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We use a combination of optical spectroscopy, first-principles calculations, and energy-dependent magneto-
optical measurements to investigate the high-energy magnetodielectric effect in the frustrated kagome staircase
compound Co;V,0g4 and develop structure-property relations in this family of materials. The optical spectra
show two distinct Co on-site d to d excitations that can be assigned as deriving from spine and cross-tie sites,
respectively. The energy separation between these features is substantially larger in Co3V,0g than in quasi-
isostructural Ni;V,Oyg, indicating that the spine and cross-tie crystal field environments are more dissimilar in
the Co compound compared with those in the Ni analog. Despite the similar appearance of the spectra, orbital
correlation effects seem to dominate the optical properties of Co;V,0Oyg, different from NizV,0g. Through the
6.2 K ferromagnetic transition temperature, Co3V,Og displays ~2% dielectric contrast near 1.5 eV, larger than
that observed in the static dielectric constant. Co3V,Og also shows a high-energy magnetodielectric contrast of
~2% near 1.4 eV at 30 T, smaller than that of Ni;V,0g (~16% near 1.3 eV at 30 T). We attribute this result

to the lack of strong lattice coupling at the low temperature magnetic phase boundaries.
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I. INTRODUCTION

Magnetoelectric effects have been extensively investi-
gated in complex materials due to the intriguing physics and
possible applications.!~® In particular, the coupling of mag-
netic field and dielectric properties in multiferroics are inter-
esting and promising from the device standpoint. Several
rare earth manganites of the family RMnO; and RMn,Os5
(R=Y,Tb,Dy,Ho), in which spin and lattice degrees of free-
dom are intimately coupled, show significant static magneto-
dielectric effects.>*°-13 Recent reports of high-energy
magnetodielectric contrast in complex oxides such as inho-
mogeneously mixed-valent K,V;0g, frustrated multiferroic
HoMnO;, kagome staircase compound Ni;V,Og, and several
manganites are also important and demonstrate significant
coupling between spin, lattice, and charge degrees of
freedom.'#~2! The large high-energy magnetodielectric effect
in Ni3V,05 (~16% at 30 T near 1.3 eV) (Ref. 15) suggests
that frustrated kagome staircase compounds are excellent
model systems for mechanistic and structure-property inves-
tigations. The M;V,0g (M=Mg,Ni,Co,Cu,Zn) family of
materials has several quasi-isostructural members, each with
slightly different spin-orbit coupling and magnetic
anisotropies.22 Here, we use the term quasi-isostructural to
indicate that although the space group and atom-atom con-
nectivity is identical, there are small differences in the local
structure. Although the title compound, Co;V,0g, does not
display a ferroelectric phase, it provides an important oppor-
tunity to explore structure-property relations and potential
tunability of the high-energy magnetodielectric response.

Co;V,05 displays an orthorhombic (Cmca) crystal
structure?® (Fig. 1). It consists of layers of edge sharing
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Co?*Qy octahedra separated by nonmagnetic V>*O, tetrahe-
dra. Each unit cell contains 4 formula units (f.u.) and two
kagome layers of Co®*. Unlike in a planar kagome material,
the CoOg4 octahedra are buckled in the ac plane, forming a
staircase structure. Local symmetry considerations define
two inequivalent Co®* (S=3/2) sites, which we refer to as
“spine” and “cross-tie” sites. The Co spine centers form
chains that run along the a direction. They are connected by
Co cross-tie sites in the ¢ direction, forming nearly equilat-

FIG. 1. (Color online) 300 K crystal structure of Co;V,0g. Co-
balt occupies inequivalent spine and cross-tie sites. The three poly-
hedra (light color octahedra, CoO4 with cross-tie Co sites; dark
color polyhedra, CoO4 with spine Co sites; and VO, tetrahedra)
indicate the packing arrangement (Ref. 23). NizV,0g has a similar
structure (Ref. 23).
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eral triangles. Based on the Debye-Waller factors, Co;V,0g
is softer than NizV,0g, especially perpendicular to the
chains.?

The magnetic properties of Co;V,0g are anisotropic, with
a and b directions as the easy and hard axes, respectively.?>
The zero-field transport and neutron scattering data show
that Co;V,04 undergoes a transition from the paramagnetic
state to an incommensurate antiferromagnetic state at
~11.3 K. A cascade of additional magnetic transitions is ob-
served below 11.3 K. Two incommensurate and one com-
mensurate antiferromagnetic states have been reported to ex-
ist between 11.3 and 6.2 K, and there is a transition from the
antiferromagnetic state to a weakly ferromagnetic state at
~6.2 K.273% The complex H-T phase diagram is due to com-
peting magnetic interactions in the system.?°=2%3! Here, the
different phases seem to be distinguished by the commensu-
rability of the b component of the spin density vector. While
Co3V,04 displays a small static dielectric anomaly at the
6.2 K transition, ferroelectricity has not been observed in
any of the low temperature magnetic phases.’®>*3% Quasi-
isostructural Ni;V,0Og4 also displays a rich H-T phase dia-
gram, different from that of Co;V,04.">3273* The magnetic
properties of this S=1 system are less anisotropic. Further,
Ni3V,04 has a spontaneous ferroelectric polarization in-
duced by the incommensurate magnetic order, which is inti-
mately coupled to the magnetic properties.’>3 Muon spin
resonance was used to study the local field distributions in
the various phases of these compounds.®® Mixed kagome
materials with formula of (Co,Ni,_,);V,0g¢ exhibit only one
phase transition for high enough mixing.3

In order to investigate structure-property relationships in
this family of frustrated kagome staircase materials, we mea-
sured the optical and magneto-optical properties of Co;V,0g
and compare the results to those of Ni;V,0g. We comple-
ment these measurements with first-principles electronic
structure calculations, finding that Co;V,Oyg has large crystal
field splitting and important orbital correlation effects. The
latter is needed to account for both the small gap and the
large orbital moment. The optical spectra show two distinct
Co on-site d to d excitations that can be assigned as deriving
from spine and cross-tie sites, respectively. The energy sepa-
ration between these features is substantially larger in
Co;3V,0g than in quasi-isostructural Ni;V,Oyg, indicating that
the spine and cross-tie environments are more dissimilar in
the Co compound compared with those in the Ni analog.
This is consistent with the larger distortion in Co;V,0g4 com-
pared with Ni;V,0g. High-energy dielectric contrast of ~2%
is observed around the 6.2 K ferromagnetic transition tem-
perature. The high-energy magnetodielectric effect is differ-
ent. Co3V,0q4 displays modest high-energy magnetodielec-
tric contrast (~2% near 1.4 eV at 30 T). This is smaller than
that of quasi-isostructural Ni;V,0g (~16% near 1.3 eV at
30 T), a result that we attribute to the softer lattice and the
lack of strong lattice coupling at the low temperature mag-
netic phase boundaries in Co;V,0g.

II. METHODS

A. Crystal growth

Single crystals of Co;V,0g were prepared by combining
K,COj3, Co304, and V,05 in a 1.5:1:3 ratio. The mixture was
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placed in dense alumina crucibles and heated in a vertical
tube furnace for an hour at 1100 °C. The melt was cooled
slowly to 900 °C at 0.1 °C/min and left to cool in the fur-
nace to room temperature. The dark colored platelike crystals
were then separated from the flux. Typical crystal dimensions
used for our measurements were 5 X 5 X2 mm?.

B. Spectroscopic investigations

Near-normal reflectance of Co;V,04 was measured over a
wide energy range (3.7 meV-6.5 eV) using three different
spectrometers including a Bruker 113 V Fourier transform
infrared spectrometer, a Bruker Equinox 55 Fourier trans-
form infrared spectrometer equipped with an infrared micro-
scope, and a Perkin Elmer Lambda 900 grating spectrometer.
The spectral resolution was 2 cm™! in the far and middle
infrared and 2 nm in the near infrared, visible, and near ul-
traviolet. Polarizers were employed, as appropriate. For vari-
able temperature studies, the sample was mounted on the
cold finger of an open-flow helium cryostat equipped with a
temperature controller. Optical constants (o, and €;) were
calculated by a Kramers-Kronig analysis of the measured
reflectance.?”3® We define the dielectric contrast with respect
to temperature as A€,/ €,=[€/(E,T,)—€/(E,T,))/ € (E,T;).

The magneto-optical properties of Co;V,0g were investi-
gated between 0.75 and 4.1 eV using a 3/4 m grating spec-
trometer equipped with InGaAs and charge-coupled device
detectors and a 33 T resistive magnet at the National High
Magnetic Field Laboratory in Tallahassee, FL. Experiments
were performed with polarized light (Ella and Ellc) in the
temperature range between 5 and 18 K for applied magnetic
fields up to 30 T (HIb). The field-induced changes in the
measured reflectance were studied by taking the ratio of the
reflectance at each field with the reflectance at zero field, i.e.,
[R(H)/R(H=0 T)]. To obtain the high-field optical conduc-
tivity (o) and dielectric response (€;), we renormalized the
zero-field absolute reflectance with the high-field reflectance
ratios and recalculated o; and €; using Kramers-Kronig
techniques.'*” We define the magneto-dielectric contrast as
A€ /e =[€,(E,H)—€,(E,0)]/ € (E,0).

C. Electronic structure calculations

First-principles calculations were carried out for Co;V,0g
using several different techniques as enumerated below. The
electronic density of states (DOS) was obtained for a collin-
ear ferromagnetic arrangement of the Co spins using the full
potential linearized augmented plane wave (LAPW) method
with local orbitals,**' as implemented in the WIEN2K
code.*> LAPW sphere radii of 1.8 a, and 1.4 a, were used for
the metal and O sites, respectively, along with well con-
verged basis sets corresponding to RK,,,,=7.5, where R is
the O LAPW sphere radius. The projections of the DOS
shown are the projections of a given angular momentum
character within these LAPW spheres.

III. RESULTS AND DISCUSSION
A. Optical properties of Co3V,05

Figure 2(a) shows the polarized optical conductivity of
Co;3V,0g4 in the paramagnetic phase at 300 and 12 K. The
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FIG. 2. (Color online) (a) Polarized optical conductivity of
Co3V,04 at 300 and 12 K, extracted from reflectance measure-
ments by a Kramers-Kronig analysis. The inset shows a close-up
view of optical conductivity near the Co (cross tie) d to d on-site
excitations. (b) A close-up view of the Co (spine) d to d on-site
excitations at 12 K (dotted green line), 8 K (dashed purple line),
and 5 K (solid blue line), respectively.

spectra show several strong directionally dependent vibra-
tional and electronic excitations with an optical energy gap
of ~0.4 eV. Based on our electronic structure calculations of
Co;V,05 (detailed below), those of quasi-isostructural
Ni3V,04, and comparison with chemically similar Co-
containing compounds,’>* % the excitations centered at
~0.7 and 1.6 eV in the 12 K spectra are presumed to be Co
d to d on-site excitations in the minority spin channel on
cross-tie and spine sites, respectively, and will be referred to
as such. These d to d excitations are optically allowed due to
the modest hybridization between the Co d and O p states.
The broad feature centered at ~2.7 eV derives from a com-
bination of O 2p to Co 3d and O 2p to V 3d charge transfer
excitations, and the ~4.2 eV feature derives from O 2p to
V 3d charge transfer excitations.

Figure 2(b) shows a close-up view of the optical conduc-
tivity of Co;V,0g near the Co (spine) d to d on-site excita-
tions at 12, 8, and 5 K. This structure is only weakly sensi-
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FIG. 3. (Color online) Dielectric constant of CozV,Og at
8 and 5 K for light polarized along the a and ¢ directions. The
inset shows the dielectric contrast, Ae€;/€=[¢(E,8 K)
—¢€(E,5 K)]/€/(E,5 K), across the ferromagnetic phase boundary.

tive to changes in the local crystal field environment through
the cascade of low temperature magnetic transitions, differ-
ent from Ni;V,0g where the Ni d to d on-site excitation
associated with the spine site splits into five different com-
ponents at low temperature.’> In particular, the oscillator
strength does not change between the 12 K (paramagnetic)
and 8 K (incommensurate antiferromagnetic) phases. It is
slightly enhanced at 5 K (ferromagnetic phase) likely due to
a small local structural distortion around the Co (spine) cen-
ter. The observation of a slightly different CoO4 environment
is consistent with the recent report of a lattice distortion and
small change in the static dielectric constant at the ferromag-
netic transition temperature in Co3V,04.24% It is interesting
to compare the static dielectric results (~0.3% dielectric
contrast around the ferromagnetic transition temperature)?%2°
with the dielectric properties at higher energy. Figure 3 dis-
plays the real part of the dielectric constant of Co;V,0Oyg at 8
and 5 K for Ella and Ellc. The inset of Fig. 3 shows the
dielectric contrast, Ae;/€;, across the ferromagnetic phase
boundary. The dielectric contrast around the ferromagnetic
transition is as large as ~2% near 1.5 eV, indicative of the
spin-charge coupling in Co;V,0yg. The sign of the dielectric
contrast is either positive or negative depending on the en-
ergy.

Figure 4(a) displays a comparison of the c-polarized op-
tical conductivity of Co;V,0g and Ni;V,0g4 at 12 K, allow-
ing us to explore the chemical structure-optical property re-
lationships in this family of kagome staircase materials. As
anticipated for quasi-isostructural compounds, qualitatively
similar electronic excitations are observed, although the cen-
ter positions and splitting patterns of the cross-tie and spine
Co d to d on-site excitations are different. The energy sepa-
ration between the spine and cross-tie excitations is substan-
tially larger in Co3V,0g than in quasi-isostructural Ni;V,Og,
indicating that the spine and cross-tie crystal field environ-
ments are more dissimilar in the Co compound compared
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FIG. 4. (Color online) (a) Comparison of the c-polarized optical
conductivity of Co3;V,0g and Ni3V,0g at 12 K (paramagnetic
phase). (b) A close-up view of the Co (cross tie) and Ni (cross tie)
d to d on-site excitations, at 300 and 12 K.

with those in the Ni analog. Figure 4(b) shows a close-up
view of the Co (cross tie) and Ni (cross tie) d to d on-site
excitations at 300 and 12 K. Both compounds show splitting
of the cross-tie d to d excitations below ~75 K, indicating
that a weak structural distortion of the MOg (M=Co and Ni)
building block in this direction precedes the low temperature
magnetic transitions. The distortion is much stronger in
Co;3V,0g, as evidenced by shoulders at 0.5 and 0.66 eV as
well as a fine structure centered at 0.7 eV.

It is interesting to compare the aforementioned trends in
the low temperature optical properties and the size of the
high-energy magnetodielectric effect (discussed below) with
direct measurements of the lattice. Figure 5 displays the
300 K optical conductivity of both Co3V,0g4 and Ni3zV,Ox,
highlighting the vibrational properties of these quasi-
isostructural materials. Although a detailed analysis of the
mode patterns*® is beyond the scope of this work, we can
assign many of the structures and connect the observed pat-
terns with previously reported x-ray results?® to obtain a bet-
ter picture of the magnetoelastic interactions in these mate-
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FIG. 5. (Color online) 300 K optical conductivity of Co3V,0g
and Ni3;V,04 for light polarized along the a (dotted line) and ¢
(solid line) directions, extracted from reflectance measurements by
a Kramers-Kronig analysis. Panel (a): stretching modes. Panel (b):
bending modes. The inset to panel (b) shows our use of heat capac-
ity to estimate the Debye temperatures of these two kagome lattice
materials. The dashed line and red symbols correspond to Co3V,0Og;
the solid line and green symbols correspond to Ni3V,0Og. The
dashed and solid lines correspond to our fits, as discussed in the
text.

rials. For instance, we assign the peaks between 90 and
105 meV as deriving from the well-known triply degenerate
VO, asymmetric stretch.*’ The additional fine structure is
due to the symmetry breaking effects of incorporating the
VO, building block unit into a three-dimensional lattice, and
the observed splitting is consistent with an a-c plane orien-
tation of the tetrahedron. Focusing on the c-polarized modes
of Co3V,04, we see that they are redshifted compared with
those of the Ni analog, and the splitting is much larger, con-
sistent with a softer, more distorted local environment around
the VO, units. The structural environment of the transition
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FIG. 6. (Color online) Comparison of bond lengths and angles
for the 300 K crystal structures of Co3V,0g and NizV,0g, as de-
termined by x-ray diffraction in Ref. 23. X-ray diffraction measures
the average or bulk structure, whereas infrared probes the local
structure, which can be different from the average structure. The
color scheme for Co;V,0g matches that in Fig. 1.

metal ions, as determined by the diffraction measurements of
Ref. 23, is illustrated in Fig. 6. Normally, high spin Co** has
a modest (#,, driven) Jahn-Teller distortion, while Ni%* is not
Jahn-Teller active. The orthorhombic lattice already allows
the Jahn-Teller distortion in the average structure and, in
fact, it may be seen that the distortions of the CoOg4 octahe-
dra in Co3V,0q4 are significantly larger than those of the
corresponding octahedra in the Ni compound. In addition,
further distortions in the local structure beyond the distor-
tions in the average diffraction structure cannot be excluded.
However, it should be noted in this regard that abnormally
large O thermal parameters were not found in the refinement
of Ref. 23. In any case, the distortions of the CoO¢ octahedra
are expected to couple to the orbital moments of Co?* via the
spin-orbit interaction and, in fact, we find evidence for large
orbital moments and anisotropy in our calculations, dis-
cussed below. Returning to the structural differences between
the Co and Ni compounds, we note that in addition to the
more distorted octahedra of the Co compound, the V-O bond
lengths are very slightly shorter in Cos3V,0Og than in
Ni3V,04, while the Co-O bonds are on average slightly
longer than the Ni-O bonds, consistent with the 0.055 A dif-
ference in ionic radii. While, based on their frequency range
and similarity to modes in other compounds with VO, tetra-
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hedra, the modes in the range 90—105 meV are associated
with the VO, tetrahedra, we note that there is a larger split-
ting in the Co compound reflecting the fact that these are
really collective vibrations with O shared between the differ-
ent transition metal sites. The reported larger thermal param-
eters in the Co compound and lower specific heat Debye
temperature are consistent with our results and together in-
dicate that the Co;V,0g has a somewhat softer lattice than

Extending the structure analysis to the MOg4 octahedra, we
observe a strongly c-polarized mode at ~77 meV in both
compounds (Fig. 5). In the absence of b axis data,*® there is
little to learn from the Co-O-V (or Ni-O-V) motion. Bending
modes (discussed below) have more to offer. Comparing the
local structures (Fig. 6), we see that the octahedra on the
spine sites are more distorted than those on cross-tie sites;
this is true for both compounds.

Vibrational structures in the 20-35 and 35-55 meV range
[Fig. 5(b)] are assigned to octahedral (NiO4 and CoQOgq re-
lated) and tetrahedral (VO, related) bending modes, respec-
tively. Despite the overall similarity of the vibrational pat-
tern, the features associated with the octahedral bending
modes are overall much softer in Co;V,0g than in Ni3;V,Og.
Since Co and Ni have nearly the same mass, the redshift of
CoOg-related bending modes cannot be a mass effect. We
conclude that Co3V,0g has a softer, more flexible lattice and,
as a consequence, is likely to distort more strongly. This is
consistent with observations that the Debye temperature of
Co;3V,0g is smaller than that of Ni;V,0g4. The Debye tem-
perature of Ni;V,Oyg, determined by fitting the heat capacity
above the magnetic ordering transitions, but below 6,/10
to C,=yT+BT° is 6p=600K (B=0.115 mJ/mole K*),
whereas the Deybe temperature of Co;V,0g is found to be
0p=550 K (8=0.152 mJ/mole K*). These fits are shown in
the inset to Fig. 5(b).

B. Electronic structure calculations of Co;V,0g

The optical spectrum for Co;V,0g is remarkable and
poses a challenge for theory. In particular, it clearly shows
that Co;V,0y is a small band gap (~0.4 eV) insulator with a
spectrum very similar to that of Ni;V,0g, regardless of the
fact that Co has one less electron than Ni. In NizV,0g, the
band gap is of d to d character and arises from the fact that
the Fermi level lies in the crystal field gap between minority
spin t, and e, manifolds in this narrow band Ni** (a®)
compound.'3 This is not feasible in Co;V,0g because of the
different electron count. Experimentally, Co;V,0g and
Ni;V,0q share similar crystal structures,”® small band gap
insulating character, and complex (but different) field-
temperature phase diagrams. In the case of Ni;V,0g, com-
parison of optical spectra with local spin density approxima-
tion (LSDA) and LDA+U calculations showed an
unexpected electronic structure.'® Ni;V,0yg like NiO contains
Ni* ions in an octahedral O environment but unlike NiO has
a spectrum that shows a small band gap between crystal field
split Ni minority #,, valence bands and minority e, derived
conduction bands. In fact, two peaks are seen in the optical
spectrum at low energy, one centered at ~0.75 eV and the
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FIG. 7. (Color online) LDA density of states and projections
onto the LAPW spheres for Co,V,0gz with ferromagnetic ordering
on a per f.u. basis. Majority (minority) spin is shown above (below)
the horizontal axis. Spin orbit is included with the magnetization
directed along the b axis; the DOS for a or ¢ directions of the
magnetization is very similar. The bottom panel is a blowup around
the gap showing the crystal field split Co projections.

other at ~1.35 eV. These two peaks were identified as the
minority 7,,-¢, excitations. Based on the comparison with
LSDA results, the crystal field splitting on the Nil (cross-
link) site is smaller than on the Ni2 (spine) sites, and accord-
ingly the lower peak was associated with Nil and the higher
one with Ni2. Addition of a Coulomb repulsion U, within an
LDA+U framework, even for low values of U~5¢€V,
changes the electronic structure to a charge transfer insulator
with a wide gap, similar to the physics in NiO,*® but in
contradiction with experimental results for Ni;V,0g.

As mentioned, the optical spectrum of Co;V,Oy is quali-
tatively very similar to that of NizV,0g, showing a small
band gap insulating behavior, which cannot be understood in
the same way as for the Ni compound. This is evident from
the electronic structure obtained within the LSDA, as shown
in Fig. 7. As may be seen from the DOS, the V occurs as
V>*, as might also be expected from the similar crystal struc-
tures of Co3;V,04 and Ni3;V,0g. Therefore, the Co is nomi-
nally Co?* and the Fermi energy lies in the minority spin tr,
Co manifold, which yields a metallic behavior in contradic-
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FIG. 8. (Color online) Density of states and projections as in
Fig. 7 but using LDA+U, U,4=6 €V, applied to Co.

tion with experiment at the LSDA level. The crystal field
scheme is similar to that of Ni;V,0g, in which there are
clearly defined majority and minority (,, and e,) manifolds,
even for the ferromagnetic ordering. This reflects the narrow
bands. In the Co3V,0g case, the minority #,, manifold con-
tains two electrons and one hole.

As usual in such cases, a gap can be produced by the
LDA + U method. This approach adds an ad hoc correction to
the Kohn-Sham Hamiltonian that splits the occupied and un-
occupied d states. This favors integer orbital occupations and
was used to successfully describe many properties of both
NiO and Co00.*® We did LDA+U calculations, including
spin orbit, with two values of U,=U-J, specifically U,
=6 eV, which is a value appropriate for describing CoO,*
and a smaller value, U,=3 eV. Calculated densities of
states are shown in Figs. 8 and 9, respectively. As expected,
the dependence of the LDA+ U spectra on the magnetization
direction is weak, as may be seen from the comparison of
Fig. 9 with Fig. 10, which shows the density of states for
magnetization along c¢. These LDA+U calculations were
done using the so-called self interaction correction (SIC).4%
As may be seen, while both of these yield insulating states,
neither of these electronic structures is similar to the LSDA
electronic structure of Ni3V,0g and neither is compatible
with the experimental spectrum, regardless of the magnetiza-
tion direction. The calculations with U,;=6 eV yield a large
gap, incompatible with the experiment, similar to what was
found in such calculations for Ni;V,04.!> Calculations with
U.pr=3 eV, which is an unphysically small value, still yield a
gap larger than the experiment. Additionally, the character of
the gap is now different from NizV,0g, as it is a 1, t0 I,
gap. This is because the LDA+ U method shifts all unoccu-
pied d orbitals up by approximately the same amount. It is
also notable that the crystal field has been changed so that
the larger crystal field is now on the Col site, while in the
LSDA it was on the Co2 site, similar to Ni;V,Os.

This result shows that correlation effects beyond the
LSDA are needed to understand the electronic structure of
Co3V,04 and that these correlation effects are not from the
static on-site Coulomb repulsion, as described in the LDA
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FIG. 9. (Color online) Density of states and projections as in
Fig. 7 but using LDA+U, U,;=3 €V, applied to Co. The bottom
panel is a blowup around the gap showing the Co projections.

+ U method. Information about the nature of these correla-
tions is provided by the magnetic properties.

Like Ni;V,0Oyg, the phase diagram of Co;V,Oyg is complex,
but in contrast to Ni3V,0g5, the ground state is
ferromagnetic.?*2627-3 Interestingly, however, the ordered
moments for the two different sites in the ferromagnetic
ground state, as determined by neutron diffraction, are rather
different: 2.73 wp on the spine site (Co2) and 1.54 uz on the
cross-tie site (Col).2® This difference and the complex higher
temperature orderings imply competing interactions and
have been modeled within an Ising picture with competing
temperature dependent exchange interactions.”® Another
form of frustration that can be important in ferromagnetic
systems is that which can arise due to competing magneto-
crystalline anisotropies associated with different sites.3!->2
However, considering the actual noncubic, nontetragonal
symmetry of the lattice, this may require large anisotropies to
prevent a simple ordering if the exchange interactions are not
frustrated. In any case, the ordered ferromagnetic moments
are much smaller than the effective moments from the tem-
perature dependence of the susceptibility: ~5-6 ug per Co,
with the implication that the Co ions have large orbital mo-
ments in this compound.?*?” Large orbital moments, if
present, would be consistent with large magneto-crystalline
anisotropies arising from the spin-orbit interaction.

Starting with the LSDA in a scalar relativistic approxima-
tion, as used for Ni;V,0g, we did calculations for a ferro-
magnetic ordering and a ferrimagnetic ordering where the
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FIG. 10. (Color online) Density of states and projections as in
Fig. 9 but with the magnetization along the c-axis direction.

Col and Co2 sites are oppositely aligned. This calculation
showed a strong ferromagnetic interaction between the spine
and cross-tie spins at the LSDA level, with a calculated en-
ergy difference of 0.33 eV/f.u. Calculations were also done
with the Perdew-Burke-Ernzerhof generalized gradient
approximation.”® Again, a ferromagnetic alignment was
strongly favored, in this case with a lower energy of
0.17 eV/f.u,, relative to the ferrimagnetic ordering.

Since Co?* has a partially filled t5, shell, orbital moments
and spin-orbit interactions are expected to be important. As
such, we did calculations including spin orbit, for the ferro-
magnetic case with magnetization directions along the three
Cartesian axes, a, b, and c. At the LSDA level, small orbital
moments are induced. These are parallel to the spin moment
in agreement with Hund’s rules and vary according to the
spin direction (from 0.16 wg to 0.20 up for Col and from
0.15 pp to 0.19 up for Co2). Significantly, the direction of
magnetization for the maximum orbital moment is different
for Col and Co2 (c and b, respectively), which shows that
the different crystal field environments of the two sites will
lead to competing site anisotropies. This potentially provides
a different mechanism for frustration and a complex mag-
netic phase diagram from the competing exchange interac-
tions discussed in Ref. 26. In this regard, it is interesting that
the ordered moments seen in neutron scattering experiments
are very different for the two sites, 1.54 up for Col (cross
tie) and 2.73 uy for Co2 (spine).?® However, the LSDA cal-
culations clearly do not describe the electronic ground state
of Co3V,0q since they yield a metal in disagreement with
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the experiment. This is due to the hole introduced into the
minority 7,, orbital in going from Ni** to Co**, as shown in
Fig. 7. Aside from the position of the Fermi energy, this
electronic structure is, in fact, quite similar to that of
Ni3V,0g, including the crystal field gap between the minor-
ity 1, and e, states and smaller splitting for the Col (cross-
link). Thus, it is tempting to associate the lower peak in the
optical spectrum with the Col site. However, such a connec-
tion cannot be made without removing the minority #,, hole.
One interesting feature is that the LDA+ U calculations lead
to a strong enhancement of the orbital moments, which be-
come noncollinear. For example, with U.=3 eV and spin
magnetization along ¢, the Co2 (spine) orbital moment is
0.87 up pointing close to [101].

The strong orbital moments suggest an alternative way of
obtaining an insulating ground state. This is the orbital po-
larization correction of Brooks,>* Eriksson et al.,”® and
Norman.’® This amounts to a term added to the LSDA
Hamiltonian to compensate for the underestimate of the cor-
relations that leads to underestimated orbital moments and a
weakened third Hund’s rule in the LSDA. This is of the form
Vop=cop({L)l,, where cyp is a parameter that can be calcu-
lated or adjusted ad hoc and L, and [, are the projections of
the total and single orbital momenta along the magnetization
direction. This term represents a dynamic correlation correc-
tion, which arises because electrons orbiting in the same
sense can lower their Coulomb repulsion relative to electrons
that are counter-rotating and as such must frequently pass by
each other. While formally such a term is included in the
exact density functional, it is difficult to explicitly construct
the interaction from the spin densities since changing the
orbital momentum of one of the Kohn-Sham orbitals would
change the orbital moment but would not change the spin
density apart from indirect effects, such as breathing of the
orbital.

The orbital polarization correction was originally derived
using the Racah B parameter appropriate for p states but was
applied with success to a number of d and f systems. In the
case of CoO, however, it was found that a larger correction
than would be obtained from the first-principles Slater inte-
grals entering the Racah parameter was needed to obtain a
proper insulating ground state.>® This may be justified, as the
more complicated atomic expressions for d states give a
larger average correction,”’ and furthermore the double
counting corrections (i.e., what is included already in the
LSDA), which can in principle be either positive or negative,
are unknown. Here, we report calculations both using the
first-principles value of the Racah parameter and also with an
enhanced correction, where the parameter is treated as ad-
justable in order to see what effect this term can have. In all
cases, spin orbit was included, with various magnetization
directions, and the orbital polarization correction was calcu-
lated separately for the two spin channels. Since the majority
spin states of Co** are full, L, is only significant for the
minority spin; this leads to a spin dependent orbital correc-
tion, which is large only in the minority channel.

While it can be seen that this approach will also yield a
splitting of the #,, manifold, it differs from the LDA+U ap-
proach by the dependence on /,. Thus, unlike the LDA+U
approach, for which the unoccupied e, levels remain above
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FIG. 11. (Color online) Density of states and projections as with
an orbital polarization correction using a 0.5 eV parameter. The
three panels show the DOS with the magnetization direction along
a (top), b (middle), and ¢ (bottom) directions.

the unoccupied 1,, levels, a strong orbital polarization cor-
rection can shift the level of the orbitally polarized #,, hole
above the e, bands and yield a spectrum like that of
Ni3V,04. As mentioned, we did calculations using the
ab initio value of cpp and with larger values. With the ab
initio value, we obtain enhanced orbital moments but do not
obtain an insulating state. However, with enhanced values of
cop, We can, as expected, obtain insulating ground states
depending on the particular choice of the parameter and on
the magnetization direction.

This is illustrated in Fig. 11, which shows the calculated
DOS with magnetization along the three crystallographic
axes with an orbital polarization parameter of 0.5 eV (the
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TABLE 1. Calculated orbital moments in up, within the LSDA with spin orbit and with the orbital
polarization (OP) corrections using different values of the orbital polarization parameter. x, y, and z are
Cartesian directions along a, b, and c, respectively.

Col (x) Col(y) Col(z) Co2(x) Co2(y) Co2(z)
LSDA

Milla 0.15 0.00 0.00 0.18 0.00 -0.01

MIlb 0.00 0.15 0.00 0.00 0.19 0.00

Milc 0.00 -0.01 0.20 -0.01 0.00 0.15
OP (0.16 eV)

Mlla 0.40 0.00 0.00 0.53 0.00 -0.02

Mllb 0.00 0.33 0.01 0.00 0.62 0.00

Mile 0.00 -0.04 0.86 0.00 0.00 0.47
OP (0.3 eV)

Mlla 1.54 0.00 0.00 1.49 0.00 0.01

MIlb 0.00 1.24 -0.06 0.00 1.45 0.00

Mile 0.00 -0.05 2.06 -0.09 0.00 1.99
OP (0.5 eV)

Mila 2.19 0.00 0.00 2.10 0.00 0.11

MIlb 0.00 2.10 -0.05 0.00 2.09 0.00

Milc 0.00 -0.04 2.36 -0.10 0.00 2.32

ab initio value is 0.16 eV). A sizable gap appears for Ml ¢
and a small ~0.05 eV gap for Mlla, while only a pseudogap
(DOS minimum) exists for M||5. With an orbital polarization
parameter of 0.3 eV, the gap for Mllc shrinks to 0.28 eV,
while there are only pseudogaps for Mllb and Mlla. The
calculated orbital moments are large and dependent on the
orbital polarization parameter, as shown in Table 1.

Thus, in relation to the experimental data, none of the
schemes tested is satisfactory. The LSDA (and also general-
ized gradient approximation) produces a ferromagnetic
ground state, in accord with experiment, but has much
smaller orbital moments than those that are inferred from
susceptibility data, and in addition the electronic structure is
metallic in contrast with the experiment. The LDA+U
method includes a parameter, which when chosen within the
usual range for a 3d transition metal ion produces a spectrum
with a wide gap, in disagreement with the experimental spec-
trum. The orbital polarization approach can produce both
gaps and orbital moments in the experimental range but re-
lies on the use of an arbitrarily enhanced parameter to do so.
Clearly, further work is needed to understand the correlation
effects in Co;V,0g in relation to the experimental data.
However, some features are likely to remain. In particular,
the combination of small gaps and large orbital moments
suggest a theory along the lines of the orbital polarization
correction. Within such a framework, the large orbital mo-
ments would be expected to give strong magnetocrystalline
coupling of the moment directions to the lattice. This could
be the source of nontemperature dependent but competing
interactions that might lead to a complex phase diagram and
also the large magnetocapacitive effects observed in the vari-
ous phases in Co;V,0g, but not Ni3V,0g, as was already
suggested.’® This is also consistent with recent neutron scat-

tering measurements, which show noncollinearity of the
magnetic moments.?’

C. High energy magnetodielectric properties of Co3V,0g4

Figure 12 shows the energy-dependent magneto-optical
response, R(H)/R(H=0 T), of Co;V,04 at 5 K for H=0 and
30 T (HIIb) for light polarized along the a and c¢ directions.
Since this is a normalized response, deviations from unity
indicate field-induced changes in the measured reflectance.

1.01 v T v T v T v T
| Ella T=5K |
0T
~ 1.00
F
T
E ~~ <
= 0.99 £ 100 0T 4]
e if
as) - % 0.99 F {1
=~ = 30T
P 098 = oss} 1
L 30T 0.97 L L ]
1 2 3
Energy (eV)
0.97 b —
1.0 1.5 2.0 2.5 3.0
Energy (eV)

FIG. 12. (Color online) The normalized magneto-optical re-
sponse, R(H)/R(H=0 T), of Co3V,0g at 5 K for H=0 and 30 T
(HIIb) for light polarized along the a and ¢ (inset) directions.
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FIG. 13. (Color online) (a) Polarized optical conductivity of
Co3V,0q at 5 K for H=0 (dotted line) and 30 T (solid line) (HIlb).
The inset shows the dielectric response under similar conditions. (b)
Polarized optical conductivity of Co;V,0g at 18 K for H=0 (dotted
line) and 30 T (solid line) (HIb). The inset shows the dielectric
response under similar conditions.

In a 30 T field, the reflectance decreases by ~1-2 % de-
pending on the energy. We attribute the changes near
~1.5eV and >2 eV to field-induced modifications of Co
(spine) d to d on-site excitations and O 2p to Co 3d charge
transfer excitations, respectively. Note that these field-
induced changes in the reflectance are much smaller than
those found in quasi-isostructural Ni;V,0g."

In order to correlate field-induced changes in the reflec-
tance with the optical constants, we combined the reflectance
ratio results of Fig. 12 with absolute reflectance measure-
ments and a Kramers-Kronig analysis to extract the optical
conductivity and dielectric response.’® Figure 13 displays the
polarized optical conductivity of Co;V,04 at H=0 and 30 T
(HIIb). Comparing the 0 and 30 T optical conductivities, we
can confirm that the aforementioned field-induced changes in
reflectance correspond to the field-induced modifications of
the Co (spine) d to d on-site excitations and O 2p to Co 3d
charge transfer excitations. These changes are slightly larger

PHYSICAL REVIEW B 76, 174414 (2007)

0.03 yTE Y LA R B

-0.03 N 1 N 1 N 1 N 1 N
0.75 1.00 1.25 1.50 1.75 2.00
Energy (eV)
0.2 v T v T v T v T v T
0.05
| NVO - Bl e ]
F 000
0.1 F < -
L -0.05 L L J
2.5 3.0 3.5

Energy (eV) '

1.1 1.2 1.3 1.4 1.5 1.6
Energy (eV)

FIG. 14. (Color online) (a) A close-up view of the high-energy
dielectric  contrast, A€,/ €,=[¢,(E,H)—¢€,(E,0)]/€(E,0), of
Co3V,04 near the Co (spine) d to d on-site excitation at 5 K for
H=30 T (HIIb). The inset shows a close-up view of dielectric con-
trast near the same electronic excitation at 18 K for H=30 T. (b)
Dielectric contrast of NizV,0g near the Ni (spine) d to d on-site
excitation at 5 K for H=30 T (HIb). Note the substantially ex-
panded y axis. The inset shows a detailed view of the dielectric
contrast near the charge transfer excitations under similar
conditions.

at 5 K (ferromagnetic phase) compared with 18 K (paramag-
netic phase), an indication that the spin-charge coupling is
stronger in the ferromagnetic phase. The reflectance ratio
changes discussed above also translate into the field-
dependent dielectric properties. The insets of Figs. 13(a) and
13(b) show the real part of the dielectric constant under simi-
lar conditions. The magnetic-field-induced modifications of
€, are largest in the dispersive regime. We can calculate the
magnetodielectric contrast as [€,(E,H)—¢€,(E,0)]/€/(E,0)
=A¢€,;/ € to see these effects more clearly.

Figure 14(a) displays the high-energy magnetodielectric
contrast of Co;V,0g near the Co (spine) d to d on-site exci-
tations at 5 K for H=30 T (HIIb). The size and sign of the
high-energy dielectric contrast, A€;/€;, depend on the en-
ergy. A€,/ € is as large as 2% (at 5 K and 30 T) near 1.25
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and 1.62 eV, although with opposite signs.”® A similar but
smaller magnetodielectric contrast is observed in the para-
magnetic phase [inset, Fig. 14(a)].%° As shown in Fig. 14(b),
the dielectric contrast of the quasi-isostructural Ni;V,Oyg is
significantly larger (~16% near 1.3 eV at 30 T), a difference
that is made manifested by subtle differences in the metal
coordination environment of the two compounds.®' The Co
cross-tie center is particularly distorted compared to that in
the Ni analog. Although the magnitude is different, the high-
energy magnetodielectric response of Co;V,0g and Ni3V,0g4
demonstrate an appreciable interplay between the electronic
and magnetic properties in this class of materials.

Magnetoelastic coupling plays a major role in the magne-
toelectric response of frustrated multiferroics.”?-%® Based on
these magnetodielectric studies, magnetoelastic coupling is
also important in the kagome staircase materials. High-
energy magnetodielectric effects in NizV,0g derive from
field-induced changes in the crystal field environment around
Ni centers due to a modification of the local NiOg structure.
Moreover, Ni3V,0Og is a local moment band insulator with an
intermediate gap, and its electronic structure appears to favor
strong magnetodielectric couplings.!> For the case of
Co;3V,0q4, however, we suggest that the local structure of
CoOg is substantially distorted at higher temperature, per-
haps preventing the low temperature magnetic transitions
in Co3V,0g from having a strongly coupled lattice
component—a necessary condition to achieve large dielectric
contrasts. The larger Debye-Waller factors in Co;V,0g com-
pared with Ni;V,04,% the differences in local structure and
vibrational properties, and our estimate of relative Debye
temperatures from specific heat are consistent with this pic-
ture. Comprehensive vibrational studies are in progress to
test this hypothesis.

IV. CONCLUSION

We measured the optical and magneto-optical properties
of Co3V,0y in order to probe structure-property relationships
in the M;V,03 (M=Co, Ni) family of frustrated kagome
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staircase materials. We assign excitations centered at ~0.7
and 1.6 eV to Co d to d on-site excitations on cross-tie and
spine sites. The energy separation between these features is
substantially larger in Co;V,0g4 than in quasi-isostructural
Ni3V,0g, indicating that the spine and cross-tie environ-
ments are more dissimilar in the Co compound compared
with those in the Ni analog. The large moment, small gap
state indicates that orbital correlation effects are important.
Around the 6.2 K ferromagnetic transition temperature, the
dielectric contrast of Co3;V,0g is ~2% near 1.5 eV, much
larger than the ~0.3% change in the static dielectric con-
stant. The broad features centered at ~2.7 and 4.2 eV are
assigned as O p to Co d and O p to V d charge transfer
excitations. Only a very slight change in the dielectric func-
tion is observed through the ferromagnetic transition tem-
perature in this higher energy range. The high-energy mag-
netodielectric contrast of Co;V,0g is ~2% near 1.4 eV at
30 T, much smaller than that of Ni;V,0g (~16% near
1.3 eV at 30 T). We attribute this difference to the lack of
strong lattice coupling at the low temperature magnetic
phase boundaries in Co3V,0g. Direct measurements of the
lattice indicates that this difference is due to the more dis-
torted coordination environment of the Co cross-tie centers.
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