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Abstract

We combined diamond anvil cell techniques, infrared and Raman spectroscopies, and lattice dynamics
calculations to explore the high pressure properties of multiferroic NigTeOg. Using a frequency trend
analysis, we trace a subtle decrease in compressibility near 4 GPa to a minimum in the O-Ni2-O bond
angle. This unique behavior emanates from the proximity of the Ni2 center in the Ni3-Ni2-Nil-Te chain to
a flexible pocket that is intrinsic to the crystal structure. At the same time, predicted trends in the super-
exchange pathways are consistent with greater antiferromagnetic character under compression, in line
with both phase stability calculations and direct susceptibility measurements. These findings highlight

opportunities for local structure control of corrundum-like materials.

*Address correspondence to musfeldt@utk.edu.



INTRODUCTION

Multiferroics are fascinating materials where ferroelectric and magnetic orders coexist, and
spatial inversion and time reversal symmetries are simultaneously broken.'™ As a consequence,
their properties tend to be controllable (at least to some degree) with external stimuli like voltage,
magnetic field, pressure, and light. These materials are also potential platforms for the development
of ultra-low-power multi-state memory, switching devices, and novel computing architectures.®®
While theoretical work has pointed to a number of exciting opportunities for strain- and pressure-
control of ferroic properties,” ! the area has been under-explored from an experimental point
of view.'?13 Corundum-like materials such as CryO3 and MnTiO3'%!5 are particularly attractive

because the structural motif includes empty cavities. The latter may be important for enhanced

pressure or strain control of ferroic ordering.

Ni3TeOg is another material with which we can examine these issues. This system crystallizes
in a polar space group (R3) and consists of Ni3-Ni2-Nil-Te chains along the ¢ direction [Fig. 1].1¢
There are three unique Ni environments, so we distinguish them as labeled in Fig. 1 (a). Each Ni
is an S = 1 center, whereas the Te ions are non-magnetic. Ni3TeOg is a collinear antiferromagnet
below Tn=>53 K.!7 The spins are arranged in a + 1 |; | | 1 pattern [Fig. 1 (d)].'®! Magnetic
field drives a non-hysteretic spin-flop transition at 9 T as well as a metamagnetic transition near
52 T - each accompanied by changes in polarization and spin pattern.'® 2! While temperature and
magnetic field effects have been extensively studied,'®22 the role of other external stimuli (such
as pressure or light) is much less investigated. In particular, the presence of large cavities in the

crystal structure may provide enhanced sensitivity to pressure or strain.

In this work, we bring together diamond anvil techniques, infrared and Raman spectroscopies,
magnetic property measurements, and density functional theory-based lattice dynamics calcula-
tions to investigate the high pressure response of NizTeOg. While overall crystal symmetry is
preserved up to (and beyond) 10 GPa, an analysis of vibrational mode trends uncovers reduced
compressibility near 4 GPa that we trace to a rather surprising tendency in a particular local
lattice distortion. Specifically, the O-Ni2-O bond angles nearest to the large octahedrally-shaped
cavity decrease upon compression, reach a minimum near 4 GPa, and increase again at higher
pressures. In order to develop magnetostructural correlations, we also analyze trends in the calcu-
lated super-exchange pathways. We find enhanced antiferromagnetic character under compression
- in excellent agreement with the relative energetic stability of various candidate spin states as well

as complementary susceptibility measurements that reveal how the Néel transition temperature



FIG. 1. (a) 300 K crystal structure of NigTeOg viewed (a) perpendicular to and (b,c) along the Ni-Ni-Ni-
Te chain direction.'® The (b) Te-Ni3 and (c) Nil-Ni2 planes are offset such that large empty cavities are
formed. These cavities are surrounded by each type of NiOg and TeOg environment. (d) Schematic view

of the spin pattern and various superexchange interactions in NigTeOg.

(Ty) increases under pressure. More broadly, empty cavities like the octahedrally-shaped pocket
in Niz3TeOg concentrates stress, suggesting that local structure may be more easily controlled when
in close proximity to these vacancies. As an example, we discuss how the large frequency shifts

that emanate from these effects might be advantageous for pumping experiments.

METHODS

NizTeOg was synthesized using flux techniques as described previously.*® Polycrystalline sample
was loaded into a diamond anvil cell with vacuum grease or KBr as a pressure medium for infrared
measurements and neat for Raman scattering. The matrix acts as a pressure medium and, at
the same time, provides control of the optical density. Spectroscopic data were collected using
several different diamond anvil cells equipped with either type Ila or low fluorescence diamonds
with culet sizes ranging from 300 - 500 um. Annealed ruby balls along with direct fluorescence
measurements of the R1 ruby line were used to determine pressure inside the cell.?® Infrared spectra
were taken using a Fourier transform infrared spectrometer equipped with a liquid helium cooled
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bolometer. 4 cm™! resolution was employed. Raman spectra were measured using an 1800 g/mm

grating and a 532 nm laser with power below 10 W to prevent sample degradation, integrated
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up to 120 s, and averaged as needed. Although we collected both infrared and Raman spectra in
the 0 - 20 GPa range, we focus on the 0 - 10 GPa region here. No pressure cycling effects were
observed. Standard peak fitting procedures were employed to reveal frequency trends. Magnetic
susceptibility measurements were carried out using a vibrating sample magnetometer (Quantum
Design, PPMS) at a magnetic field of 0.1 T. Self-clamped piston cylinder cells made with CuBe
were used as pressure cells for magnetic susceptibility measurements under high pressure. Daphne
7373 oil was chosen as the pressure transmitting medium. The applied pressure was calibrated by
measuring the superconducting transition temperature of a tiny lead piece.?*

First-principles density functional theory calculations were performed to predict crystal struc-
tures and phonon frequencies at increasing pressures. The disagreement between the theoretical
and experimental frequencies is in the 3-8% range, and in certain plots a constant is added to
theoretical values in order to better match the experimental values and make the pressure trends
easier to compare. We used the projector-augmented wave method as implemented in VASP and
the PBE exchange correlation functional.?> 27 The plane wave cutoff energy is set to 500 eV, and
an 8 x 8 X 8 Monkhorst Pack grid is used for the primitive cell that contains one formula unit. In
order to properly reproduce the interactions on the partially filled d shell of the Ni ion, we set an
on-site Coulomb repulsion U to 5 eV and employed ferromagnetic ordering. Lowering U, using a
different spin arrangement, or employing a different generalized gradient approximation changes
the quantitative results (such as the critical pressure discussed below) significantly, but the overall
qualitative trends in the structure are similar. Magnetic energies are calculated and compared in

a 60 atom supercell and reported per formula unit.

RESULTS AND DISCUSSION

Figure 2 displays the infrared and Raman spectra of NizTeOg under compression. While some
features are difficult to resolve, the overall number and position of the peaks are in excellent agree-
ment with prior work!®?? as well as our updated lattice dynamics calculations, so we adopt the
previously assigned symmetries and displacement patterns. As a reminder, a symmetry analysis of
the R3 space group yields 9 doubly-degenerate E symmetry and 9 singly-degenerate A symmetry
modes. Both are infrared- and Raman-active.?® In this framework, modes below 350 cm ™! corre-
spond to motion of the Te and/or Ni centers, whereas higher frequency modes involve mostly O

displacements. All modes display traditional hardening under compression, with frequency shifts

that are surprisingly large for an oxide. The sizable frequency shifts (ranging from 1.2 to 5.5
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FIG. 2. Representative (a-c) infrared and (d-f) Raman spectra of NizTeOg at the indicated pressures.
Mode symmetries are labeled based on previous single crystal assignments.'®2? All polarizations are

observed due to the polycrystalline nature of the sample.

cm ™! /GPa depending on the mode) derive from the presence of open cavities in the corundum-like
structure.?%3% There is no splitting (and only limited broadening) within our resolution - an indica-
tion that, while there may be local structure modifications, the overall crystal symmetry signified
by the R3 space group is preserved.3!

Figure 3 (a-c) displays the frequency of three representative vibrational modes along with the
results of our lattice dynamics calculations as a function of pressure. The infrared and Raman
branches of the 228, 278, and 541 cm~! modes track each other quite well. In other cases, there
are small splittings (up to 10 cm™!) between the infrared and Raman branches (Supplemental
Information). Examination of these trends reveals a subtle change in the frequency vs. pressure
curves near 4 GPa. The effect is most noticeable in the low frequency modes that involve Ni and/or
Te motion [Fig. 3 (a,b)]. The higher frequency modes related to O displacements are insensitive

to these effects [Fig. 3 (c)]. Derivatives of the frequency vs. pressure data better characterize



the subtle change in compressibility near 4 GPa. Focusing on the calculated trends, we find that
Ow/OP of the low frequency modes such as those at 228 and 278 cm™! decrease sharply near
4 GPa [Fig. 3 (d, e)] whereas the response of the higher frequency modes (for instance at 541
cm™') change smoothly across this range [Fig. 3 (f)].3! The experimental trends are in general
overall agreement with theory, albeit with significant scattering due to experimental error bars.
Fine tuning the theoretical parameters such as the on-site Coulomb repulsion U may give better

agreement with experiment, but we did not attempt to do this here.
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FIG. 3. (a-c) Infrared, Raman, and theoretical mode frequencies vs pressure for selected modes of

NizTeOg. According to our mode assignments, the displacement pattern of the 228 cm™! mode is ab
plane motion of the Ni and Te centers, that of the 278 cm™! mode contains Ni and Te motion along c,
and that of the 541 cm™! modes is NiOg octahedral contraction and rotation.?! The vertical blue line
denotes the compressibility crossover near 4 GPa. (d-f) Derivatives of the frequency vs pressure data for
this set of vibrational modes. Experimental data were smoothed to reduce scattering and emphasize the

trends.

The correlation between theoretical and experimental trends in Fig. 3 suggests that the calcu-

lated high pressure structures hold the key to understanding the subtle change in compressibility
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near 4 GPa. Moreover, the R3 space group is maintained across this entire pressure range, so the
difference must be related to local lattice distortions. We therefore extracted bond lengths and
angles from the relaxed structures of Ni3TeOg predicted at each pressure and analyzed the trends.
According to our calculations, the bond distances decrease gradually under compression. There
are no sharp changes or reversals. The bond angles are different. While the majority change sys-
tematically under pressure, one of the angles has a very unusual trend. Specifically, the O-Ni2-O
bond angle decreases upon compression, reaches a minimum near 4 GPa, and increases again at
higher pressures [Fig. 4 (a)]. This bond angle reversal is the only structural signature of what may
be happening near 4 GPa. Like other corrundum-like materials, NizTeOg has octahedrally-shaped
cavities embedded in the crystal structure. These cavities are surrounded by the three unique Ni
environments as well as the Te environment [Fig. 1 (b)]. While compressing the cavity is a logical
primary volume reduction pathway, the bond lengths and angles (and the modes that probe them)
are not equally affected. Instead, they depend upon proximity to the empty cavity. Our analysis
reveals that the the set of oxygen centers involved in the O-Ni2-O angles are in fact vertices of the
empty cavity in the Ni-Ni-Ni-Te chain. It is these centers, with their close proximity to the empty
cavity, that engage in bond angle trend reversal under pressure.

20,21

Since magnetoelastic coupling in NizTeOyg is strong and magnetic ordering temperatures are

32734 it is useful to consider how compression is likely to mod-

generally quite sensitive to pressure
ify the superexchange pathways between magnetic centers. As a reminder, there are five unique
superexchange angles between the S = 1 Ni*T ions [Fig. 1 (d)].2"% Figure 4 (b) summarizes how
these angles are predicted to change under compression. These data were extracted from relaxed
structures at different pressures - obtained from our first principles calculations. At ambient pres-
sure conditions, two of the superexchange angles are close to 90° and therefore support mostly
ferromagnetic interactions. The others are larger and are antiferromagnetic in nature.!” Focusing
on the behavior of the two angles that are close to 90° [Fig. 4 (b)], we see that both are predicted
to diverge with increasing pressure. This is consistent with an overall decrease in ferromagnetic
tendencies. We therefore find that antiferromagnetic exchange strengthens under compression.
As a result, Ty should increase with pressure. There may even be a change in microscopic spin
arrangement.®® In order to test these predictions, we calculated the relative stability of several
different candidate spin states with respect to the energy of the collinear antiferromagnetic state

of Ni3TeOg. As shown in Fig. 4 (c), the antiferromagnetic state is stabilized compared to the fer-

romagnetic state under compression. As a further test of these predictions, we measured magnetic
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FIG. 4. (a) Representative O-Ni2-O bond angles vs. pressure highlighting the unique behavior of the
0O1-Ni2-02 angle. The inset displays the Ni2 environment. Here, the O1-3 atoms face the empty cavity.
(b) Predicted Ni-O-Ni superexchange angles vs. pressure. (c¢) Calculated energy difference between the
ferromagnetic (FM) and antiferromagnetic (AFM) spin states. (d) Normalized susceptibility of NizTeOg

experimentally measured at different pressures. The inset shows that T increases with pressure.

susceptibility under pressure. We find that, at least up to 1 GPa, Ty increases with pressure [Fig.
4 (d)] - thus verifying these predictions. Interestingly, antiferromagnetic interactions in CryOj also

strengthen under pressure as evidenced by the behavior of Ty.!4

Compression is also likely to impact other properties of NizTeOg. Electrical polarization is
among the most important. Strong magnetoelectric coupling in this system is such that decreasing
the antiferromagnetic character (for instance, by applying magnetic field to cant the spins) reduces
the electric polarization.!® The same mechanism may work in the opposite direction. In other
words, we know that pressure increases antiferromagnetic tendencies in Ni3TeOg, so it is reasonable
to suspect that electric polarization might be enhanced under compression. Direct measurements

of polarization under pressure or compressive strain along with x-ray diffraction to reveal the loss
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of the inversion center are obviously needed to confirm this strategy. Similar tendencies in which
pressure enhances ferroelectricity are found in other multiferroics like ThMnO3 and the RMnyOs

(R=Tb, Dy, Ho) family of materials.?"8

Finally, we point out that pressure control of mode position may also offer important opportu-
nities in combination with laser pumping experiments. The idea is that by pumping a particular
mode, one can trigger properties or even access new dynamical phases. Once a decision is made
as to which mode to pump, one traditionally searches for a laser to match this energy. This work
suggests an alternate approach. Corrundum-like materials like NizTeOg clearly have very large
frequency shifts under pressure. We find Ow/IP on the order of 1 - 5 cm™'/GPa in NizTeOg -
depending on the mode. Thus, one can imagine tuning a phonon into resonance with an infrared
pump laser via compression in a diamond anvil cell rather than tuning the laser to match the mode
energy. This strategy could open interesting opportunities for the discovery of new properties and

phases in ferroic materials.

CONCLUSION

To summarize, we combined diamond anvil cell techniques, infrared and Raman spectroscopies,
and density functional theory-based lattice dynamics calculations to explore the properties of
NizTeOg under pressure. Analysis of vibrational mode trends reveals a decrease in compressibility
near 4 GPa that can be traced to a rather surprising tendency in a specific local lattice distor-
tion. Specifically, the O-Ni2-O angles (which are nearest to the empty cavity) decrease under
pressure, reach a minimum near 4 GPa, and rise again with increasing compression. Moreover,
pressure-induced changes in the superexchange pathways are consistent with enhanced antiferro-
magnetic character - in excellent agreement with predictions of thermodynamic stability as well
as direct magnetic property measurements that demonstrate higher 7T under compression. Thus
we attribute the reduced compressibility near 4 GPa as due to a competition between increasing
antiferromagnetic interactions and volume effects. These findings lay the groundwork for future
high pressure studies of Ni3TeOg and highlight potential opportunities for control of local structure

in the vicinity of large cavities in multifunctional materials.
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