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The effects of strong covalency across a strongly correlated interface between two transition-metal com-

pounds are studied. Since the charge transfer is directional, the lowest electron-removal and -addition states are
often not involved in the formation of covalent bonds across the interface. This paper shows that this can lead
to the formation of unusual ground states not found in the bulk. For cuprates, the formation of ‘“Zhang-Rice
triplets” is observed. For nickelates, we demonstrate the possibility of in-plane or out-of-plane orbital switch-
ing, whereas cobaltates are prone to spin switching. For Co and Fe compounds, a change between antiferro-
magnetic superexchange and ferromagnetic double exchange is found. Calculations of x-ray magnetic dichro-

ism are presented, which could provide insight into the presence of these unusual ground states.
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I. INTRODUCTION

In recent years, the study of the interfacial behavior of
transition-metal compounds has led to several surprising dis-
coveries, including the presence of metallic behavior at the
interface of Mott and band insulators'= and tunable quasi-
two-dimensional electron gases.* These phenomena are often
related to charge transfer at the interface. For example,
charge transfer from a 3d' Mott insulator to a 3d° band in-
sulator can effectively dope both sides of the interface and
can lead to metallic behavior.! Also, electron dissipation
from CaRuOj; into the antiferromagnetic insulator CaMnOj
can lead to ferromagnetism in the layer adjacent to the inter-
face through the double exchange mechanism.> These phe-
nomena can be understood on the basis of effective electron
and hole doping of the interfacial layers and do not directly
depend on a reconstruction of the electronic structure. How-
ever, to facilitate the exchange of charge across the interface,
the electronic structure can also be modified by the formation
of covalent bonds. Recently, an orbital reconstruction
was demonstrated experimentally at a cuprate/manganite
interface.® In this paper, the general trends in local orbital
and spin structure of late transition-metal compounds close
the interface are described, and the consequences of orbital
recontruction due to strong covalency are discussed. Crucial
for the understanding of the local electronic structure at the
interface is that the bulk quasiparticles have often zero spec-
tral weight when electrons are added or removed through the
ligands connecting the two materials. This has as a result that
the lowest electron-addition and -removal states are not in-
volved in the charge-transfer processes, leading to ground
states that are counterintuitive to what one would expect
from the bulk properties. For example, it is shown that the
surface can sustain a considerable amount of ‘“Zhang-Rice
triplets,” contrasting the bulk, where the low-energy physics
is solely determined by Zhang-Rice singlets.” The charge
transfer across the interface can be varied by changing the
compounds, the doping levels, and the strain or by applying
an external potential across the interface. It is shown that,
when tuning the interfaces, small changes in charge transfer
can lead to drastic changes in ground state properties. This
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distinct switching between different states greatly enhances
the possibility for technological applications. Predicted ef-
fects include orbital switching with a sudden change from
out-of-plane to in-plane charge density, spin switching be-
tween intermediate and low-spin phases, and the possibility
to change the magnetic coupling across the interface from
ferromagnetic to antiferromagnetic.

Trends of local spin and orbital structures at interfaces of
transition-metal compounds are often difficult to study.
Density-functional theory (DFT) (Refs. 5, 8, and 9) includes
the necessary detail but would require many complex calcu-
lations to obtain a variation in the work function. On the
other hand, many-body techniques using exact
diagonalization'® and dynamical mean-field theory' often use
strongly simplified Hamiltonians that fail to describe the de-
tailed orbital and spin transitions. In order to obtain a general
understanding of the local spin and orbital character of the
ions adjacent to the interface, cluster calculations were em-
ployed. These calculations have the advantage of exactly di-
agonalizing the Coulomb interactions, including the higher-
order terms (leading to the Hund’s coupling) while
maintaining sufficient material-specific details. We assume
that the excess charge decreases exponentially’ and that the
change in local electronic and magnetic structure occurs pre-
dominantly in the transition-metal layer adjacent to the inter-
face as was observed experimentally.® The goal of the paper
is to describe phenomena that can occur at the interface of
transition-metal compounds. Several possible unusual
ground states will be identified. The paper hopes to stimulate
further experimental and theoretical work to demonstrate the
existence of these states in more realistic systems.

The paper is divided as follows. The theoretical methods
are described. The local hole densities and symmetries of
transition-metal ions adjacent to an interface are discussed
for copper, nickel, cobalt, and iron. Since interfaces cannot
be studied with surface-sensitive techniques, such as photo-
emission, calculations of x-ray absorption and dichroism are
presented. X-ray absorption spectroscopy (XAS) and x-ray
magnetic dichroism (XMD) are sensitive to changes in the
local ground state symmetry. The paper ends with a discus-
sion.
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FIG. 1. (Color online) Hole densities on interfacial Cu as a
function of the difference in work function. (a) A CuOs cluster
connected to an interface. The assumption is made that the elec-
tronic states at the other side of the interface function as a reservoir
of holes and electrons that couples to the e, states. The work-
function difference between copper and the reservoir is given by
A¢. (b) The hole densities in 3d,2_,2 (green), 3d;,2_,2 (red), on Cu
total (gray dotted), and on Cu and ligand (blue) on the CuOs cluster
adjacent to the interface. The value Ag, s for which copper has a
formal valency of 1.5+ has been subtracted. The numbers indicate
the values for which x-ray absorption spectra have been calculated
(see Fig. 3). (c) Idem, but now the valency is changing from 2+ to
3+ (the value of A¢ for Cu®>* has been subtracted).

II. THEORY

The numerical calculations of the hole density and the
L-edge x-ray absorption spectra were based on a cluster con-
sisting of a transition-metal ion and a sixfold (fivefold for
copper compounds) surrounding of ligands. The Hamiltonian
includes a one-particle part consisting of on-site energies,
crystal-field parameters (1 eV for Ni, Co, and Fe), spin-orbit
parameters,'! hopping parameters (with pdo=1.5 eV for Cu
and 1.3 eV for Ni, Co, and Fe compounds'>'#), and a many-
body part consisting of the 3d-3d and 2p-3d Coulomb inter-
actions. Parameters used in the calculations are based on
those for oxides.'>”'* The monopole part of the Coulomb
interactions is taken as 6 eV. Off-diagonal Coulomb matrix
elements were calculated in the Hartree-Fock limit and
scaled down to 80% to account for screening effects.!’"!> The
charge-transfer energies are defined as

A= Elow(3dn+ll_') - Elow(3dn), (1)

where L stands for a hole on the ligands and E,, is the
lowest energy for a particular configuration. Therefore, A is
the lowest energy to transfer an electron from the ligands to
the transition-metal site. The values are A=2.2,5,4,5 eV
for Cu**, Ni%*, Co?*, and Fe’* (n=9, 8, 7, and 6), respec-
tively. In the apical direction, the ligand is coupled to 3d
states at the other side of the interface [see Fig. 1(a)]. To
obtain the trends of the influence of the interface on the local
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ground state, we take the other side of the interface basically
as a reservoir of electrons or holes in a way similar to the
method used in Ref. 16. The assumption is that the coupling
across the interface is dominated by the states close to the
Fermi level. The energy position is determined by the differ-
ence in work function between the compounds, which can
depend on the material, the doping level, lattice relaxation,
etc. To keep the size of the calculation under control, the
bandwidth of this reservoir is neglected. The reservoir states
are taken to be spin polarized by taking an exchange splitting
of 2 eV on the spin of the reservoir states. The spin-up den-
sity of states (DOS) is assumed to be full. This allows the
study of the magnetic coupling across the interface. Trends
in interfacial ground states are obtained by treating the dif-
ference in work functions A¢ as an adjustable parameter
allowing a continuous change in the charge transfer across
the interface.

X-ray aborption spectra are calculated using Fermi’s
golden rule

I(w) =2 (/D |g)PS(hw+E, - E)), )
f

where Ao is the energy of the incoming photon and |g) and
|f) are the ground and final states, respectively; D, is the
dipole transition operator for a particular polarization g. The
three polarization directions are combined to give the isotro-
pic (I;+1y+1_,), the circular dichroic (I;—1_;), and the linear
dichroic (I;-2Iy+1_;) spectra. Note that, in antiferromag-
netic systems, the circular dichroic spectra from different
sites will cancel.

III. COPPER COMPOUNDS

Let us first consider the situation of a copper ion adjacent
to an interface. Divalent copper compounds, such as CuO
and undoped high-T, cuprates, have a 3d° configuration. This
state is unstable to Jahn-Teller distortions'” that split the x*
—y? and 3z%>-r? orbitals. In a local D,, symmetry the hole
density is in the x>~y? orbital. The charge transfer is rela-
tively small, about 2—-3 eV, compared to other late transition-
metal compounds. This makes the ground state covalent with
about 0.7 holes on copper and 0.3 holes on the surrounding
ligands.'8

For the situation where electron density is transferred to
the cuprate, see Fig. 1(a), one expects the remaining hole
density to reside in the 3d,2_> orbitals, which are known to
dominate the electronic structure in the bulk”'# and are often
the only orbitals included in model Hamiltonians. Surpris-
ingly, when electrons are transferred, the remaining hole den-
sity is in the 3d;.2_,2 orbital, see points (1) and (2) in Fig.
1(b), as was recently found experimentally.® The underlying
physics can be understood by the formation of a covalent
bond between copper and the transition-metal states at the
other side of the interface via the connecting ligand at the
interface. This bond formation only occurs with the out-of-
plane 3d;,2_,2 orbital since the hopping integral between the
in-plane 3d,>_,> orbital and the apical ligand is zero. This
covalent bond formation gives rise to a magnetic coupling
across the interface [see Figs. 2(a) and 2(b)]. The sign of the
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FIG. 2. (Color online) Schematic figure of the dominant charge
fluctuations across the interface (indicated by the dashed line). The
small red and blue arrows indicate electrons in the x>~y? and 3z>
—r? orbitals, respectively. The large green arrow denotes a core spin
leading to a spin polarization of the e, electrons in the reservoir.
The blue arrows indicate that a change in symmetry has occurred
and that different charge fluctuations now dominate. (a) A Cu®* ion
(3d°) coupled to a compound where the spin-up DOS is occupied
leading to ferromagnetic fluctuations inducing Zhang-Rice triplet
character on the Cu side. This corresponds to points (3)—(5) in Fig.
1. (b) An electron is transferred to the copper giving Cu'* [34'°,
points (1) and (2)] with ferromagnetic fluctuations. (c) An electron
is transferred to the reservoir creating Zhang-Rice singlets on the
copper side [point (6) in Fig. 1]. Charge fluctuations are strongly
suppressed. (d) Charge fluctuations starting from a Ni** ion [points
(1)-(10) in Fig. 4]. Note that there is no change in symmetry in
going from Ni** to Ni'*. (e) Orbital reconstruction changing the
hole density from out of plane to in plane [points (11) and (12) in
Fig. 4]. Charge fluctuations are reduced.

coupling depends on the type of ions on the opposite site of
the interface and follows the usual Goodenough-Kanamori
rules.!”1 In the calculations, we assume an electron density
in the e, orbitals to allow the possibility of electron and hole
doping. We also take a core spin into account. This repre-
sents the f,, electrons and fixes the magnetic direction. An
electron from 3z>—7r* couples to the empty 3z°—r> DOS. In
this case, the empty DOS is antiparallel to the core spins, and
the induced spin on the copper aligns parallel to the core
spins in the reservoir [see Fig. 2(b)]. On the other hand, in
the case of a cuprate coupled to doped manganites studied by
Chakhalian et al.,’° there will be empty spin-up density of
states close to the Fermi level, causing the induced spin on
copper to be antiparallel to the manganese spins. This situa-
tion was also studied giving a change in hole density com-
parable to that in Fig. 1(a) (not shown).

Upon further increasing the hole density on the copper,
the covalent state becomes energetically unfavorable with
respect to the in-plane 3d,2_,> states, which is the typical
configuration found for divalent copper compounds. The
covalent-to-in-plane bond transition is sudden and accompa-
nied by an increase in the number of holes on the CuOjs
cluster from 0.3 to 1. The magnetic coupling across the in-
terface is due to the delocalization of the electron in the
3d;2_,2 orbitals. However, no charge can flow onto the cop-
per site since both 3d;.2_,2 orbitals are filled [see Fig. 2(a)].
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FIG. 3. (Color online) Cu L-edge x-ray absorption (blue), x-ray
magnetic circular dichroism (thin green), and x-ray magnetic linear
dichroism spectra (dotted red) for the values of the difference in
work function given in Fig. 1.

The coupling therefore is a result of the delocalization of
3d;,2_2 electron from copper into the reservoir. Since we
have taken the spin-up states to be full, the electron couples
antiparallel to the core spin, causing an antiferromagnetic
superexchange coupling. After the transition, the 3d,2_,2 or-
bital is filled with an electron from a 3d,>_,> in the reservoir.
Since the 37272 density of states in the reservoir is full,
3d;,2_,» from copper delocalizes in density of states antipar-
allel to the copper. Again, this leads to an antiferromagnetic
exchange. The difference between the two configurations can
be demonstrated using x-ray magnetic linear dichroism
(XMLD) (see Fig. 3). The XMLD changes sign when the
hole density moves from the 3z%>—7 orbital to the x>—y?
orbital; see spectra (2) and (3) in Fig. 3.

Let us now consider the alternative situation where the
cuprate is hole doped. Such a case was found theoretically
using LDA+U calculations for YBa,Cu3;04/SrTiO5
heterostructures.’ For large transferred hole densities, copper
becomes formally trivalent (where by “formally” we imply
the hole density on copper and its surrounding ligands), and
one observes the formation of Zhang-Rice singlets (total spin
§=0),7%14 see point (6) in Fig. 1(c), with predominantly
3d Lo 2 character (local symmetry A, in Dy;), where
the underline indicates a hole and L,2_,> stands for a hole on
the ligands with x>~y symmetry. Unusual ground states are
formed when fewer holes are transferred. The increased hole
density is then in the covalent bond stretching across the
interface; see points (4) and (5) in Fig. 1(c). The additional
hole density does not form Zhang-Rice singlets, but are of a
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triplet nature (°B,) with an orbital character of 3d2_> with
3ds,2_,2 hole density mixed in. Note that the 3d,2_» hole
density actually decreases with the holes pushed onto the
ligands. The cuprate allows for an increase in formal valency
of up to 2.5+ in Zhang-Rice triplet states before a discrete
transition occurs into a Zhang-Rice singlet (formally Cu®*).
The presence of Zhang-Rice triplet character can be demon-
strated using XMLD; see spectra (4) and (5) in Fig. 3. A
clear difference is observed on the high-energy side of the
XMLD spectra for Zhang-Rice triplet compared to Zhang-
Rice singlets, where the XMLD is virtually identical to the
XAS; see spectrum (6) in Fig. 3.

Summarizing, it is possible to both electron and hole dope
cuprates by interfacing it with manganites® and early
transition-metal oxides, respectively.® Essential for the local
orbital and spin transitions is a critical hole and electron
doping on the copper-oxygen units close to the interface.
One can achieve this by interfacing the copper compound
with materials with different work functions, thereby influ-
encing the charge transfer across the interface. On the other
hand, one can also change the doping level of the cuprate to
bring the doping in the interfacial layer closer to the critical
doping level. In addition, the transition could be affected by
applying strain or an external potential.

IV. NICKEL COMPOUNDS

Divalent nickel is generally in a high-spin 3—615;: (S=1)
state. NiO has an insulating gap of more than 4 €V,?! which
is significantly larger than that expected from band-structure
calculations.?? The electron-addition state is clearly 3d° CE
is 0), symmetry, i.e., a hole in the e, states). The lowest
electron-removal state has been more contentious. In their
interpretation of x-ray photoemission data, Fujimori and
Minami?® suggested that the lowest electron-removal state is
high spin (*7; and comparable to the ground state of divalent
cobalt). More recent cluster calculations using a better treat-
ment of the covalency!? indicate that the ground is more
likely to be 2E. Here the additional hole density is predomi-
nantly on the o bonding ligands and couples antiparallel to
the S=1 spin on nickel. Interpretation of L-edge x-ray ab-
sorption on doped nickel compounds'® clearly favors the lat-
ter interpretation.

When bringing a nickel compound that is divalent in the
bulk into contact with a system that donates e, electrons, a
covalent 3d32_,2-O,, -3d3,2_,2 orbital is formed across the in-
terface. When changing the work-function difference A ¢, the
electron density smoothly shifts between the different sides
of the interface and no orbital reconstruction is observed; see
points (1) and (3) in Fig. 4(a). For Ni'*, the hole is in the
3d,>_,» orbital, which is comparable to divalent copper. In
addition, there is also no change in the magnetic coupling
[see Fig. 2(d)]. Note that the magnetic coupling is opposite
to that in the copper compounds. The transfer of electron
density to the nickel ions adjacent to the surface creates
empty spin-up density of states close to the Fermi level. Ob-
viously, in real materials the sign of the magnetic coupling
will depend on the interfacial compound. The change in
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FIG. 4. (Color online) Hole densities on interfacial Ni as a func-
tion of the difference in work function. (a) The hole densities in
3d 2,2 (green), 3d;2_,2 (red), on Ni total (gray), and on Ni and the
surroilnding ligands (blue) on the NiOg cluster adjacent to the in-
terface as a function of the work function difference A¢ between
the nickel compound and the reservoir. In the case when the formal
Ni valency changes from 1+ to 2+, the value A ¢, 5 for which nickel
has a formal valency of 1.5+ has been subtracted. The numbers
indicate the values for which x-ray absorption spectra have been
calculated [see Fig. 5]. (b) Idem, but now the valency is changing
from 2+ to 3+. The dotted lines show the values for the same
calculation but now with a Jahn-Teller splitting of the e, orbitals
(the value of A¢ for Ni>>* has been subtracted).

ground state densities can also be clearly observed in the
x-ray absorption spectra; see spectra (1)—(5) in Fig. 5. The
XAS develops from two white lines for Ni'*, see spectrum
(1), into a typical XAS spectrum for a divalent nickel
oxide.”* Note that there is a significant reduction in the
XMLD signal related to the change from the planar x>—y?
hole density for Ni'*, spectrum (1), to the more spherical
x*>=y2,3z2—r? hole density for Ni** [spectra (4) and (5)].
For the situation where electrons are removed from
nickel, the additional holes couple antiparallel to the nickel
moment'?  giving a predominantly 3d;2_23d2 2L,
ground state; see inset in Fig. 4. However, at the intei—
face the lower symmetry lifts the degeneracy of the e, orbit-
als. The 3d;,2_,» orbital forms a covalent bond across the
interface, which is responsible for the initial increase
in hole density when going from formally divalent to triva-
lent Ni; see points (6) to (10) in Fig. 4(b). However, for a
planar nickel compound, one expects the hole density to be
in the plane and not in the apical orbitals. Therefore, when
the hole density is further increased, the system undergoes an
orbital reconstruction in which the excess hole density
changes from predominantly 3ds.2_,23d,2_\2/L32 21 to
3dy2 2 3d,2 2| L2 see spectra (10) and (11) in Fig. 4(b).
This is accompanied by a small but sudden increase in hole
density due to the change in local symmetry. Note that close
to the transition, the on-site energies of the 2= y2 orbital and
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FIG. 5. (Color online) Ni L-edge x-ray absorption (blue), x-ray
magnetic circular dichroism (thin green), and x-ray magnetic linear
dichroism spectra (dotted red) for the values of the difference in
work function given in Fig. 4.

the 3z%—7r? orbital are comparable. This has a result that there
is a little change in the isotropic x-ray absorption spectra; see
spectra (10) and (11) in Fig. 5. However, the XMLD changes
sign across the transition, reflecting the change in hole den-
sity from perpendicular to parallel to the interface. There is
also a significant change in the x-ray magnetic circular di-
chroism (XMCD) (in the case where the Ni compound is
paramagnetic or antiferromagnetic, the XMCD can be ob-
served by applying a strong magnetic field, thereby canting
the spins). After the change in local symmetry, charge fluc-
tuations across the interface have strongly decreased and the
magnetic coupling is very small, see Fig. 2(e), thereby
strongly reducing the integrated intensity of XMCD. It is
interesting to note that the transition can be manipulated by
distortions; see the dotted lines in Fig. 4(b) where a Jahn-
Teller distortion of 0.5 eV favors hole density in the
Ni 3d,2_> orbital. This would allow for the manipulation of
the transition by strain.

V. COBALT COMPOUNDS

Divalent cobalt is wusually in a high-spin state
3d? T3dt2 l3df + (or 3d, \3d | in hole notation); see Fig. 6.
2¢ 2¢ 8 2 g

The lowest electron-addition state is obtained by filling the
15, hole. The lowest electron-removal state is much less ob-
vious. This is for example exemplified by the decade-long

discussion of the ground state of trivalent cobalt in LaCoOs.
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FIG. 6. (Color online) Hole densities on interfacial Co as a
function of the difference in work function. (a) The hole densities in
3d2_,2 (green), 3ds,2_,2 (red), the t,, orbitals (brown), on Co total
(gray), and on Co and the surrounding ligands (blue) on the CoOg
cluster adjacent to the interface when the valency is changing from
1+ to 2+. The blue dotted line shows the total hole density on cobalt
and the surrounding ligands when the reservoir couples to the #,,
states instead of the e, states. The value of A¢ for Co'* has been
subtracted. The numbers indicate the values for which x-ray absorp-
tion spectra have been calculated [see Fig. 5]. (b) The hole density
in the 3d3_,2 orbital with spin up (7, red solid curve) and spin
down (|, purple solid curve), in the ligand states with 3z2—7? sym-
metry with spin up (], red dotted curve) and spin down (|, purple
dotted curve), on Co total (gray), and on Co and the surrounding
ligands (blue) when the valency is changing from 2+ to 3+ (the
value of A¢ for Co>>* has been subtracted). At the top are the
dominant configurations of the Co ion for high (HS), intermediate
(1S), and low (LS) spins.

At first, the consensus appeared that Co** ions are in a low-
spin configuration'”? (5, and 'A; symmetry in O)). This
situation changed drastically when Korotin et al.?® suggested

that their LDA+U calculations indicated that LaCoO5 could
be intermediate spin tgge1 (S=1). This debate on the nature

of the ground state in LaCoOj is still ongoing.?” This com-
petition between different spin states will also be found when
considering the local symmetries of cobalt ions at the inter-
face.

Let us first consider the situation where the difference of
the work function is changing such that electrons are trans-
ferred to the cobalt compound. We have to distinguish the
situations where the material on the other side of the inter-
face couples strongly to the 1,, or the e, orbitals. The lowest
state for Co'* (ﬂg l) is comparable to Ni**. When the cou-
pling to the interface is dominated by the 1,, orbitals, the
transition is smooth, see the dotted line in Fig. 6(a), but with
a narrow width in A¢ over which the change in electron
density occurs due to the small hopping integral of the 1,,
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FIG. 7. (Color online) Schematic figure of the dominant charge
fluctuations across the interface (indicated by the dashed line) for a
cobalt system. The magnetic couplings are given for the situation
where the “reservoir” is assumed to have the spin-up states occu-
pied. The small red, blue, and green arrows indicate electrons in the
x*=y?% 32272 and 1, orbitals, respectively. The large green arrow
denotes a core spin leading to a spin polarization of the e, electrons
in the reservoir. (a) Antiferromagnetic charge fluctuations across the
interface starting from a high-spin Co>* configuration. Electron
transfer to the cobalt leads to a high-lying multiplet and is sup-
pressed. Electron removal from cobalt through the apical oxygen
leads to an intermediate-spin state. These fluctuations correspond to
points (2)—(4) in Fig. 6. (b) Charge fluctuations starting from the
lowest Co'* configuration lead to ferromagnetic couplings [point
(1)]. (c) Charge fluctuations starting from a low-spin Co** configu-
ration are weakly antiferromagnetic [points (5) and (6)].

electrons. The situation is more interesting when the e, states
couple strongly to the interface. For A¢—A ¢, 5>0, point (2)
in Fig. 6(a), electrons are transferred to Co through the co-
valent bond and the 3d;.2_,2 hole density is less than 1; see
Figs. 6(a) and 9(a). Due to the 3ds,2_,>-L, -3d5,2_,2 covalent
bond formation, a spin delocalizes over the interface causing
an antiferromagnetic superexchange [see Fig. 7(a)]. When
further transferring electrons to the Co or Fe (lowering A¢),
there is a sudden change in electron densities. A transferred
1,4 €lectron causes a reduction in the Co or Fe local moment.
The covalent bond now starts working in the reverse direc-
tion. While for A¢—Ade, 5>0 [point (1) in Fig. 6(a)] it in-
creases the electron density on Co, for A¢p—Ad¢p,; 5<0 it de-
creases the electron density, giving a 3d;,2_,2 hole density
larger than 1 [see Fig. 7(b)]. However, the covalent bond
now causes a ferromagnetic double exchange interaction
across the interface. Therefore, manipulation of the work-
function difference can lead to a sign change in the magnetic
coupling across the interface. This transition can be observed
in the x-ray absorption spectra [see Fig. 8]. When cobalt is
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FIG. 8. (Color online) Co L-edge x-ray absorption (blue), x-ray
magnetic circular dichroism (thin green), and x-ray magnetic linear
dichroism spectra (dotted red) for the values of the difference in
work function given in Fig. 6.

divalent, isotropic spectra resemble typical atomic calcula-
tions for Co?* (Ref. 11); see spectra (2) and (3). When the
electron density moves into the 1,, orbital, the spectral
changes dramatically and resembles more closely that of di-
valent nickel. Note that there is also a change in sign of the
XMCD. The spectra (2) and (3) show a strong dichroism at
the absorption edge. This lowest feature is related to excita-
tions into the empty f,, state, which shows a strong linear
dichroism. When all ,, states are filled, the XMLD is
strongly reduced [see spectrum (1)].

An interesting situation occurs when the valency of the
cobalt adjacent to the interface is close to 3+. The majority
of the additional holes go on the ligands orbitals around the
cobalt site, see Fig. 6(b), and a 3ds,2_,>-L,, -3d5,2_,2 covalent
bond is formed. The hole in the covalent bond couples anti-
parallel to the cobalt moment. The dominant configuration
3_d,2g 13—d§gLL3z2—r2T is intermediate spin (S=1). The presence
of the strongly covalent bond across the interface allows the
stabilization of the intermediate-spin state up to a formal
valency of Co%%*. However, a further increase in the valency
is untenable. Although the intermediate-spin state is the low-
est electron-removal state that has a finite spectral weight
starting from a high-spin Co?* jon,!3 it is, in fact, not the
lowest electron-removal state. The lowest electron-removal
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FIG. 9. (Color online) Hole densities on interfacial Fe as a func-
tion of the difference in work function. (a) The hole densities in
3ds2_,21 (red solid curve), 3d;.2_,2| (purple solid curve), on Fe total
(gray dotted), and on Fe and the surrounding ligands (blue) on the
FeOg cluster adjacent to the interface when the valency is changing
from 1+ to 2+. The value of A¢ for Fe'>* has been subtracted. (b)
Idem, but now the valency is changing from 2+ to 3+. In addition,
the hole densities on Ls.2_,2; (red dotted curve), 3ds2_,2) (purple
dotted curve) are given. The value of A¢ for Fe>>* has been
subtracted.

state is low-spin 3d§’2 . This state has zero quasiparticle
weight starting from a fﬁgh—spin state, and one therefore has
a sudden transition from intermediate to low spin accompa-
nied by a jump in hole density; see spectra (4) and (5) in Fig.
6(b). After undergoing an intermediate-to-low-spin transi-
tion, the isotropic spectra (5) and (6) in Fig. 8 look remark-
ably similar to spectrum (1) as a result of the fact that
3_d§2_y23_a'§zz_r2 is similar to the 3d,2_,2(3d3,2_,2; configura-
tion. Obviously, there is a significant difference in the
XMCD, which is close to zero for the low-spin systems; see
spectra (5) and (6). For the XMLD, we again see the disap-
pearance of the linear dichroic signal at the absorption edge
related to the 7,, hole density.

VI. IRON COMPOUNDS

Possibilities for a change in sign of the magnetic coupling
across the interface are also found for electron-doped iron;
see Fig. 9(a). For a high-spin Fe?* configuration, the hybrid-
ization across the interface is weak since it involves high-
lying states due to the large core spin on iron [see Fig. 10(a)].
A further increase in the electron density on the iron atom
adjacent to the interface results in the transfer of an electron
to the 1,, states [see Fig. 10(b)]. This leads to a sudden in-
crease (drop) in the electron (hole) density; see points (2) and
(3) in Fig. 9(a). The electron transfer also leads to a change
in the sign of the magnetic coupling. Before the transfer,
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FIG. 10. (Color online) Equivalent to Fig. 7 but for iron. (a)
Antiferromagnetic charge fluctuations across the interface starting
from a high-spin Fe’* configuration. Electron transfer to the iron
leads to a high-lying multiplet and is suppressed. Electron removal
from iron through the apical oxygen leads to an intermediate-spin
state. This corresponds to points (3)—(5) in Fig. 9. (b) Charge fluc-
tuations starting from the lowest Fe!* configuration lead to ferro-
magnetic couplings [points (1) and (2)]. (¢c) Charge fluctuations
starting from a low-spin Fe** configuration are weakly antiferro-
magnetic [point (6)].

electrons from the spin-up density of states in the reservoir
couple to the empty DOS of the iron [see Fig. 10(a)]. After
the charge transfer into the Fe 1,, states, the Fe spin-up DOS
couples to the hole density in the spin-up DOS of the reser-
voir created by the transfer of electron across the interface.
This transition also causes a significant change in the x-ray
absorption spectral line shapes; see spectra (2) and (3) in Fig.
11.

Hole doping of iron leads to an intermediate-spin state of
mainly 3_dt22g 13—‘% L32_,2; with a spin moment §=3/2 [see

Fig. 10(a)]. Again, this intermediate-spin state is strongly
stabilized by the presence of a covalent bond, allowing an
increase in formal valency of up to Fe?’* [see Fig. 9(b)].
Unlike cobalt, intermediate-spin states are generally not dis-
cussed for iron compounds. Further removal of electrons
from the iron causes a transition into an §=5/2 high-spin
state [see Fig. 10(c)]. The spectral line shapes, see spectra (5)
and (6) in Fig. 11, look very similar at first sight. However,
there is a significant difference in the integrated intensities of
the circular and linear dichroic spectra which are related to
ground state expectation values of the orbital and the quad-
rupole moment, respectively, by the x-ray absorption sum
rules.?®-3° Formally trivalent iron has the symmetry of a half-
filled 3d shell (°A;) and has no orbital and quadrupolar mo-
ment. The integrated intensities of spectrum (6) are therefore
close to zero. Formally divalent iron has an additional elec-
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FIG. 11. (Color online) Fe L-edge x-ray absorption (blue), x-ray
magnetic circular dichroism (thin green curve), and x-ray magnetic
linear dichroism spectra (dotted red curve) for the values of the
difference in work function given in Fig. 9. The integrated intensi-
ties of the circular and linear dichroism are also shown for the
spectra indicated with (5) and (6).

tron in a f,, orbital which does have a quadrupolar and, in the
presence of spin-orbit coupling, a significant orbital moment;
see the integrated intensities of spectrum (5) in Fig. 11.

VII. CONCLUSION

Summarizing, the local spin and orbital structure of
transition-metal ions adjacent to an interface has been inves-
tigated. Transition-metal ions adjacent to the interface couple
across the interface in one particular direction. Since the hy-
bridization is often strongest for the e, orbitals, this leads to
the formation of a covalent bond involving the 3z%—72 orbit-
als. Electrons can now be exchanged between both sides of
the interface while still benefitting from the stabilization en-
ergy of the covalent bond. However, a change in electron
density through the apical oxygen often involves electron-
removal and -addition states that are not the lowest in energy.
This has a number of dramatic results. First, the transfer of
electrons across the interface is often not a continuous pro-
cess but involves sudden jumps in electron density. This is
related to the presence of a “symmetry barrier.” Although
significant charge can be transferred across the interface
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through the covalent bond, at some point, the charge density
will reorganize itself to involve the lowest bulk electron-
removal states. Second, the strong covalent bonding across
the interface creates unusual states that are not present in the
bulk. Examples include significant hole density in 3d;,2_,2
orbitals in  cuprates, which  was  demonstrated
experimentally.® When electrons are removed from copper
compounds, there is the possibility for Zhang-Rice triplet
character at the interface. For both cobalt and iron oxides,
intermediate-spin states can be stabilized at the surface.
Third, interesting possibilities can occur when interfaces can
be engineered to be sufficiently close to the orbital and spin
reconstruction transitions that such switching between the
different states can be achieved by an externally applied po-
tential. Possibilities are orbital switches that can be made
with a divalent copper or nickel compound interfaced with
an electron acceptor or divalent copper with an electron
donor.® When orbital reconstruction occurs, hole density is
present in the 3d;2_,2 orbital instead of 3d,>_,2. Further re-
moval of electrons from the Cu/Ni side of the interface leads
to a discrete transition, where the hole density switches to the
3d,>_,» orbital. In addition, the strong magnetic coupling
across the interface due to the orbital reconstruction?® (ferro-
magnetic or antiferromagnetic  following the usual
Goodenough-Kanamori'”!? rules) essentially disappears af-
ter the switching. Both cobalt and iron compounds offer the
possibility of a sign change in the exchange interaction when
interfaced with an electron donor. Increasing the electron
density on the Co/Fe side of the interface leads to a change
from a superexchange to a double exchange coupling across
the interface.

This paper gives a qualitative description of different phe-
nomena that can occur at the interfaces of transition-metal
compounds to stimulate experimental work on interface phe-
nomena using, e.g., x-ray absorption and dichroism. The ef-
fects are studied on one side of the interface with the other
side treated as a reservoir that can extract or add electrons.
This has a great advantage that trends can be studied across
the transition-metal series. However, detailed studies are nec-
essary to understand how the charge balance at the interface
can be adjusted by varying the compounds, the doping level,
and the strain. A detailed understanding of these phenomena
offers the possibility of creating switching behavior with an
externally applied potential, opening up the possibility of
technological applications.
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