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Magnetoelastic coupling in multiferroic NizV,0g
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We measured the infrared-active vibrational modes of the Kagomé staircase compound Ni3V,Oyg as a func-
tion of temperature to elucidate magnetoelastic interactions and local structure changes through the series of
magnetic-ordering transitions. A detailed analysis of frequency-shift trends demonstrates that the phonons are
sensitive to different magnetic states, indicating that the lattice is flexible and coupled to the spin system.
Combining this data with an analysis of displacement patterns, we discuss the local distortions in the ferro-

electric phase.
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Control of the coupling between polarization and magne-
tization in multiferroic materials is of great current interest,
providing opportunities for both fundamental mechanistic
advancement and device applications.!~® As with other com-
plex oxides, this coupling is mediated by the delicate inter-
play between magnetism, structure, and charge. Magneto-
striction is central to this process,’”!? although the specific
nature of correlations between ferroelectricity, magnetic or-
der, and the lattice (especially the microscopic aspects of
structural distortions) remains an open question. Local bond
length and angle modifications are made manifest in the
dynamics,'*"'® and normal-mode frequency shifts, although
subtle, have direct connections to local structure distortions
and spin-phonon coupling constants.'’ 2% In this work, we
exploit the sensitivity of vibrational spectroscopy to establish
connections between the lattice dynamics and magnetic
states in a magnetically driven multiferroic.

Ni;V,Og displays an orthorhombic (Cmca) structure, with
layers of edge sharing NiOg4 octahedra separated by nonmag-
netic VO, tetrahedra.?! The Ni’>* (S=1) centers reside in two
distinctly different local symmetry environments: “spine”
and “crosstie” sites abbreviated here as Nig and Ni.. The
spine sites form chains that run along the a axis. The chains
are connected in the ¢ direction by the crosstie sites. Buck-
ling of the quasi-Kagomé planes gives rise to high degree of
magnetic anisotropy and leads to a complex magnetic-
temperature (H-T) phase diagram.?>?> The latter is charac-
terized by a series of magnetic phase transitions with de-
creasing temperature. Ni;V,Oq is paramagnetic (PM) above
9.8 K. Two incommensurate phases are observed at lower
temperatures. The high-temperature incommensurate (HTI)
phase displays a collinear sinusoidal modulation whereas the
low-temperature incommensurate (LTI) phase has a spiral
spin structure.”® The latter is ferroelectric with spontaneous
polarization along b (P,~ 100 wC/m?). Below the LTI
phase, commensurate canted antiferromagnetism is observed.
In recent dilatometry experiments,?® small anomalies in the
lattice parameters were detected when crossing the PM
— HTI transition at 9.8 K and HTI— LTI at 6.5 K. The di-
electric constant along b displays a peak at the HTT— LTI
transition and a small drop in the LTI phase.?’

In order to elucidate magnetic-ordering-induced lattice
distortions and spin-lattice coupling in a magnetically driven
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multiferroic, we investigated the infrared response of
Ni3V,0q4 as a function of temperature. Magnetoelastic cou-
pling is evidenced by vibrational frequency shifts at different
magnetic-ordering temperatures. From a detailed analysis of
the mode trends, displacement patterns,'>?® and dilatometry
results,2® we elucidate and discuss local structure changes in
the different magnetic phases. We also discuss magnetoelec-
tric coupling in the low-temperature multiferroic phase in
light of recent theoretical predictions.!'3?8

NizV,04 single crystals were grown as described
earlier.>>26 Near normal reflectance was measured on both
the as-grown ac plane and on cut crystals exposing the b
axis. Although we employed a series of spectrometers,” the
majority of work was done using a Bruker 113V Fourier
transform infrared spectrometer with bolometer detector,
covering the 20-5000 cm™' frequency range with 0.5 cm™!
resolution.? Polarizers were employed to select the a, b, and
¢ directions.’® For variable-temperature studies, we used an
open-flow helium cryostat equipped with a temperature con-
troller. Optical conductivity, o, and dielectric constant, €,
were calculated by a Kramers-Kronig analysis.>!

Figure 1 displays the 300 K polarized optical conductivity
of Ni;V,0g. The spectra are characteristic of an anisotropic
material, with vibrational excitations that are strongly depen-
dent on the polarization direction. Peak assignments were
carried out based upon existing first-principles
calculations'*?8 and are tabulated in Ref. 28. We relied on
these identifications to label the modes and the purpose of
the present report is to study the temperature dependence of
these modes through the series of magnetic-ordering (and
electric-ordering) transitions. The spectra consist of two
well-separated frequency regimes. The low-frequency re-
gime (120-500 cm™') contains the rigid motion of the NiO,
octahedra and VO, tetrahedra plus O-V-O and O-Ni-O bend-
ing, causing small polyhedral distortions. The high-
frequency regime (500—900 cm™') involves mainly O atom
vibrations along the V-O bonds. Since all oxygen atoms are
connected to Ni atoms, these modes cannot be described as
purely V-O stretching modes because they are always mixed
with some Ni-O bond stretching or O-Ni-O bending. Dis-
placement pattern animations are available in Ref. 32.

The temperature dependence of the infrared-active
phonons provides specific information about lattice contrac-
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FIG. 1. (Color online) 300 K optical conductivity of NizV,0q
along the a, b, and ¢ directions. Mode intensities above 550 cm™
were reduced by a factor of 3 in panels (a) and (c) for clarity.

tion. Initially, all modes harden with decreasing temperature.
For most features, the temperature dependence of the mode
frequency is well described as w;=w, {1—-c;/[exp(O/T)
—1]}, where o, ; indicates the frequency of the jth mode in
absence of spin-phonon coupling at 0 K, ¢; is a mode-
dependent anharmonic scaling factor, and O is the Debye
temperature (600 K).333* Between 50 and 100 K, several
modes reveal significant deviations from anharmonic behav-
ior, with the strongest effects along the spine direction.
Anomalous phonon shifts, taking place at much higher tem-
perature than the magnetic-ordering transition temperature,
have been reported for other multiferroics,>>3% although
here, it seems to be a precursor effect or spin-phonon cou-
pling rather than evidence for a new energy scale. Since O .y,
is on the order of —30 K, it is reasonable to expect short-
range spin correlations to develop in this temperature range.

In order to distinguish the natural anharmonic contribu-
tion from more subtle temperature effects that occur as
Ni3V,0g is tuned through the series of magnetic-ordering
transitions, we analyze frequency shifts of the modes in the
low-temperature range (Fig. 2). One way to analyze these
shifts is via comparison of peak positions at consecutive tem-
peratures: Aw/w=[@(T\oy)—O(Thigh)]/ @(Tioy). A positive
difference indicates that the mode in question is hardening
across the magnetic phase boundary. A negative difference
indicates that the mode is softening or relaxing. Over the
small temperature intervals studied here, no substantial an-
harmonic contribution is anticipated. Thus, observed mode
softening or hardening demonstrates lattice sensitivity to the
magnetic state. Of course, these measured frequency shifts
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FIG. 2. (Color online) Close-up view of the a, mode measured
(a) on approach to the series of magnetic transitions, (b) across the
PM to HTI boundary, and (c) through the HTT to LTI transition. The
intensity changes are typical. [(d) and (e)] Relative frequency
change for a, and b, modes, respectively. The shaded area with
|Aw/w|=0.02% displays our sensitivity limit determined via peak-
fit techniques and visual confirmation.

capture both local lattice distortions and changes in spin-
phonon coupling constants. Both are discussed below, al-
though emphasis is placed on analysis of local distortions. In
Ni3V,0g, the observed frequency shifts are on the order of
0.03-0.12 %. Shifts in RMn,0s (R=rare earth) and other
materials are also small.!736-38

We perform this frequency-shift analysis on all observed
a-, b-, and c-polarized vibrational modes, focusing on three
stages of the cooling process: (i) the approach to the series of
magnetic transitions, (ii) the PM to HTI phase transition, and
(iii) the HTI to ferroelectric LTI transition. We compare
spectra at 20, 12, 8, and 4.5 K, temperatures selected to be at
the heart of each magnetic phase. Our detailed trends are
summarized in Table I. Numerical values for the frequency
shifts are given in the electronic auxiliary material.®

On approach to the series of magnetic-ordering transitions
(between 20 and 12 K), the high-frequency modes a5, b,
and by, soften. Here, bold designates modes with largest fre-
quency shifts. These modes involve large oxygen center dis-
placements, mainly due to VO, stretching. All low-frequency
modes along the crosstie direction (¢4, €5, ¢4, €3, and c,)
harden. Hardening of by, by, and a, is also observed. To-
gether, these modes involve (a+c)-directed motion of Nig
and (c+b)-directed motion of Ni.. This response is a pretran-
sitional effect, which we attribute to large amplitude
Ni-O-Nig and Ni-O-Ni, superexchange fluctuations and for-
mation of short-range order. These short-range spin correla-
tions are due to frustration and become more cohesive on
approach to the series of magnetic-ordering transitions.

The PM to HTI transition involves hardening of a; and c-,
plus softening of cg, c5, €4, C3, Cy, and bs. With an 0.13%
frequency shift, a; is the most important displacement and
involves substantial oxygen motion driven by VO, stretch-
ing, with consequent modification of the Ni-O-Ni, angle and
associated superexchange. If we broaden our criteria and
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TABLE I. (Color online) Summary of the vibrational trends through the series of magnetic-ordering transitions in Ni3V,0yg. Peak-fitting
techniques and visual confirmation were used to establish these trends. Hardening or softening indicates |[Aw/w|=0.02%.

Ela Ellb Ellc
Magnetic-ordering High Low frequency High frequency Low frequency High frequency Low frequency Frequency
transitions of interest a, a, as a, a; a, by by by bg bsb, by b, by ¢4 Cg €, CcC5 Cy €y Cy Shifts

Short-range fluctuations: ° ° ° ® ® ® °® ° hardening
Approaching the series e o o o . o o o o . ° . no change
of magnetic transitions . . ° softening
° ° hardening

PM — HTI e o e o o ° ° ° e o o o ° ° no change
° e o o o e softening

e o ® o hardening

HTI - LTI ° ° o o o e o o o o no change
° e o o o o ° ° softening

consider modes that undergo medium-sized frequency
changes (0.06-0.08 %), we find that there are a number of
transverse relaxations (cg, Cs, C3, €5, and bs) that counteract
the aforementioned spine-directed contraction. Ni. motion is
observed for the majority of these features; c,, which in-
volves shearing of Ni, along c, is especially clear. In con-
trast, Ni displacement is observed only in c3. Taken together,
the behavior of these features indicates transverse local lat-
tice distortions involving Ni centers, with displacements
mostly along ¢ (and to a much lesser extent, along b) [Fig.
3(a)] that distort the NiOg octahedra and induce changes in
the Ni-O-Ni angles. We conclude that local lattice distortions
that change the Ni -O-Ni. superexchange interaction are
most important here.

The HTI to LTI transition is complex and involves several
modes. All spine-directed modes a;, ag, as, a4, a3, and a,,
plus byg, by, and c4, soften. bg, bs, c3, and c, harden. To
identify the most important local lattice distortions, we group

PM — HTI
¢ Ab)
A

HTI — LTI

FIG. 3. (Color online) Schematic representation of Ni displace-
ments in NizV,0g (a) across the PM to HTI boundary and (b)
through the HTI to LTI transition, determined by vibrational mea-
surements and analysis of displacement vectors. Aqua and teal at-
oms represent the initial and displaced position of the Ni center. O
centers are static for clarity in this rendering.

the modes based upon the magnitude of the frequency shift
across the HTT— LTI boundary. We find a,, b,, and a; to be
the most relevant. The high-frequency a; mode involves
large oxygen displacements along the spine direction due to
the VO, asymmetric stretch. b, and a, show significant Ni
center displacements, with frequency shifts on the order of
0.10% and 0.13%, respectively. b, involves Ni; motion along
b plus diagonal Ni. motion along b and c. This is the mode
that breaks inversion symmetry. a, involves Ni. motion
along a and a slight (almost negligible) displacement of Ni
along c. Combining these results, Nig displaces mainly along
b, perpendicular to the chain, whereas Ni, moves along a, b,
and ¢ [Fig. 3(b)]. Oxygen motion accommodates the strong
Ni displacements mandated by b, and a,. We can test this
conclusion by relaxing our criteria to include bs, ag, a5, and
c3 in the analysis. These modes display more modest fre-
quency shifts (between 0.06% and 0.08%). bs and a, indicate
(a+b+c)-directed Ni, motion, a result that reinforces that
extracted from analysis of a, and b, alone. The remaining
modes involve oxygen motion driven by bending and tilting
of the VO, tetrahedra, without substantial Ni displacements.
The Ni and Ni, shifts cause significant modification of the
Ni -O-Ni, superexchange interactions (and, to a much lesser
extent, the Ni-O-Ni, superexchange). These local lattice dis-
tortions point toward a slight compression of the octahedra in
the ferroelectric phase, in line with the overall b-axis expan-
sion and c-axis contraction found in dilatometry studies.’®
Extrapolating our dielectric constant data to zero frequency,
we estimate Ae;(0)=1-2 % along a, b, and ¢, in reasonable
agreement with static dielectric constant data.?’

Recent theoretical work predicted b, to be one of the most
important modes for establishing the b-directed spontaneous
polarization in the LTI phase.'*?*28 Our finding that b, soft-
ens considerably at this transition (i) is consistent with
theory, (ii) demonstrates the symmetry breaking needed to
establish ferroelectricity, and (iii) is in line with the expecta-
tion that the softest phonons contribute most to the polariza-
tion. That the a, and a; modes also participate in the HTI
— LTI transition indicates a more complex local lattice dis-
tortion than originally anticipated and opens the door to con-
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sideration of new mechanisms for spin-phonon coupling. A
comprehensive model to estimate spin-phonon coupling con-
stants (\) in the PM phase and across the series of magnetic
transitions is under development. Early estimates indicate \’s
up to =500 meV/A2, depending on the mode.
Summarizing, we employed vibrational spectroscopy to
investigate magnetoelastic coupling through the series of
low-temperature magnetic-ordering transitions in Ni;V,Og, a
magnetically driven multiferroic. The transition to the ferro-
electric low-temperature incommensurate phase takes place
with by, a,, and a; mode frequency shifts that we analyze in
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terms of local distortion of both Ni, and Ni,. centers. The
contribution of by to the finite polarization was anticipated
by symmetry arguments. That local structure is sensitive to
the magnetic state has important consequences for other
functional oxides where many exotic properties derive from
the interplay between structure and magnetism.
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