mediated by indirect super-exchange
because V3-O*.V, form close to a right angle, and
thus the electron could for example hop from V; to a
O-p, but then this y orbital is orthogonal to the zy on
the V3. However, these two V are close enough to have a
direct exchange interaction. If they have sufficient over-
lap than the simple Heitler-London picture would pre-
dict the interaction to be anti-ferromagnetic as we in-
deed find to be the case. With this identification of the
type of exchange interactions, we may expect that if we
dope the band with fewer electrons, then, at some point,
the indirect super-exchange will switch to ferromagnetic
double exchange along the chain based on the Anderson-
Hasegawa model.®® In a later section (Sec. IIIC2), we
will determine the critical doping level where this cross-
over to ferro-magnetism occurs. The above analysis of
the nature of the exchange interactions is similar to that
by Horsch and Mack."5

We may further compare our exchange interactions
with previous work in literature. For example, Fan et
al.57 reported J)j, which is our J3 to be —51.1 meV
or —593 K. However, they considered a S = 1/2 spin-
Hamiltonian instead of a classical unit-vector spin Hamil-
tonian so due to this different normalization our values
are a factor four smaller. Furthermore they counted
each pair only once, whereas our definition of the spin-
Hamiltonian counts each pair twice. In fact, their energy
difference E(FM) — E(AFM) = 25 meV per formula
unit, i.e. per V-pair. This means 100 meV per 8 atom
cell, compared to our 139 meV. The difference however is
that we attribute this in part to the exchange interactions
in adjacent chains, which is present in the ferromagnetic
case but cancels in the anti-ferromagnetic case, whereas
they attribute it solely to the interactions between V in
the single ladder. Our FM-AFM energy difference per
pair of V atoms, or per formula unit is 34.75 meV or
403 K. Our value for the parameter J) as reported by
Fan et al.°” would be —806 K. In fact, in literature, val-
ues between —529 K and —928 K were reported for this
parameter in de Graaf et al.>® based on various compu-
tational estimates and experimental values. References
to the rest of the literature on exchange interactions in
NaV,0s5 can be found there.

C. Band structure of V2,05 doped by carrier
injection

In this section, we try different alternative ways of
doping V205 compared with NaV5O5. Our goal here is
twofold. First, we want to explore how different or simi-
lar the resulting band structures are to those of NaV5Os.
Secondly, we want to view these as simulating doping
by gating and determine which approach most closely
achieves this and could be used to simulate continu-
ous variation of the electron concentrations ranging from
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FIG. 9. (Color on-line) Band structures of AFM doped V205
with (a) homogeneous background QB = 2 in upper figure
and (b) VCA by using V with Z = 23.5. Both are obtained
within QSGW with 0.38AX.

0 <z <1 in the bonding zy-band.

1. Background vs. Virtual crystal approzimation

First we keep the filling of the band the same as in
NaV50s5. That is 2 electrons are added per unit cell or 1
per VoOs unit, or 1 electron per rung in the ladder in the
zy-bonding band. The first approach is to compensate
the 2 electrons by a uniform positive background QB =
2. The second approach we consider is to compensate
the electronic charge by spreading it over the vanadium
nuclei. We call this the virtual crystal approximation
(VCA). It means we replace the atomic number of V by
7 = 23.5. In Fig. 9 we show the band structures in the
0.38AY model for the background and for the VCA for
the AFM ordered case. These should be compared with
the corresponding NaV,0O5 case in Fig. 4.

We can see that the splitting between the occupied d
band and the oxygen VBM reduces from the QB = 2 to
NaV50s; to the VCA case. This can be explained from
the differences in electrostatic potential. In the VCA
case, we place the compensating positive charge on the



TABLE IV. Oxygen p to vanadium dz, band energy difference
(eV) in different doping models with QSGW 0.38AX.

VCA NaV50s5 QB =2
1.00 2.02 2.53

vanadium very close to where the electrons in this band
are localized. So, the electrons feel a stronger attractive
potential, pulling this band down. In the NaV,Oj5 case,
the compensating positive charge is residing on the Na*t
ions in the interstitial region between the layers. Com-
pared to the VCA, clearly the attractive potential will
be weaker. Finally, if we spread the positive charge out
homogeneously in a background, the electrostatic inter-
action is even weaker, even though some of the charge
now resides in the V305 layer and some in the intersti-
tial, both are smeared out. The same trend is observed in
the ferromagnetic band structures. Also similar results
are found for our LSDA+U model.

We also examined how these different models affect the
magnetic ordering. We focus here only on the ordering
of moments along the chain. We find that in the back-
ground model, the ordering is still anti-ferromagnetic but
in the VCA case it becomes ferromagnetic or very close
to equal energy for ferromagnetic and anti-ferromagnetic
ordering.

Finally, we should note that in the background and
VCA models, we used the original VoOs5 structure which
differs slightly from the NaV5Oj5 structure. The c lattice
constant is somewhat smaller and the pyramids around
vanadium are not rotated toward the Na interstitial site.
This leads to a slightly smaller band width of the filled
split-off band in the ferromagnetic case.

From all this, we conclude that the background model
seems more appropriate than the VCA in which compen-
sating charge is placed right on the layer in the V atoms
because the latter would yield incorrect predictions about
the magnetic order. If we think about a model for in-
jecting charge from a gate, the latter could consist for
example of a metallic layer above and below the atomi-
cally thin V505 film. This means the opposite positive
charge should stay away from the layer. The background
model somewhat achieve this but not quite as accurately
as Na itself. In the next section we therefore consider
applying the VCA to Na instead. If we replace Z=11 of
Na by Z = 11 — x, we simulate in some sense a reduced
concentration of Na atoms, we could think about it as
replacing some of the Na by inert Ne atoms with Z = 10.
This could also be viewed as a model for a metallic layer
which injects charge into V5Os.

2. Continuous doping models

In this section, we present results for @B doping with
@B =1 and 0.5 and also calculations with a VCA for Na
atoms with Z continuously varying from 10 to 11.
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FIG. 10. (Color-on-line) Band structure of background doped
V205 for QB = 1, which is ferromagnetic in QSGW with
0.38A%.

For @B =1 as shown in Fig. 10 we find as expected
a ferromagnetic metallic band structure, with the par-
tially filled band fairly close (about 1 €V) from the CBM.
The distance to the VBM depends as before on whether
we use LSDA, LSDA+U, QSGW or 0.38A% QSGW +
lattice polarization effect. The exchange splitting A, is
smaller in LSDA than in GW and is also reduced further
if we reduce the background charge to 0.5 (not shown).
The exchange splitting A, varies from 1.07 to 0.59 to 0.21
eV for QB = 2, 1, 0.5 respectively. Anti-ferromagnetic
structures are less stable in this case. So, this already
predicts that for small filling of the band ferromagnetic
moments could occur but there might be a minimum
filling required before the exchange splitting A, is suf-
ficiently large to keep the two bands separate and the
half-metallic character preserved. For too small doping,
we might simply revert to a non-magnetic filling of the
band.

On the other hand, we are interested also in the case of
nearly filled doping, as could occur for example in slightly
under-doping with Na, or in the case of Na doping but
extracting some electrons out of the layer by gating. In
that case, we would start from an AFM ordering along
the chains but could locally convert it to FM ordering
if we achieve a critical reduction in carrier concentration
in the band. This we study by means of NaV,05 with
10 < Zna < 11 VCA. The magnetic moment of vana-
dium (shown in Fig.11c) approaches zero for Zn, — 10.
This would indicate ferromagnetic ordering even for very
small doping of the band. The width of split-off band
(A, also varies almost linearly with Zy, going from 11
to 10 as shown in Fig.11b. However, in reality instead
of having a very small spread-out itinerant moment, one
might expect localized moments too far from each other
to interact. There would thus be some kind of percola-
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FIG. 11. (Color on-line) a) Variation of energy difference

Eram-Earn b) split-off band width A, and ¢) magnetic mo-
ment per vanadium atom as a function of Z respectively.

tion cut-off and one might expect Na, V205 for small z
to be paramagnetic instead of ferromagnetic. This is in-
deed found to be the case for Nag 33V20p5 in Chakraverty
et al.>® On the other hand, there is a crossover between
the two competing magnetically ordered states (AFM1
and FM) at Z = 10.88. This is shown in Fig.11la. The
band structure becomes metallic for carrier concentra-
tion between 0.9 and 1.0 in the split-off d,, bonding
band even though the system is anti-ferromagnetically
ordered. This is shown in Fig. 12 which shows a close
up of the bands near the Fermi energy. One can see a
slight splitting of the up and down spin bands, which also
results in a slightly different up and down magnetic mo-
ment. This indicates already some gradual transition to
the ferromagnetic configuration. Strictly speaking this
system is found to be ferrimagnetic in our calculation
but the changes in moment are close to the numerical
uncertainty of the self-consistent calculation.

IV. CONCLUSIONS

In this paper we studied doping of the V5Oj5 split-
off conduction band, first by means of intercalation with
Na as in the bronze NaV,0Os5 using first-principles calcu-
lations. We found that the half-filling leads to a spin-
splitting of this band of about 2 eV within the QSGW
method or QSGW method with lattice-polarization cor-
rection, as applied previously to pure VoOs. This agrees
well with the results of LSDA+U with Uyg ~ 2.7 €V. This
further induces spin-splittings of the higher lying conduc-
tion bands. This corresponds to a magnetic moment of
1pup per V—OPridee _V rung. These moments are found
to order anti-ferromagnetically along the chain and of
course, the effective moments of 0.5 p g on the V atoms on
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FIG. 12. (Color on-line) Band structure of metallic

Nag.o V205 AFM calculated in LSDA+U.

the same rung are found to prefer strongly to be parallel.
However, the staggered neighboring chains or ladders are
also found to order anti-ferromagnetically. The exchange
interaction between V atoms along the chain is found to
be smaller than the exchange interaction between V in
the adjacent chains. The former is an anti-ferromagnetic
super-exchange while the latter is a direct V-V interac-
tion. Both contribute to the energy difference from the
ferromagnetic state. The FM-AFM energy difference per
formula unit is found to be within the range of values
previously reported in literature by both experimental
determinations and other computations. However, our
analysis of the intra-chain and inter-chain exchange inter-
actions differs from previous results, in which either the
inter-chain interaction is neglected or found to be fer-
romagnetic. Our exchange interactions were extracted
from comparing various spin configurations within the
LSDA+U model with the Ueg value justified by both
agreement with the parameter-free QSGW method and
optical experiments on the AFM model.

The band structure in the anti-ferromagnetic ground
state is found to have much smaller band widths of the
split-off bands, which is explained by the fact that in
the AFM case, hopping between nearest neighbors along
the chain is prohibited because they have opposite spin.
Above the filled band, new states split-off from the con-
tinuum. One of these is the anti-bonding d,, band and
the other is the opposite spin counter-part of the bonding
d.y band. Both actually result in two bands because of
the two chains per unit cell. Optical transitions between
the filled d,, band to these empty split-off bands result in
two closely spaced peaks in optical conductivity for E || a
polarization and E || b. The former correspond to tran-
sitions between bonding and anti-bonding d,., combina-
tions on the same rung, while the latter corresponds to a
transition between the spin-split bands which have both



bonding character. More precisely, the latter should be
viewed as transitions between alternating V-atoms along
the chain with the same spin. The latter are therefore
weaker than the transitions within the same rung. Op-
tical transitions from O-2p valence bands to these same
final empty states are found correspondingly at slightly
higher energy for E || b than for E || a. These inter-
pretations of the optical transitions agree closely with
previous work in literature. We found that the QSGW
method slightly overestimates the bonding-anti-bonding
transition but gives a good value for the spin-splitting
A,

Various ways for simulating doping by carriers without
adding Na explicitly were studied. We found that the
position of the occupied split-off band depends strongly
on how the electron doping is compensated. This is ex-
plained in terms of the different electrostatics. For ex-
ample, a homogeneous background provides a less at-
tractive electrostatic potential than Na™ ions in the in-
terstitial space between the layers, or than placing the
counter charge on the V atoms. The splitting between
bonding and anti-bonding d,, orbitals or spin-splitting
however remains the same as before and is independent
of this choice of compensating charge. From the point of
view of simulating doping by gating, the compensating
charge should be kept away from the doped layer. This
is in fact best achieved by Na atoms in the interstitial.
One might view the latter as a metallic contact layer.
In order to simulate continuously varying electron dop-
ing, we then proposed a virtual crystal approximation
treatment in which the atomic number Zy, is varied be-
tween 10 and 11, 10 representing inert Ne atoms. This
model can then simulate both a reduced Na concentra-
tion intercalation or a metallic contact gate which pushes
a carrier concentration into the VoOp layer that can be
tuned continuously between 0 and 2 per unit cell or 0
and 1 per V305 formula unit, which is equivalent to one
ladder. Within this model, we found that for carrier con-
centrations less than 0.88 e /formula unit, the ordering of
the moments switches from AFM to FM. This is in fact
expected on the basis of the Anderson-Hasegawa model
where the exchange interactions would switch from AFM
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super-exchange to ferro-magnetic double exchange. The
same model predicts FM ordering but with continuously
decreasing moments all the way down to zero carrier con-
centration. However, the latter is unrealistic. One should
instead expect that there is a minimum critical concen-
tration before localized moments in the chain reach a
percolation threshold. In the present model these mo-
ments behave like an itinerant ferromagnet which looses
its moments only when zero concentration is reached.

To a large extent our results confirm previous analysis
for NaV50j5. However, we emphasize the new perspec-
tive that in atomically thin layers alternate approaches
than variations in the Na concentration could be used to
control the charge and thus induce a change from AFM
to FM ordering. With the accessibility of the surface to
local probes such as an STM tip, this might lead to the
control of the local spin alignment on an atomic scale. We
caution however, that further complicating issues should
be considered here, such as the spin-Peierls or charge or-
dering transition occurring at low temperatures, the im-
perfect ordering in one-dimension accompanied by spin-
wave excitation fluctuations at finite temperature, etc.
Still, our final conclusion is that this system provides
possibly an intriguing playground for manipulating spins
on the atomic scale at surfaces.
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