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Electronic structure of the quasi-two-dimensional spin-gap system SrCu,(BOj3),:
Experiment and theory
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The electronic structure of the quasi-two-dimensional spin-gap system SrCu,(BO3), is investigated using a
combined experimental and theoretical approach based on electron energy loss spectroscopy (EELS) and
first-principles band structure calculations. We show that the local-density approximation (LDA)+ U method,
guided by the experimental O-K edge recorded in EELS, provides a simultaneous accurate description of both
low-energy-scale (magnetic) and high-energy-scale (electronic) properties of this magnetic insulator.
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I. INTRODUCTION

In the field of low dimensional spin magnetism, copper
oxides provide a large number of interesting model systems.
Among them, the layered strontium copper borate
SrCu,(B0Os3), exhibits a number of unique features such as a
spin-gapped behavior, unusual magnetic excitations, or mag-
netization plateaux.! Since the work of Kageyama et al.,’
many experimental’® and theoretical’~!! studies have been
carried out to understand the magnetic properties of this
compound, the strong interest for this kind of system being
further intensified by the observation of pseudospin gap in
high T, superconductors.

This compound crystallizes in a tetragonal structure'?
where layers of [CuBO;3]™ are stacked along the [001] direc-
tion and separated by planes of Sr>* ions (Fig. 1). These
layers are themselves constituted by triangular BO5 and rect-
angular CuO, planar groups connected through common
oxygen atoms. The Cu atoms belonging to two adjacent
CuO, groups sharing an edge form a dimer orthogonally
connected with the other dimers through the BO; groups
[Fig. 2(a)]. With their 3d° electronic configuration, the Cu**
ions hold a localized spin S=1/2 located on this two-
dimensional network of orthogonal dimers [Fig. 2(b)].
Therefore, it has been suggested that the magnetic properties
of this compound can be described through a two-
dimensional Heisenberg Hamiltonian,’

H=JESISJ+J/2SISJ, (1)
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where J and J' are, respectively, the nearest-neighbor (in-
tradimer) and next-nearest-neighbor (interdimer) exchange
integrals. This model, proposed by Miyahara and Ueda in
1999, is equivalent to the Shastry—Sutherland model,'? de-
veloped two decades earlier. In the limit where J>J', the
system appears as a collection of independent dimers. In-
versely, when J<<J', it is topologically equivalent to a square
lattice Heisenberg model with nearest-neighbor interactions.
Shastry and Sutherland have shown the remarkable property
that the Hamiltonian (1) admits the direct product of dimer
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singlet states as an exact eigenstate. It has been further
shown that this S=0 wave function is the ground state for a
J1J' ratio below a critical value close to 0.7.7>1 A combined
analysis of the experimental low temperature magnetic sus-
ceptibility and the spin gap A allowed the determination of
these parameters in SrCu,(BO3),: J=85 K and J'=54 K,
giving the ratio J/J'=0.635. However, a better fit of the high
temperature (7> A,) magnetic susceptibility is only obtained
when the effect of a third coupling constant J” between
dimers of adjacent layers is also taken into account,'* giving
J'=8 K.

These exchange integrals play a crucial role in determin-
ing the magnetic behavior of SrCu,(BO3), and are intimately
related to the underlaying electronic structure of this com-
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FIG. 1. (Color online) The tetragonal unit cell of SrCu,(BO3),:
Sr atoms are in blue, O atoms in red, B atoms in green, and Cu
atoms in yellow. The stacking of the [CuBO3]™ layers along the
[001] direction of the crystal separated by Sr>* atoms is clearly
visible.
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FIG. 2. (Color online) Portion of a [CuBO;]~ layer in
SrCu,(BO3),: (a) The atomic structure: small, green atoms are B
atoms, small, yellow atoms are Cu atoms, and large, red atoms are
O atoms. (b) Lattice structure of Cu?* spins: solid lines represent
the nearest-neighbor interaction J and the dashed lines represent the
next-nearest-neighbor interaction J’. The two-dimensional projec-
tion of the tetragonal unit cell is also represented.

pound. A detailed study of this electronic structure is thus of
great interest to understand the origin of the magnetic prop-
erties of SrCu,(BOj),. However, the complexity of such a
system requires an approach combining experimental solid-
state spectroscopy and state-of-the-art electronic structure
calculations. Electron energy loss spectroscopy indeed pro-
vides considerable information on the unoccupied electronic
states of solids, but an accurate interpretation of the experi-
mental data can only be achieved with the help of theoretical
calculations. Density functional theory within the local spin
density approximation (LSDA) is one of the most popular
methods available. However, LSDA has been recognized for
a long time to give a poor description of strongly correlated
systems such as 3d or 4f electrons. The so-called local-
density approximation (LDA)+U method was developed to
overcome these difficulties by introducing an explicit orbital-
dependent potential accounting for the strong electron-
electron interactions arising in these localized d or f
orbitals."> In this paper, we report a detailed study of the
electronic structure of SrCu,(BOj), through a combined
analysis of the O-K near-edge fine structure recorded in elec-
tron energy loss spectroscopy (EELS) and LDA+U elec-
tronic structure calculations carried out using the WIEN2K
code.'® Similar approaches have been reported in the litera-
ture to successfully improve the description of the electronic
structure and the properties of NiO.!7-!° In our study of
SrCu,(BOs3),, we show that the Cu3d Coulomb effective
interactions not only play a prominent role in the electronic
structure of this compound, leading to the creation of a cor-
relation gap, but also scale the magnitude of the exchange
integrals appearing in the Shastry—Sutherland model.

II. ELECTRONIC STRUCTURE

The WIEN2K program is an implementation of the full po-
tential linearized augmented plane-wave method based on
density functional theory. Exchange and correlation have
been taken into account in the framework of the LSDA using
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FIG. 3. Comparison between experimental and theoretical O-K
edge in SrCu,(BOj3),: (a) LDA, (b) LSDA (U.4=0.0 eV), (c)
LDA+U (Uy=U—-J"=4.0 V), and (d) experiment.

the functional of Perdew and Wang.?® These calculations
were performed using the experimental crystal structure.'”
Muffin-tin radii were set to 2.45 a.u. for Sr, 1.92 a.u. for Cu,
and 1.25 a.u. for O and B atoms. The plane-wave cutoff pa-
rameter RK,,,. was set to six for all the calculations pre-
sented hereafter. For an accurate calculation of the energy
loss spectra up to 25 eV above the Fermi level, the basis set
was improved after the self-consistent calculation of the elec-
tronic density by increasing the energies of the linearized
augmented plane waves by 1 Ry, and the high-lying unoccu-
pied states were recalculated in the new basis.

The electronic structure of cuprate compounds near the
Fermi level can be described in a simple manner by consid-
ering a [CuO4]°" cluster. In the tight-binding picture, the
only strong covalent interaction arising in this structural unit
takes place between Cu d,2_,2 and O p,, p, states and leads to
the formation of a low-lying dpo bonding and a highly de-
stabilized dpo™ antibonding orbitals. The remaining Cu 3d
and O 2p states are essentially nonbonding and located in
between. The 3d° and 2p° electronic configurations of Cu’*
and O, respectively, fill these electronic states up to the
highest dpo™ orbital, which is only half filled. These simple
considerations are confirmed by the results obtained in LDA
where the Fermi level crosses a well separated narrow peak
located on top of an 8 eV wide valence band.

The experimental O-K edge is shown in Fig. 3(d). The
spectra were recorded on a FEI 200 keV field emission gun
transmission electron microscope (TEM) equipped with a
monochromator and a high-energy-resolution spectrometer.”!
The energy resolution, measured as the full width at half
maximum of the zero loss peak, was better than 0.2 eV. The
TEM samples were prepared by crushing powders of
SrCu,(BO3), crystal in high purity ethanol and depositing
the solution on a holey carbon film. A detailed description of
the growth, the structural and the magnetic properties of the
SrCu,(BOj3), crystal used in these experiments, can be found
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in Ref. 22. Neglecting the energy dependence of the dipole
matrix element, the fine structure observed near the O-K
edge can be simply interpreted as an image of the unoccu-
pied O p projected density of states. As these states spread
over a large energy range and experience a strong hybridiza-
tion with orbitals of other atoms, they provide a good overall
picture of the unoccupied states of transition-metal oxides.
The theoretical spectrum calculated in LDA is shown in Fig.
3(a). This spectrum has been calculated in the dipole ap-
proximation using the TELNES.2 module of the WIEN2K code.
The contributions arising from the two crystallographically
inequivalent O(1) and O(2) sites have been taken into ac-
count with a relative weight of 1:2. Due to the strong aniso-
tropy of the SrCu,(BOs), crystal structure, the orientation
dependence of the near-edge fine struture has been accounted
for through a careful modeling of the experimental condi-
tions used to record the spectra.”? Finally, the energy spread
of the electron source has been modeled through a Gaussian
broadening of I"ry,=0.2 eV and the finite lifetime effects
modeled using an energy-dependent Lorentzian broadening
of I'pwrn=0.3+0.1(E—-E,), where E, denotes the threshold
energy. The constant part accounts for the finite lifetime of
the O 1s core hole, whereas the energy-dependent part mod-
els the effect of the photoelectron finite lifetime following
the empirical relation originally proposed by Weijs et al.?*
and justified later.”> LDA provides a good description of
high-lying structures (B)—(E) corresponding to the electronic
states located in the continuum of the conduction band. In-
spection of the different projected densities of states (not
shown here) clarifies the origin of these structures. The first
prominent peak (B) and the broad structures (D) and (E),
separated by about 10 eV, are, respectively, related to unoc-
cupied states of 77* and o* characters arising from antibond-
ing combination of B 2sp and O 2p orbitals.??’ Between
these strong signatures of the covalent B-O bond, peak (C) is
associated with the Sr4d bands. The main discrepancy be-
tween theoretical and experimental spectra comes from first
peak (A), reflecting the O 2p component of the Cu-O dpo*
bands. The O 2p contribution is clearly overestimated and
the energy position of these states with respect to the con-
duction band does not agree with the experiment. In addition,
the metallic ground state obtained in LDA [Fig. 4(a)] is in
clear contradiction with the insulating character found by
resistivity measurements.?? Spin-polarized solutions for both
ferromagnetic and antiferromagnetic orders were found, the
latter one being the most stable [see Fig. 5(a) for the exact
spin arrangement].

The resulting electronic structure is shown in Fig. 4(b)
and the corresponding theoretical O-K edge in Fig. 3(b). The
exchange splitting affects essentially the Cu d,2_,2» bands but
is not sufficient to open a band gap. The resulting O-K edge
is, however, in better agreement with the experimental re-
sults. This is merely due to the fact that, unlike Cu d states,
the continuum of the conduction band is not spin polarized.
It leads to a reduction of the intensity of peak (A) by a factor
of 2 with respect to the other structures. The last important
discrepancy is now the energy position of this peak with
respect to the continuum, which is also intimately related to
the presence of an energy gap between occupied and unoc-
cupied states and thus to the insulating state of this com-
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FIG. 4. (Color online) Electronic structure of SrCu,(BOs), cal-
culated for different approximations: (a) LDA, (b) LSDA (U
=0.0 eV), and (¢c) LDA+U as proposed by Anisimov ef al. (Ref.
28) using Uyp=U-J"=4.0 eV.

pound. As already mentioned, the treatment of strongly cor-
related systems such as 3d transition-metal oxides requires to
go beyond the mean field approach provided by LSDA. A
series of calculations were performed using the “atomic
limit” version of LDA+U proposed by Anisimov et al.?® by
varying the Ugp=U-J" parameter’® from 0 to about 8 eV.
The main effect of the LDA+ U approach on the electronic
structure of SrCu,(BOs;), is the splitting of the Cud,._p
states into a lower Hubbard band and an upper Hubbard band

FIG. 5. (Color online) Four different spin arrangements used to
calculate the exchange integrals J, J', and J”. The Sr atoms are
omitted for clarity.
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FIG. 6. (Color online) Evolution of the exchange integrals J, J',
and J” and the charge transfer gap A, in SrCu,(BOs3), as a function
of U The experimental optical gap estimated from reflectance
measurements (Ref. 32) is indicated in blue (A,~0.70 eV) and the
experimental exchange integrals (Ref. 1) are represented by the red
dots (J=85 K, J'=54 K, and J"=8 K).

(UHB), the position of which is fixed by the value of the Uy
parameter. This value has been determined so as to reproduce
the energy position of the center of the UHB with respect to
the conduction band found in the experimental O-K edge. A
good agreement was found for Uy in the range of
4.0-5.0 eV [Fig. 3(c)]. The resulting electronic structure
[Fig. 4(c)] exhibits drastic changes with respect to LSDA. A
correlation gap of ~1.00—1.35 eV depending on the exact
value of U, now separates the UHB, primarily built from
the Cud,_p states, from the top of the valence band. The
Cu 3d states participating to the valence band are now
shifted down in energy with respect to LSDA thus resulting
in a predominant O 2p character at the top of this band. The
gap is therefore of charge transfer type, as expected for a late
transition-metal oxide according to the theory of Zaanen et
al3' It can be seen in the spectrum of Fig. 3(c) that this
enhanced ionic character of the UHB further decreases the
intensity of peak (A). This peak is also shifted toward higher
energies and is now in better agreement with the experimen-
tal spectrum.

III. PROPERTIES

In order to assess the accuracy of LDA+ U calculations in
SrCu,(BOs3),, it is first interesting to compare the calculated
charge transfer gap with the optical gap measured experi-
mentally. The variation of the charge transfer gap A, with
the U, employed in the calculations is displayed in Fig. 6.
To the best of our knowledge, a precise experimental value
of the optical gap is not available in the literature. However,
estimations from reflectance measurements’> have been
made and lead to a value of ~0.70 eV. This value corre-
sponds to the charge transfer gap calculated with a Uy
slightly smaller than the range determined from the EELS
experiments.
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In a second part of this work, the exchange integrals be-
tween nearest neighbors J, next-nearest neighbors J' and be-
tween Cu atoms of adjacent layers J” were determined as a
function of Uy. Strictly speaking, due to the slight buckling
of the [CuBO;]™ layers, the Cu-Cu distance between dimers
of adjacent planes is not constant. Therefore, two different
interlayer couplings J| and J; should be defined. However,
these exchange integrals are expected to be small and very
similar, and we will only consider their average value J” for
simplicity. The supercell calculations required to compute
these quantities were performed in the 44-atom tetragonal
crystallographic cell for four different collinear spin arrange-
ments of the Cu’* atoms displayed in Fig. 5. Configuration
(a) corresponds to an antiferromagnetic (AFM) arrangement
of the spins inside each dimer and is the most stable solution
for all values of U, Configuration (b) is the usual ferromag-
netic (FM) order. Configurations (c) and (d) correspond to
slightly more complicated arrangements. In (c), adjacent
dimers inside the same layer have different (FM or AFM)
arrangements in such a way that each AFM (respectively,
FM) dimer is surrounded by four FM (respectively, AFM)
dimers. In addition, an AFM arrangement is introduced along
the [001] columns of FM dimers. Configuration (d) shares
the same arrangement as (c) within the layers, but the FM
dimers have a FM arrangement along the [001] columns.
Using the Ising solutions of Hamiltonian (1), one obtains the
set of equations,

E=Ey-4J,
Epy=Ey+4J+16J +16J",
E=E,-8J",

E(d) = EO +8J".

Therefore, after calculating the total energies of the tetrago-
nal cell for the four different spin arrangements, the ex-
change integrals are simply obtained by inverting the previ-
ous set of equations,

J= (E(c) + E(d) - 2E(a))/8,
J' = (E(a) + E(b) - 2E(d))/16,

J' = (E(d) - E(C))/16.

Their evolution with U is displayed in Fig. 6. It should
be noted that this approach neglects the effects of quantum
fluctuations. As a consequence, these calculations may
overestimate® the actual values of J and J' by about 15%—
20%. Besides the negligible value found for J” (~1 K), J
and J’ exhibit the same monotonic decrease as U, increases,
consistent with the asymptotic behavior 4¢%/ U expected in
the strongly correlated limit. The values of J and J' calcu-
lated in LSDA (U, =0.0 eV) are more than three times
larger than the experimental values. However, Fig. 6 clearly
indicates that both J and J' reach their experimental values
for a U,y around 4-5 eV, in total agreement with the value
estimated from the EELS results. Whereas superexchange
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paths are well defined through the covalent Cu-O-Cu and
Cu-O-B-O-Cu bonds for J and J', the interplane interaction
can only take place through the Sr** ions. The absence of Sr
states in the electronic structure of SrCu,(BOj3), between the
semicore 4p states and the high-lying 4d and 5s states ex-
plains the negligible value found for J".

IV. CONCLUSION

From this comparison between experiments and theory,
we have been able to show that a careful modeling of the
O-K near-edge fine structure leads to a reasonable estimation
of the effective Hubbard term to be employed in the calcu-
lation of the electronic structure of SrCu,(BOs), with the
LDA+U method. The determination of this parameter is a
crucial starting point to access other related properties using
first-principles calculations. In SrCu,(BO3),, we demon-
strated that the LDA+ U method not only provides a good
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description of the insulating state of this compound but al-
lows an accurate determination of the exchange integrals J
and J' governing its magnetic properties. Furthermore, EELS
is one of the rare solid-state spectroscopies with which the
atomic-column spatial resolution can be achieved. The meth-
odology reported here, and in particular, the use of the O-K
near-edge fine structure as a guide to model the electronic
structure of complex copper oxides, is thus promising in
studies where such a high-spatial resolution is required.
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