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Magnetic interactions in LiCu,0;: Single-chain versus double-chain models
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The possible origin of the spiral spin structure in multiferroic LiCu,0, is studied by calculating all relevant

isotropic and anisotropic magnetic interactions in the material. The coupling constants are extracted from
accurate ab initio quantum chemical calculations with an effective Hamiltonian theory. First, the anisotropic or
Dzyaloshinskii-Moriya interactions are found to be negligible. Secondly, we obtain small isotropic interactions of
the spin moments located on different chains, which classifies the material as a quasi-one-dimensional magnetic

system. The intrachain isotropic interactions between nearest neighbors are relatively large and ferromagnetic,
while second-neighbor interactions along the chain have antiferromagnetic character and are about half the
magnitude of the former. This frustration leads to a spiral spin structure, which can be subjected to electric

polarization.

DOLI: 10.1103/PhysRevB.86.024411

An important class of multiferroics is formed by the
materials that simultaneously exhibit (anti)ferromagnetism
and ferroelectricity. Particularly interesting are those materials
in which these properties are coupled, since this can lead to
mechanisms to control ferroelectricity by external magnetic
fields or vice versa, as demonstrated by Kimura ef al. in
TbMnOs.! More recently, the LiCu, O, ionic material has been
studied by many scientists. Initially, attention was focused on
its magnetic properties,>™ but later the compound gained even
more interest when ferroelectric behavior was evidenced.’
However, both the relative magnitude of the different mag-
netic interactions>*%7 and the origin of the ferroelectric
properties>*~1? remain controversial. In particular, to what
extent this material can be considered a single-chain one-
dimensional system is still a subject of discussion.” Based on
a combination of a local density approach with modified intra-
atomic Coulomb interactions (LDA + U) calculations and
nuclear magnetic resonance (NMR) measurements, Gippius
and co-workers? concluded that the interchain interactions are
significantly smaller than the intrachain ones, while Masuda
et al. reported large interchain interactions based on inelastic
neutron scattering data.*” The latter picture gives rise to a
double-chain frustrated model, where the frustration is due
to interchain and next-nearest-neighbor intrachain antiferro-
magnetic interactions that compete with the ferromagnetic
nearest-neighbor intrachain ones.

Different explanations for the origin of the spin current'>!*
leading to ferroelectricity in this spiral magnet can be envis-
aged, involving (i) the inverse Dzyaloshinskii-Moriya (DM)
mechanism; (ii) the frustration in either the single or double
chains, which leads to spiral-magnetic ferroelectrics;® or even
(iii) the nonstoichiometry of the compound.® Here, we check
the relevance of the mechanisms (i) and (ii) by addressing the
magnitude of the magnetic interactions in the stoichiometric
structure. Furthermore, we bring additional information on the
orientation of the local classical spin and on the spiral ordering
by determining the orientation of the DM pseudovectors. One
should note that different orientations for the spiral ordering
have been proposed in the literature®>!'> and that no consensus
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has been reached yet on this question. The theoretical deter-
mination of the magnetic interactions in a nonstoichiometric
structure would be highly interesting to address the role of (iii)
in the multiferroicity of this material. However, unfortunately
this task is not easily doable in practice due to the lack of
information on the (nonstoichiometric) structure, and therefore
it is beyond the scope of the present work.

To provide detailed, unbiased information on the magnetic
interactions in the stoichiometric LiCu,O, structure, ab initio
wave-function-based calculations are used within the embed-
ded cluster approach. Due to the local character of the magnetic
couplings, accurate J;; values can be obtained from embedded
cluster calculations'® provided that the clusters and embedding
are consistently chosen, and that accurate N-electron wave
functions are used. To address the relevance of the clusters and
their embedding schemes, it is useful to compare the results
obtained with the embedded clusters with periodic calculations
at a given level of theory. This comparison is usually done
at the unrestricted Hartree-Fock (UHF) level with an Ising
Hamiltonian (Hising = Y ; ; JinsmgSf S‘;). However, an accurate
determination of the magnetic couplings requires a rigorous
incorporation of the electron correlation in the theoretical treat-
ment, as analyzed in detail by Calzado et al.'”~' This requires
a variational treatment of all the excited Slater determinants
that contribute to the energy difference between the magnetic
states at second order of perturbation, i.e., one has to invoke at
least difference-dedicated configuration interaction (DDCI).?
Once accurate energy differences between the magnetic states
are obtained, the magnetic coupling parameters are extracted
with the effective Hamiltonian theory?! by mapping the
energies and projected wave functions onto the Heisenberg-
Dirac-van Vleck (HDVV) Hamiltonian (H = Y_,; J;;8;.8)).
The DM pseudovector can be computed in a similar way when
the spin-orbit coupling is accounted for in the calculation.?>??

The experimental structure of the rhombohedral LiCu,0,
crystal®* as shown in Fig. 1 is used in all the calculations.
LiCu,0; is a mixed-valence compound: double LiCuO, layers
containing (formally) Cu(Il) ions are separated by layers of
nonmagnetic Cu(I) ions. The intrachain interactions occur

©2012 American Physical Society
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FIG. 1. (Color online) Crystal structure of LiCu,0,.%*

along the b axis, as can be seen in Fig. 1. Intrachain and
interchain clusters containing two and three copper centers
have been considered to extract the magnetic interactions.
Clusters 1 and 1b are intrachain clusters with two or three
copper centers, respectively. They are depicted in Fig. 2.
In cluster 1b, the three copper ions are effectively coupled
through the nearest-neighbor interaction J; and the next-
nearest-neighbor interaction J, (see Fig. 3). Clusters 2 and 2b
are interchain clusters containing either two or three copper
centers and are represented in Fig. 4. In this last cluster, the
three copper ions occupy the corners of an isosceles triangle,
interacting through J; along the chain and twice through Jpc
among different chains, where DC stands for the “double-
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FIG. 2. (Color online) Cluster 1 (left) and cluster 1b (right).
Explicitly treated atoms in blue (copper), red (oxygen), and green
(lithium); other atoms in gray.
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FIG. 3. (Color online) Magnetic interaction paths for J; and J; in
cluster 1b. Explicitly treated copper atoms in blue and oxygen atoms
in red; lithium ions are not shown for clarity.

chain” interaction (see Fig. 5). In addition to the copper ions,
the clusters contain all oxygen ions directly coordinated to
the metal ions, as well as the first shell of lithium ions. The
necessity of treating explicitly this shell of lithium ions was
previously evidenced in the closely related Li;CuO; system,
for which it was shown that the quality of the treatment of the
lithium ions affects the spin density on the bridging oxygen
atoms, and hence strongly affects the next-nearest neighbor
magnetic interactions while moderately affecting the nearest-
neighbor ones.?>?% The next shell of oxygen and copper ions
is represented by ab initio model potentials (AIMPs) that have
been optimized through the self-consistent field embedded ion
(SCEI) procedure.?” A large set of point charges located at
lattice sites around the cluster has been optimized to accurately
fit the Madelung potential on a grid centered in the cluster.
This way of defining the clusters and their embeddings has
been used successfully in many other works dealing with
effective magnetic interactions, while only recently has it
become possible to include anisotropic effective interactions.>*

It is good practice in embedded cluster studies to vali-
date the employed clusters and embeddings. In the present
study, this is done by comparing the outcomes of UHF and
unrestricted density functional theory with the hybrid B3LYP
functional, UDFT(B3LYP), obtained from periodic and cluster
approaches. The periodic calculations are performed with the
CRYSTAL09 program package.”® The cluster calculations are
performed with the MOLCAS code.”” The same contracted
Gaussian-type basis sets have been used for both types of
calculations, i.e., Cu(6s5p2d), O(3s2p), and Li(2s1p).>* As
expected, the periodic calculations confirm the mixed-valence
character of the compound. We then considered different
supercells and the above-described clusters to extract nearest
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FIG. 4. (Color online) Cluster 2 (left) and cluster 2b (right).
Explicitly treated atoms in blue (copper), red (oxygen), and green
(lithium); other atoms in gray.
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FIG. 5. (Color online) Magnetic interaction paths for J; and Jpc
in cluster 2b. Explicitly treated copper atoms in blue and oxygen
atoms in red; lithium ions are not shown for clarity; other atoms in

gray.

intrachain (J;*"%) and interchain (J %) interactions (follow-
ing the notations of Seki et al.”) of the Ising model. The results
are presented in Table I. The magnetic coupling parameters
extracted from the embedded cluster calculations closely
reproduce the trends observed in the periodic calculations
at both levels of theory. A large ferromagnetic intrachain
nearest-neighbor interaction (i.e., a large negative J; value)
is combined with a smaller antiferromagnetic interchain
interaction (i.e., a small positive Jpc value). As expected, the
B3LYP coupling parameters are much larger than the ones
obtained at the UHF level.>' The UHF and B3LYP results are
known to give very different coupling parameters, and none of
these levels of theory is expected to give sufficiently accurate
descriptions of the magnetic couplings. Here, we present
both UHF and B3LYP results to show that the reasonably
good agreement of the cluster calculations with the periodic
ones is independent of the levels of theory used in the
calculation, although the computed magnetic couplings are
strongly dependent on these. The use of other functionals than
the B3LYP considered here could lead to important changes
in the calculated magnitude of the couplings.’> However, this
does not affect the agreement found between periodic and
embedded cluster calculations, since both approaches would
suffer very similar variations upon changing the functional. It
is then concluded at this stage that the clusters and embeddings
are consistently built, and that embedded cluster calculations
provide a good description of the magnetic interactions
calculated at the same level of approximation in the LiCu,0;
crystal. Of course UHF and UDFT(B3LYP) results cannot be
used to obtain quantitative estimates of the ratios between
different (competing) interactions.??

To provide quantitative estimates of the magnetic coupling
parameters, we give an accurate description of the N-electron
wave functions in the clusters by applying the DDCI scheme. >’
This scheme, which is implemented in the CASDI code,*?
provides an efficient way to include electron correlation in the
ab initio description of the electronic structure. It is similar to
the method recently described by Hozoi and co-workers**3>

TABLE I. UHF and UDFT(B3LYP) magnetic coupling constants
(in meV) obtained from cluster and periodic calculations. The Ising
model Hamiltonian Hyne = > JinS‘"g 8z S’; is used to extract J values
from the energy eigenvalues.

UHF/UDFT(B3LYP) Cluster Periodic
I —~16.0/ —42.2 ~10.4/ —33.6
Jine 0.3/0.3 0.8/0.8
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TABLE II. CASSCF magnetic coupling constants (in meV)
obtained from embedded clusters with two and three Cu ions. The
HDVV model Hamiltonian Aypyy = > i Jij S:.S ; is used to extract
J values from the energy eigenvalues.

Ji J Jbc
Cluster 1 —4.8
Cluster 1b —4.8 1.1
Cluster 2 —0.1
Cluster 2b —4.8 0.0

to study the d-d transitions in related cuprate compounds.
The applied basis set to describe the one-electron functions
is especially designed to recover the semicore and valence
electron correlation. We use atomic natural orbitals relativistic
with core correlation (ANO-RCC) basis sets’® with the
following contractions: Cu(6s5 p4d), O(4s3pld), and Li(2s).
The complete active space self consistent field (CASSCF) and
DDClI results are reported in Tables II and III, respectively. As
expected, CASSCF only accounts for about 30% of the DDCI
Jj value, due to the lack of dynamic correlation. J; is even more
drastically affected by the introduction of dynamic correlation
(from 1.1 meV at the CASSCEF level to 7.1 meV at the DDCI
level), while Jpc is very small at both CASSCF and DDCI
levels. Experience has shown that CASSCF usually accounts
for 20-30 % of the J values, while the more accurate DDCI
results usually account for 70-90 % of these values. Therefore,
we will use the DDCI results in the rest of the discussion.

The cluster wave functions are spin eigenfunctions, and
we map the energies on the Heisenberg Hamiltonian. In all
the clusters where J; is accessible, a similar value of about
—15 meV is obtained, confirming the large ferromagnetic
intrachain nearest-neighbor interaction. The intrachain next-
nearest-neighbor interaction, J,, is found to be antiferromag-
netic and of sufficient magnitude to compete with the ferro-
magnetic Ji, and its value is in agreement with experimental
and previous theoretical estimates. Our results for the different
magnetic couplings are indeed in good agreement with the
LDA + U calculations of Gippius et al. (J; = —13.9 meV,
J, =10.1 meV, and Jpc = 0.5 meV).>* The obtained ratio
of J, and J; is expected to lead to a long-range spiral-type
ordering of the spins in a classical picture.’’

Due to the symmetry of the crystal,’* no interchain DM
interaction is expected, while it may be present for neighboring
ions located on the same chain.’®3° Following the strategy
applied earlier in the CuO material,>* we computed the DM
pseudovector in cluster 1. In this cluster, a symmetry plane

TABLE III. DDCI magnetic coupling constants (in meV) ob-
tained from embedded clusters with two and three Cu ions. The
HDVV model Hamiltonian Hypyy = ,; J;;S:.S; is used to extract
J values from the energy eigenvalues.

Ji J Jbc
Cluster 1 —17.6
Cluster 1b —14.8 7.1
Cluster 2 0.1
Cluster 2b —14.1 —0.1
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is present in the ac direction, and this symmetry plane
can transform one magnetic center into another one. As a
consequence, the DM vector is expected to be along this ac
plane. The determination of the orientation of the DM vector
can give important information on the orientation of the local
classical spins and hence on the spiral ordering: if the DM
vector is found in the a direction, then the spins should be
oriented within the bc plane; if the DM vector is found in
the ¢ orientation, the spins should be oriented within the
ab place; and if the DM vector has nonzero components in
both a and ¢ orientations, then the spins are oriented in a
tilted plane in between the ab and bc planes. However, our
ab initio calculations show that the DM vector is extremely
small (|d| < 0.02 meV) and falls below the intrinsic numerical
accuracy of the method. In fact, the structure is rather close
to having inversion symmetry located between two adjacent
Cu ions along the chains. Therefore, it is not unexpected
that the DM vector almost vanishes and that the orientation
of the DM vector cannot be used to give further information on
the spiral ordering in this compound. At this stage, one could
argue that the orientation of the local classical spins in this
compound is still an open question, but one could also question
the role played by the DM interaction on the properties of the
compound given the smallness of the calculated DM vector.
Another important result concerns the magnitude of the in-
terchain interactions, i.e., the magnitude of Jpc. As can be seen

PHYSICAL REVIEW B 86, 024411 (2012)

in Table III, in none of our calculations was a sufficiently large
Jpc value obtained to induce competition with the intrachain
interactions. According to our long-standing experience, this
result is not sensitive to the extension of the clusters. The two
orders of magnitude difference indicates that the compound is
essentially a frustrated single-chain one-dimensional system,
as suggested by Gippius et al.” The hypothesis of a frustrated
double-chain system, as suggested by Masuda et al.,>* is not
supported by our calculations. Since the interchain interactions
are negligible in this system, one would consider that the
intrachain couplings are responsible for the multiferroicity.
However, despite the frustration observed in this chain, the
DM interaction is almost negligible. As a consequence, the
DM interaction is not likely to cause any significant electric
polarization and cannot be the main origin of the multifer-
roicity in LiCu;0O;. The multiferroic behavior of LiCu,0; can
then come from the frustration along the b orientation and/or
be linked to the nonstoichiometry of the crystal samples,>!!
but not from direct DM interaction.
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M. Mostovoy and S. Artyukhin for stimulating discussions.
This work was supported by the Spanish ministry of Science
and Innovation (Project CTQ2011-23140).

“r.broer@rug.nl
I'T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and
Y. Tokura, Nature (London) 426, 55 (2003).
2A. A. Gippius, E. N. Morozova, A. S. Moskvin, A. V. Zalessky,
A. A. Bush, M. Baenitz, H. Rosner, and S.-L. Drechsler, Phys. Rev.
B 70, 020406 (2004).
3T. Masuda, A. Zheludev, A. Bush, M. Markina, and A. Vasiliev,
Phys. Rev. Lett. 92, 177201 (2004).
4T. Masuda, A. Zheludev, B. Roessli, A. Bush, M. Markina, and
A. Vasiliev, Phys. Rev. B 72, 014405 (2005).
3S. Park, Y. J. Choi, C. L. Zhang, and S.-W. Cheong, Phys. Rev. Lett.
98, 057601 (2007).
6S.-L. Drechsler, J. Milek, J. Richter, A. S. Moskvin, A. A. Gippius,
and H. Rosner, Phys. Rev. Lett. 94, 039705 (2005).
’T. Masuda, A. Zheludev, A. Bush, M. Markina, and A. Vasiliev,
Phys. Rev. Lett. 94, 039706 (2005).
8A.S.Moskvin and S.-L. Drechsler, Phys. Rev. B 78, 024102 (2008).
°S. Seki, Y. Yamasaki, M. Soda, M. Matsuura, K. Hirota, and
Y. Tokura, Phys. Rev. Lett. 100, 127201 (2008).
10C. Fang, T. Datta, and J. Hu, Phys. Rev. B 79, 014107 (2009).
A, S. Moskvin, Y. D. Panov, and S.-L. Drechsler, Phys. Rev. B 79,
104112 (2009).
128, Furukawa, M. Sato, and S. Onoda, Phys. Rev. Lett. 105, 257205
(2010).
13H. Katsura, N. Nagaosa, and A. V. Balatsky, Phys. Rev. Lett. 95,
057205 (2005).
1“M. Mostovoy, Phys. Rev. Lett. 96, 067601 (2006).
I5L. Zhao, K.-W. Yeh, S. M. Rao, T.-W. Huang, P. Wu, W.-H. Chao,
C.-T. Ke, C.-E. Wu, and M.-K. Wu, E. P. L. 97, 37004 (2012).

16]. de P. R. Moreira, F. Illas, C. J. Calzado, J. F. Sanz, J.-P.
Malrieu, N. B. Amor, and D. Maynau, Phys. Rev. B 59, R6593
(1999).

17C. J. Calzado, J. Cabrero, J. P. Malrieu, and R. Caballol, J. Chem.
Phys. 116, 2728 (2002).

18C. J. Calzado, J. Cabrero, J. P. Malrieu, and R. Caballol, J. Chem.
Phys. 116, 3985 (2002).

19C. J. Calzado, C. Angeli, D. Taratiel, R. Caballol, and J.-P. Malrieu,
J. Chem. Phys. 131, 044327 (2009).

203, Miralles, O. Castell, R. Caballol, and J.-P. Malrieu, Chem. Phys.
172, 33 (1993).

21C. Bloch, Nucl. Phys. 6, 329 (1958).

22R. Maurice, A. M. Pradipto, N. Guihéry, R. Broer, and C. de Graaf,
J. Chem. Theor. Comput. 6, 3092 (2010).

B A.-M. Pradipto, R. Maurice, N. Guihéry, C. de Graaf, and R. Broer,
Phys. Rev. B 85, 014409 (2012).

2R. Berger, P. Onnerud, and R. Tellgren, J. Alloys Comp. 184, 315
(1992).

2C. de Graaf, I. de P. R. Moreira, and F. Illas, Int. J. Mol. Sci. 1, 28
(2000).

26C. de Graaf, I. de P. R. Moreira, F. Illas, O. Iglesias, and A. Labarta,
Phys. Rev. B 66, 014448 (2002).

277. Barandiaran and L. Seijo, J. Chem. Phys. 89, 5739 (1988).

2R. Dovesi, V. R. Saunders, C. Roetti, R. Orlando, C. M. Zicovich-
Wilson, F. Pascale, B. Civalleri, K. Doll, N. M. Harrison, 1. J. Bush
et al., CRYSTALO9 package, University of Torino, Italy.

F. Aquilante, L. De Vico, N. Ferre, G. Ghigo, P. A. Malmgqvist,
P. Neogrady, T. B. Pedersen, M. Pitonak, M. Reiher, B. O. Roos
etal.,J. Comp. Chem. 31, 224 (2010).

024411-4


http://dx.doi.org/10.1038/nature02018
http://dx.doi.org/10.1103/PhysRevB.70.020406
http://dx.doi.org/10.1103/PhysRevB.70.020406
http://dx.doi.org/10.1103/PhysRevLett.92.177201
http://dx.doi.org/10.1103/PhysRevB.72.014405
http://dx.doi.org/10.1103/PhysRevLett.98.057601
http://dx.doi.org/10.1103/PhysRevLett.98.057601
http://dx.doi.org/10.1103/PhysRevLett.94.039705
http://dx.doi.org/10.1103/PhysRevLett.94.039706
http://dx.doi.org/10.1103/PhysRevB.78.024102
http://dx.doi.org/10.1103/PhysRevLett.100.127201
http://dx.doi.org/10.1103/PhysRevB.79.014107
http://dx.doi.org/10.1103/PhysRevB.79.104112
http://dx.doi.org/10.1103/PhysRevB.79.104112
http://dx.doi.org/10.1103/PhysRevLett.105.257205
http://dx.doi.org/10.1103/PhysRevLett.105.257205
http://dx.doi.org/10.1103/PhysRevLett.95.057205
http://dx.doi.org/10.1103/PhysRevLett.95.057205
http://dx.doi.org/10.1103/PhysRevLett.96.067601
http://dx.doi.org/10.1209/0295-5075/97/37004
http://dx.doi.org/10.1103/PhysRevB.59.R6593
http://dx.doi.org/10.1103/PhysRevB.59.R6593
http://dx.doi.org/10.1063/1.1430740
http://dx.doi.org/10.1063/1.1430740
http://dx.doi.org/10.1063/1.1446024
http://dx.doi.org/10.1063/1.1446024
http://dx.doi.org/10.1063/1.3185506
http://dx.doi.org/10.1016/0301-0104(93)80104-H
http://dx.doi.org/10.1016/0301-0104(93)80104-H
http://dx.doi.org/10.1016/0029-5582(58)90116-0
http://dx.doi.org/10.1021/ct100329n
http://dx.doi.org/10.1103/PhysRevB.85.014409
http://dx.doi.org/10.1016/0925-8388(92)90505-4
http://dx.doi.org/10.1016/0925-8388(92)90505-4
http://dx.doi.org/10.3390/ijms1030028
http://dx.doi.org/10.3390/ijms1030028
http://dx.doi.org/10.1103/PhysRevB.66.014448
http://dx.doi.org/10.1063/1.455549
http://dx.doi.org/10.1002/jcc.21318

MAGNETIC INTERACTIONS IN LiCu,0;: ...

MK. Doll and N. M. Harrison, Chem. Phys. Lett. 317, 282
(2000).

31. de P. R. Moreira and F. Illas, PhysChemChemPhys 8, 1645
(2006).

32R. L. Martin and F. Illas, Phys. Rev. Lett. 79, 1539 (1997).

33D. Maynau and N. Ben Amor, CASDI Suite of Programs, Université
Paul Sabatier, Toulouse, France.

3L. Hozoi, L. Siurakshina, P. Fulde, and J. van den Brink, Nature
Sci. Rep. 1, 65 (2011).

PHYSICAL REVIEW B 86, 024411 (2012)

35H.-Y. Huang, N. A. Bogdanov, L. Siurakshina, P. Fulde, J. van den
Brink, and L. Hozoi, Phys. Rev. B 84, 235125 (2011).

36B. 0. Roos, R. Lindh, P. A. Malmgvist, V. Veryazov, and P. O.
Widmark, J. Phys. Chem. A 109, 6575 (2005).

37S. Blundell, Magnetism in Condensed Matter (Oxford University
Press, Oxford, 2001).

38T. Moriya, Phys. Rev. 120, 91 (1960).

¥ A. D. Buckingham, P. Pyykko, J. B. Robert, and L. Wiesenfeld,
Mol. Phys. 46, 177 (1982).

024411-5


http://dx.doi.org/10.1016/S0009-2614(99)01362-7
http://dx.doi.org/10.1016/S0009-2614(99)01362-7
http://dx.doi.org/10.1039/b515732c
http://dx.doi.org/10.1039/b515732c
http://dx.doi.org/10.1103/PhysRevLett.79.1539
http://dx.doi.org/10.1103/PhysRevB.84.235125
http://dx.doi.org/10.1021/jp0581126
http://dx.doi.org/10.1103/PhysRev.120.91
http://dx.doi.org/10.1080/00268978200101171

