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Magnetodielectric effect in the S=1/2 quasi-two-dimensional antiferromagnet K,V;0g4
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We report the optical and magneto-optical properties of K,V;0g, an S=1/2 quasi-two-dimensional Heisen-
berg antiferromagnet. Local spin density approximation electronic structure calculations are used to assign the
observed excitations and analyze the field-dependent features. Two large magneto-optical effects, centered at
~1.19 and 2.5 eV, are attributed to field-induced changes in the V**d — d on-site excitations due to modifi-
cation of the local crystal field environment of the VO5 square pyramids with applied magnetic field. Taken
together, the evidence for a soft lattice, the presence of vibrational fine structure on the sharp 1.19 eV magneto-
optical feature, and the fact that these optical excitations are due to transitions from a nearly pure spin-
polarized V d state to hybridized states involving both V and O, suggest that the magneto-dielectric effect in

K,V;0g is driven by strong lattice coupling.
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I. INTRODUCTION

Thermochromic, electrochromic, piezochromic, and
photochromic materials have attracted a great deal of atten-
tion in recent years'~® due to the compelling underlying
physics as well as possible device applications. As a simple
example of physical tuning, Hgl, changes color (from red to
yellow) with temperature due to an «- to B-phase structural
transition.” At least one Cu,(radical-ligand), complex shows
thermochromism, changing from brown-black to green with
decreasing temperature.'? Electrochromic effects have been
observed in a number of conjugated polymers'' and density
wave materials,'? effects attributed to doping or dedoping
and polarization modifications. An applied electric field can
also provide reversible modulation of the magnetic moment
and coercive field, as demonstrated in Co-doped anatase
TiO,-based devices,!? and magnetic phase control, as illus-
trated by recent work on HoMnO;.'* Hydrostatic pressure
and shear stress can change bond distances and angles,
modifying the crystal field environment around a transition
metal site. For instance, with increasing pressure,
Pt(diphenylglyoximato), turns from red-brown to green
above 0.4 GPa; upon rotation of the anvil, the green film
turns yellow.!>1% In the area of photochromism, a photoin-
duced insulator-to-metal transition has been observed in the
low-bandwidth manganite Pr,;Ca,;MnOs,!” and photoin-
duced reflectance changes combined with charge order do-
main switching have been discovered in Bi,;Cay;MnO;.'3

An applied magnetic field can also induce dielectric prop-
erty changes. Low-frequency magnetodielectric effects have
been reported in garnet, HoMnO3;, DyMnOs3, and DyMn,0O5
due to cross-coupling effects.'”?3 Ferromagnetic SeCuO;
displays a giant magnetodielectric and magnetocapacitance
response due to coupling of magnetic fluctuations to optical
phonons.?* Strong coupling between magnetism and dielec-
tric property is also observed in La,NiMnOg.>> Higher-
frequency dielectric changes are also of interest. With a
handful of recent reports on magnetic field-induced color
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changes in low-dimensional materials such as LipoMogO,7,
(CPA),CuBry, and (Lag 4Pryg); »Sr; §Mn,0,,26-28 it is clearly
useful to elucidate the operative mechanisms, increase the
size of the magnetodielectric effect, and assert molecular-
level control over the important coupling processes. K,V;0g
offers an opportunity to explore how structural and electronic
degrees of freedom can be coupled in layered, inhomoge-
neously mixed-valent systems. Photoinduced magnetism, ob-
served, for instance, in Prussian blue and related
derivatives,?*3 Mn(TCNE),-y(CH,Cl,) and V(TCNE),
molecular magnets,’>3” and dilute magnetic alloy semicon-
ductors such as (Ga,Mn)As thin films®*® complements on-
going work on magnetodielectric effects. It is also of interest
to manipulate ferromagnetism with light in the junction
geometry® and to combine properties as in the multiferroic
systems. 404!

Figure 1 displays the tetragonal crystal structure of
K,V;04.%? It consists of layers of corner-sharing VO square
pyramids with magnetic V**(S=1/2) ions and VO, tetrahe-
dra with nonmagnetic V>*(S=0) ions, separated by intersti-
tial K* ions. K,V;0g displays a structural phase transition at
~110 K, driven by a distortion of the apical oxygen of the
VOjs5 square pyramids and a distortion of the unit cell along

._K ._V5+ ._V4+ ._O

FIG. 1. (Color online) Two views of the K,V;0yg crystal struc-
ture. View along the ¢ axis (left) and view along the b axis (right).
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the b direction.*>**> A weaker basal plane distortion was also
observed near 60 K.** From the magnetic properties point of
view, K,V;0g is an S=1/2 two-dimensional Heisenberg an-
tiferromagnet, with exchange constant J=12.6 K. It under-
goes Néel ordering at Ty=4 K, exhibits unusual field-
induced spin reorientations (spin-flop for Hl||c and spin-
rotation for Hlc¢) due to the interplay between
Dzyaloshinskii-Moriya interactions and easy  axis
anisotropy,* and displays dramatic field-induced enhance-
ment of thermal conductivity below 6 K.* The broad peak in
the susceptibility*®*’ near 15 K is considered to be a classic
signature of two-dimensional short-range spin correlations in
the ab plane.*®*° Recent theoretical work suggests a scenario
where the Dzyaloshinskii-Moriya interaction suppresses
quantum fluctuations and yields an out-of-plane spin canting
angle of the form cos(6)=H/Hg, where Hg=4S(1+\1+D?)
is the saturation field.>® For applied field in the ab plane, one
of the magnon branches is predicted to have an unusual de-
pendence on the Dzyaloshinskii-Moriya coupling that
changes with the size of the field, giving rise to a possible
nonanalytic behavior of the spin gap.>

In order to investigate the interplay between spin, lattice,
and charge degrees of freedom in low-dimensional, inhomo-
geneously mixed-valent vanadates, we measured the optical
and magneto-optical properties of K,V;04. We observed two
prominent magnetodielectric effects at base temperature that
derive from the field-induced changes in the local crystal-
field environment around the VOs square pyramid. Com-
bined with evidence for a soft lattice, the presence of vibra-
tional fine structure on the 1.19 eV magneto-optical feature,
and the fact that these optical excitations are due to transi-
tions from a nearly pure spin-polarized V d state to hybrid-
ized states involving both V and O suggest that the magne-
todielectric effects in K,V3;0g may be driven by strong
lattice coupling.

II. METHODS
A. Crystal growth and magnetic characterization

Single crystals of K,V;0g4 were grown by cooling appro-
priate amounts of VO, in a molten KVO; flux in a platinum
crucible.’! Typical crystal dimensions are =5 X5X 1 mm?>.
Smooth sample surfaces were prepared by cleaving the crys-
tals parallel to the ab plane and cleaning with warm water.

High-field magnetization studies were carried out using a
vibrating sample magnetometry technique for H|c and
H|lab. The experiments were performed between 1.6 and
20 K using a 33 T resistive magnet at the National High
Magnetic Field Laboratory (NHMFL) in Tallahassee, FL.

B. Spectroscopic investigations

Near normal ab-plane reflectance of K,V;0g was mea-
sured over a wide energy range (3.7 meV-6.5 eV) using
several different spectrometers including a Bruker 113 V
Fourier transform infrared spectrometer, a Bruker Equinox
55 Fourier transform infrared spectrometer equipped with an
infrared microscope, and a Perkin Elmer Lambda 900 grating
spectrometer, as described previously.”> The spectral resolu-
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tion was 2 cm™! in the far and middle infrared and 2 nm in
the near infrared, visible, and near ultraviolet. Optical con-
ductivity was calculated by a Kramers-Kronig analysis of the
measured reflectance.”>> An open flow cryostat and tempera-
ture controller provided temperature control.

The magneto-optical properties of K,V;0g were investi-
gated between 0.8 and 3.5 eV using a grating spectrometer
equipped with InGaAs and CCD detectors and a 33 T resis-
tive magnet at the NHMFL. 150 and 600 lines/mm gratings
were used, as appropriate. Experiments were performed be-
tween 2.5 and 30 K for H||c. The field-induced changes in
the measured reflectance were studied by taking the ratio of
reflectance at each field and reflectance at zero field, i.e.,
[R(H)/R(H=0 T)]. This normalized response is a sensitive
way to view the field-induced optical changes.>* To obtain
the 30 T optical conductivity, we renormalized the zero-field
absolute reflectance with the high-field reflectance ratios, and
recalculated o, using Kramers-Kronig techniques.>?

C. Electronic structure calculations

First-principles local spin density approximation (LSDA)
calculations were done in order to better understand the elec-
tronic, magnetic and optical properties of K,V;0g. These
were performed using the general potential linearized aug-
mented planewave (LAPW) method and with the augmented
planewave plus local orbital modification using well con-
verged basis sets.>> 38 Local orbital extensions were em-
ployed to include the high lying semicore states as well as to
relax any linearization errors.>® The calculations included no
shape approximations to either the potential or charge den-
sity. Relativity was included for the valence states within a
scalar relativistic approximation, while full relativity was in-
cluded for the core states, within an atomiclike approxima-
tion.

III. RESULTS AND DISCUSSION
A. Understanding the electronic structure of K,V;Og

Figure 2 displays the ab-plane optical conductivity of
K,V;0g4. The spectra show strong electronic and vibrational
excitations, characteristic of a semiconductor with an 0.5 eV
optical gap. Based on our electronic structure calculations
(discussed in detail below) and comparison with chemically
similar model compounds,®®-%* we assign the features cen-
tered at ~1 and 2.3 eV to nearly spin-polarized V**d—d
on-site excitations in the majority spin channel. The 1 eV
feature blueshifts with decreasing temperature and is sensi-
tive to the 110 K structural phase transition.*> We also assign
the ~4.0, 4.6, and 5.2 eV features in the low-temperature
optical conductivity spectrum as O 2p — V 3d charge trans-
fer excitations. These features display strong temperature de-
pendence. Partial sum rule calculations (not shown) indicate
that oscillator strength is conserved up to 5.5 eV, above
which the 300 K response is slightly larger.

We assigned the observed excitations in the optical con-
ductivity (Fig. 2) based upon our electronic structure inves-
tigations. The experimental noncentrosymmetric tetragonal
crystal structure (spacegroup P4bm, with two formula units
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FIG. 2. (Color online) The ab-plane optical conductivity spectra
of K,V;0g, extracted from the measured reflectance (upper inset)
by a Kramers-Kronig analysis. The lower inset shows the calculated
optical conductivity, obtained from an analysis of the electronic
structure, with 0.1 eV Lorenztian broadening.

per cell, Fig. 1) measured at 120 K was used in these calcu-
lations. This crystal structure has two different V sites, V1
(one per formula unit) and V2 (two per formula unit). The
V1 atoms are closely coordinated by apical O atoms (de-
noted O1) at a distance of 2.94 Bohr, forming vanadyl ions.
Neutron scattering experiments show V spins associated with
the V1 sites, which at low-temperature order antiferromag-
netically in a simple alternating nearest neighbor pattern
within the 2D V-O sheets.*® This is the same ground state
that is found in the LSDA. Spin polarized calculations yield
local spin moments of 1uy associated with the V1 sites (the
insulating ferromagnetic configuration has a spin moment of
exactly 1up/V1 site; the antiferromagnetic ground state has
the same moment inside the V1 LAPW spheres as the ferro-
magnetic case to within 0.002uz). The V2 sites are found to
be in a d° configuration with no moment as expected. The
energy for the antiferromagnetic configuration is 0.22 eV per
formula unit below that of a constrained non-spin-polarized
calculation, reflecting the Hund’s coupling on the vanadyl
V1-01 ions. The ferromagnetic ordered state is 0.055 eV per
formula unit higher than the lowest-energy antiferromagnetic
state. Both magnetically ordered states display insulating
gaps. Thus strong local moment character is found. The mag-
netic exchange energy corresponding to the difference in en-
ergy of the antiferromagnetic and ferromagnetic states may
be an overestimate due to an overestimation of hopping in-
tegrals in the LSDA. However, even taking this into account,
it is very large considering the low experimental 7. Assum-
ing that the lattice distortion associated with the 110 or 60 K
transitions does not substantially decrease the exchange cou-
pling, this indicates a substantial reduction of the ordering
temperature due to the strong two dimensionality of the com-
pound. Thus, especially in-plane, though fluctuating, the V1
moments should be locally antiferromagnetic at temperatures
considerably above T)y. This is consistent with the experi-
mental observation of a susceptibility maximum at
~15 K.46‘47

The band structure for the antiferromagnetic ground state
is shown in Fig. 3. Projections of the density of states onto
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FIG. 3. LSDA band structure (top) and blow up (bottom) for
antiferromagnetic K,V30g. The energy zero is the highest occupied
state.

the V and the Ol (apical O above V1) LAPW spheres are
shown in Fig. 4. The electronic structure shows a main gap
of 3.5 eV, which separates a manifold of occupied O 2p
derived bands from an unoccupied conduction band mani-
fold, which derived from V 3d states near the bottom. There
are two bands in the gap. These are the exchange split va-
nadyl majority and minority spin states. These are very flat
bands, and show practically the same dispersion, reflecting
the weak interaction of these split off states with the other
orbitals. The LSDA exchange splitting of the vanadyl mag-
netic d state is 0.73 eV. The band gap is smaller (0.58 eV)
due to the ~0.15 eV width of these bands. However, optical
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FIG. 4. (Color online) Projections of the electronic density of
states onto the various atomic sites, as measured by projections onto
the corresponding LAPW spheres. The sphere radii are 1.68 and
1.35 Bohr for V (top) and O (bottom), respectively.

transitions at this energy would be forbidden both because of
the indirect nature of the gap, and more importantly because
this is a spin-flip transition. The lowest allowed transitions
would be from the majority spin vanadyl state to the edge of
the main conduction manifold, starting at 0.90 eV. Since the
unoccupied, minority spin vanadyl state lies 3.4 eV above
the main O 2p band edge, all optical transitions up to 3.4 eV
are from the polarized majority vanadyl 3d state to the con-
duction bands, and are in the majority spin channel only. As
may be seen from the projections of the density of states, the
occupied vanadyl state (this is the d state of the crystal field
3d shell of V in the presence of the very short V1-O1 bond),
has practically pure V1 d character, as expected. However,
the higher lying Vd states have substantial hybridization with
O 2p orbitals. Transitions from the main O 2p derived va-
lence band manifold to the main conduction bands, which
would be expected to yield a strong optical signal, would
begin at 3.5 eV.

This picture is reflected in the calculated LSDA optical
conductivity, shown in the lower inset of Fig. 2. A broad
feature is found extending from ~0.9 to 2.0 eV, derived
from two strong peaks at 0.9 and 1.5 eV, plus three smaller
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peaks, with a strong edge beginning at ~3.5 eV, and a
prominent peaks at 4.0 and 4.6 eV. While the agreement
with experiment is by no means perfect, the comparison does
allow identification of the main features. In particular, the
features can be mapped onto the experiment by noting that
the main peaks are shifted consistent with a downward shift
of the majority occupied d level in the experiment by ap-
proximately 0.5 eV, relative to the LSDA band structure,
perhaps due to Mott-Hubbard correlations. Allowing for such
a shift, the LSDA optical conductivity is more similar to the
300 K data than the 4 K data, which presumably reflects the
effect of the structural transition at 110 K. In any case, the
comparison allows us to identify the magnetochromic fea-
tures in the optical spectrum as deriving from transitions in
the majority spin only between the occupied V1 d state and
hybridized V-O conduction band states. One test of this ba-
sic picture of the electronic structure would be to measure
the transport gap, which should be smaller than the optical
gap in the scenario above.

B. Magneto-dielectric properties of K,V;0g

Figure 5 displays a close-up view of the magneto-optical
response of K,V30g, R(H)/R(0 T) for H||c, at 4.2 K.% The
applied magnetic field decreases the overall reflectance in a
significant and systematic way in both the near infrared (at
~1.19 eV) and in the optical regime (centered at ~2.5 V).
The feature centered at 1.19 eV [Fig. 5(a)] is sharp and dis-
plays a great deal of fine structure that increases in amplitude
with applied field, whereas the feature near 2.5 eV[Fig. 5(b)]
is very broad. Based upon the energy scale of these magneto-
optical effects, both structures are associated with field-
induced changes in the V**d — d on-site excitations. We refer
to this type of effect as “magnetochromism” when it occurs
in the visible range.

Figure 6 shows the detailed temperature dependence of
the 1.19 eV reflectance ratio feature at H=32 T. Here, the
overall effect increases with decreasing temperature, saturat-
ing near 4 K(=Ty). The 1.19 eV reflectance ratio structure
is punctuated by several sidebands, each spaced by
~6.8 meV(55 cm™!). This is a vibrational energy scale.
Thus, these sidebands provide experimental evidence that
lattice coupling may be important in K,V;0g. Interestingly,
the prominent low-temperature vibrational fine structure on
the 1.19 eV reflectance ratio feature disappears through the
15 K transition, which is associated with formation of mag-
netic correlations in this highly 2D system. Degradation of
short-range spin correlations also gives rise to a peak in the
thermal conductivity and magnetic susceptibility.*

How do these trends manifest themselves in the
optical  properties?  Since e(w)=¢€(w)+i6(w)=¢€(w)
+(4mi/ w)o(w), it is clear that the field-induced changes in
reflectance, discussed in previous paragraphs, translate into
finite frequency magnetodielectric effects. For instance, to
obtain the 30 T optical conductivity, we renormalize the
zero-field absolute reflectance with the high-field reflectance
ratio, and calculate o using Kramers-Kronig techniques.’?
The results are shown in Fig. 7.

The panels in Fig. 7 display close-up views of the optical
conductivity of K,V;04 at 0 and 30 T. Based upon these
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FIG. 5. (Color online) The normalized ab-plane magneto-optical
response R(H)/R(0 T), of K,V30g for magnetic fields between 0
and 32 T (H|c) at 4.2 K. (a) A sharp structure centered at 1.19 eV
is observed in the near infrared. Data are taken with 0.5 T steps to
highlight the multiphonon coupling. (b) A broad structure centered
at 2.5 eV is observed in the color band region. Data are taken with
1 T steps.

results, we can directly attribute the observed magneto-
optical response to field-induced modifications of the V**d
—d excitations. The main effect of the applied field is to
redshift the trailing edge of the 1 eV excitation and to nar-
row the color band excitation centered at 2.3 eV. Analysis of
the partial sum rule (not shown) indicates that these excita-
tions narrow in magnetic field, perhaps due to a change in
scattering rate; a very small amount of oscillator strength is
missing at 30 T. One plausible origin for the modification of
the V**d— d on-site excitations is a field-induced structural
deformation of the VO5 square pyramid. In this system, dis-
placement of the vanadium ion in the square pyramids (to-
ward the apical oxygen and out of plane) gives a very short
V-O (vanadyl-type) bond. Given the evidence for a soft lat-
tice (detailed below), distortion of the local crystal field en-
vironment in the VOs square pyramid may be driven by a
magnetoelastic coupling mechanism. The fact that the optical
transitions below 3.5 eV are due to transitions from a nearly
pure spin-polarized V d state to hybridized states, involving
V and O states, also suggests the possibility of strong lattice
coupling.
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FIG. 6. (Color online) Magneto-optical response of K,V30g in
the ab plane for H=32 T at 2.5, 4.2, 7, 10, 20, and 30 K (bottom to
top). Arrows indicate the fine structures with energy scale
~6.8 meV (55 cm™).

To complement our magneto-optics results, we investi-
gated the high-field magnetization of K,V;0g (Fig. 8). At
20 K, the magnetization increases more or less linearly up to
at least 33 T due to the gradual alignment of spins towards
the applied field direction by tilting out of the basal plane.®®
A careful inspection of the low-temperature data reveals non-
linear behavior for both H||c and H| ab. As shown in Fig. 8,
the slope dM/dH clearly increases above 9 T at 1.6 K, with
no sign of saturation up to 33 T for both H|c and H|ab.
Apparently, the high magnetic field reduces the antiferro-
magnetic coupling strength at low temperatures. Based on
the work of Chernyshev,® we estimate the canting angle to
be ~29° at 33 T (H||c). Besides the change in slope at 9 T,
there are no other features in the magnetization that correlate
with the optical properties.

In order to further elucidate the role of the lattice in me-
diating the magnetodielectric response, we measured the
variable temperature vibrational properties of K,V;0g. Sev-
eral modes show softening and splitting at low temperature,
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FIG. 7. (Color online) The ab-plane optical conductivity spectra
of K,V305 at H=0 T (solid line) and H=30 T (dashed line) at
42 K.
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FIG. 8. (Color online) Magnetization of K,V30g as a function
of applied magnetic field (H||c) at 1.6 (solid line) and 20 K (dashed
line). The inset shows the magnetization for H||ab at 1.6 K. On this
scale, magnetization will saturate at 1/ V4.

evidence of the 110 K structural distortion and a soft lattice.
Based on vibrational properties studies in similar vanadyl
oxide compounds,®”’! the features of interest below
500 cm™! can be assigned as V-O-V bending, O-V-O bend-
ing, and other low-energy tortional and twisting motions of
the square pyramidal and tetrahedral building block units.
The behavior of the 6.8 meV (55 cm™) cluster (Fig. 9) is
typical of the low-temperature mode splitting in K,V;0Og.
Similar splitting is observed near 17.4 meV (140 cm™")
(doublet), 45.3 meV (365 cm™') (quintuplet), and 52.9 meV
(427 cm™!) (doublet). Interestingly, the energy scale of the
6.8 meV (55 cm™') mode matches that of the multiphonon
fine structure observed at 1.19 eV in the magneto-optical re-
sponse [Fig. 5(a)]. To check for direct evidence of magneto-
elastic interactions, we carried out independent magnetoin-
frared measurements of K,V;0g. There is no magnetic field
dependence of the 6.8 meV mode up to 17 T, within our
sensitivity. That said, it is important to note that K,V;0Og has
many infrared, Raman, and inactive vibrational modes.
Raman-active torsional modes that flex the VO5 square pyra-
mids out of the plane at this energy scale would seem to be
likely candidates for coupling to the magnetic system. We
carried out LSDA calculations of some of the zone center
phonons, and find modes of this character in the appropriate
frequency range. SrCu,(BOj3), also has similar Raman-active
out-of-plane motions of almost all ions that couple to the
magnetic system.””> The coupling of a soft phonon mode (or
other lattice degrees of freedom) with localized spins is re-
sponsible for magnetodielectric effects in antiferromagnets
such as EuTiO5,DyMn,0s, and HoMnOj5 as well.2%?373 Fu-
ture work will focus on the connection between high- and
low-frequency magnetodielectric effects in K,V;0g and
other materials.

IV. CONCLUSION

We investigated the optical, magneto-optical, and LSDA
electronic structure properties of K,V3;0g, a model S=1/2
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FIG. 9. (Color online) Peak splitting in the far infrared spectra
of K,V30g4 at different temperatures. The inset shows the center
frequency of the 55 cm™ vibrational mode versus temperature.

quasi-two-dimensional Heisenberg antiferromaget. The spec-
tral response is similar to that of other inhomogeneously
mixed-valent vanadates, with a 0.5 eV semiconducting gap
and both V**d—d on-site and O 2p— V 3d charge transfer
excitations. According to our electronic structure calcula-
tions, the on-site d—d transitions emanate from strongly
spin polarized (majority channel) excitations. Application of
magnetic field modifies the optical properties in two regimes:
(1) on the trailing edge of the 1 eV excitation and (2) in the
shape of the color band near 2.5 eV. These effects are attrib-
uted to changes in the V**d—d on-site excitations due to
field-induced local distortion of the VOs square pyramid.
Combined with evidence for a soft lattice, the presence of
vibrational fine structure on the sharp 1.19 eV magneto-
optical feature, and the fact that these optical excitations are
due to transitions from a nearly pure spin polarized V d state
to hybridized states involving both V and O suggest that the
magnetodielectric effect in K,V;04 may be driven by strong
lattice coupling. We discussed the type of low-energy vibra-
tional modes that might couple the VO5 square pyramids to
the magnetic system.
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