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We report a polarized Raman scattering study of the lattice dynamics of $-LizIrOsz under hy-
drostatic pressures up to 7.62 GPa. At ambient pressure, 5-Li2IrO3 exhibits the hyperhoneycomb
crystal structure and a magnetically ordered state of spin-orbit entangled Jeg = 1/2 moments that
is strongly influenced by bond-directional (Kitaev) exchange interactions. At a critical pressure of
~ 4.1 GPa, the phonon spectrum changes abruptly consistent with the reported structural tran-

sition into a monoclinic, dimerized phase.

A comparison to the phonon spectra obtained from

density functional calculations shows reasonable overall agreement. The calculations also indicate
that the high-pressure phase is a non-magnetic insulator driven by the formation of Ir—Ir dimer
bonds. Our results thus indicate a strong sensitivity of the electronic properties of 8-Li2IrOs to the

pressure-induced structural transition.

I. INTRODUCTION

The effect of spin-orbit coupling (SOC) on the elec-
tronic structure of heavy transition metal compounds
with 4d and 5d valence electrons has attracted great
attention, especially in search and characterization of
unprecedented electronic phases and their dynamics.!
A prominent example is the Kitaev quantum spin lig-
uid, which exhibits unconventional quantum entangle-
ment and fractionalized excitations, in contrast to con-
ventional magnetic ordering phenomena.?

The search for a physical realization of the Kitaev
spin liquid has motivated an intense research effort on
honeycomb-based lattices with edge-sharing IrOg (Ir*")
or RuClg (Ru**) octahedra. The strong SOC of the Ir
or Ru ions gives rise to the formation of local Jog = 1/2
moments and to bond-dependent Kitaev exchange inter-
actions.®* Candidates for Kitaev magnetism have also
been identified in materials with three-dimensional lat-
tice architectures.>”

However, almost all known Kitaev-candidate materi-
als — OL—AQII‘Og (A:Na, Li),g ﬂ—LiQII‘Og,g ’}/—LiQII‘Og,IO
and a-RuCl3!! — appear to show long-range magnetic
order (at least in the absence of external magnetic
fields): zigzag antiferromagnetism for NapIrO3'? 1% and
a-RuCls,'%17 and incommensurate counterrotating mag-
netic order for the LipIrOs family.'® 2! The appearance
of these long-range magnetic orders is currently under-
stood as a consequence of the presence of non-negligible
additional exchange interactions such as second- or
third-nearest-neighbor Heisenberg terms’ or symmetric
anisotropy interactions?? in addition to the predominant
Kitaev interaction.

To study and manipulate the subdominant exchange
couplings and move closer to the realization of a Kitaev
quantum spin liquid, a number of recent investigations

has focused on the influence of lattice distortions (espe-
cially a trigonal distortion in honeycomb-lattice materi-
als?*24). To this end, both external pressure and chem-
ical methods such as hydrogen intercalation have been
used to modify the lattice structure of various Kitaev
materials,?5 39

In particular, a recent high-pressure study of (-
LioIrO3 with x-ray diffraction found a signature of a
structural transition from the orthorhombic structure at
ambient pressure (F'ddd space group, No. 70, mmm point
group)”1® to a lower-symmetry monoclinic structure
(C2/c space group, No. 15, 2/m point group)?' around
P ~ 4 GPa at room temperature, extended to a low tem-
perature x-ray study.?? Recently, similar structural tran-
sitions have been experimentally reported in a-RuClz>®
around 1 GPa, in a-LisIrO327 29 around 3 GPa, and also
theoretically predicted in NasIrO3 around 40 GPa*’ (ex-
perimentally no structural transition was observed below
25 GPa??).

Investigations of the lattice dynamics under pressure
yield information complementary to diffraction tech-
niques, and can potentially provide insight into static
and dynamic spin-lattice coupling. Optical spectroscopy
has been recently used to study this relationship in sev-
eral materials including NasIrOs,?® a-LisIrOs,%” and a-
RuCl;.36

However, pressure-dependent Raman scattering stud-
ies of Kitaev materials have rarely been reported; only
a-RuCls has been examined.?® Having distinct selection
rules for phonons, Raman scattering is a suitable tool
for this purpose, with a high sensitivity to small struc-
tural modifications.*! Moreover, it can capture Raman-
active optical phonons with high energy resolution, which
makes detailed analysis of the phonon energies possible
even under pressure.

Among Kitaev materials, the S-LisIrO3° compound
can be a good choice due to its three-dimensional Ir net-
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FIG. 1. (color online) Polarized Raman spectra at 0 GPa and 2.4 GPa measured with the green laser. Four polarization
channels are shown: a) €é(aa)c, b) ¢(bb)c, c) ¢(ab)c and d) €é(ba)c defined at ambient pressure. Two ambient-pressure data
sets (with and without Diamond Anvil Cell (DAC)) are shown. Blue lines are data and solid black lines are fitted curves (with
Fano profiles for the phonon modes). Upward triangular symbols indicate the peak positions obtained from the fits. Gray solid
lines for the 0 GPa data (without DAC) in a) are decomposed contributions of each peak illustrated as a representative fit.
The dotted line is the fitted background signal. The amplified 0 GPa data and the raw 2.4 GPa data were shifted vertically
for more direct comparison. Calculated frequencies from density functional calculations are given with green vertical lines for

comparison.

work that is less prone to structural defects common in
layered compounds such as a-ApIrO3 (A=Na, Li)'%42
and a-RuCl;.'® In addition, because of its more ideal
IrOg octahedral structure, S-LisIrOgs is expected to be
closer to the Kitaev spin liquid than its structural ana-
logue ¥-LipIrO3.10

Here we have confirmed the existence of the recently
reported structural transition by high-pressure Raman
measurements on [-LisIrOj single crystals. We clearly
observed the splitting and broadening of Raman-active
phonon peaks and the development of multiple new Ra-
man modes at high pressure, which are Raman hallmarks
of a first-order structural transition to a lower crystal
symmetry. At ambient pressure, polarization analysis al-
lowed us to distinguish different Raman modes based on
the Raman selection rules of a given crystal symmetry.
The measured frequencies of Raman-active phonons both
at ambient and high pressure were compared to those
from ab-initio density functional theory and dynamical

mean-field theory calculations. Our combined analysis
suggests that the lower-symmetry monoclinic phase at
high pressure originates from the dimerization of Ir ions,
transforming the Ir atomic 5d orbitals into bonding and
antibonding dimer states. This phase does not accommo-
date local Jog = 1/2 moments, indicating a delicate bal-
ance between magnetism and the intermetallic covalency.
These conclusions are also consistent with a very recent
neutron and resonant inelastic x-ray scattering study*?
characterizing the pressure-induced structural transition
at room temperature.

The paper is organized as follows. Sections IT and ITI
describe details of the Raman scattering measurements
and ab-initio calculations, respectively, followed by re-
sults and discussions in Section IV. Phonon spectra
from high-pressure polarization-resolved Raman mea-
surements on S-LisIrOgs single crystals are presented in
Section IV A. We then present and discuss computational
results in Section IV B, followed by comparison between



experimental and computational data in Section IV C.
We summarize our conclusions in Section V.

II. EXPERIMENTAL DETAILS

Single crystals of (-LisIrO3 were grown by a flux
method?. We measured Raman spectra on more than 40
crystals, which were consistent with the previous result at
ambient pressure.** We then screened crystals in terms
of better signal-to-noise ratio, clearer surface morphol-
ogy, and shinier surface to proceed with high-pressure
Raman measurements. Raman data were also acquired
from both green and red laser sources, revealing that the
dominant Raman phonons in the spectra using incident
green laser (514.5 nm) were stronger than those collected
with the incident red laser (632.8 nm). The complete po-
larized Raman measurements were therefore carried out
with the green laser [see Fig. 1 and 2] complemented by
measurements with the red laser [see Fig. 3]. The for-
mer were fitted by Fano profiles®® to extract the peak
positions.

All measurements used a backscattering configuration
and hereafter we use Porto’s notation*® to specify the ex-
perimental geometry.*” With the backscattering geome-
try, we employed €(aa)c, €(bb)c, ¢(ab)c, ¢(ba)c config-
urations to probe Ag, Ag, Biy and By, modes at ambient
pressure**, where a, b and c are the orthorhombic crys-
tallographic axes. In the monoclinic structure at high
pressure, all polarization geometries used in this study
can only probe A7 phonons due to different Raman selec-

tion rules*” (Table II) from the orthorhombic symmetry
at ambient pressure.

High-pressure Raman measurements with both laser
lines were conducted with a mechanically-driven gasketed
diamond anvil cell (Stuttgart-type). Diamond anvils had
culet diameters of 0.4 mm and were of the ultra-low lu-
minescence type. The stainless steel gaskets were prein-
dented to 100 pm thickness and a hole of 175 pm diam-
eter was drilled into each gasket by spark erosion. The
hole was designed to ensure enough space for the thick
(-LioIrOg3 single crystals. Several attempts for Raman
measurements with thinner gaskets failed by breaking
samples at intermediate pressures. A crystal that had
been characterized by Raman scattering at ambient pres-
sure was placed inside the hole of the gasket with a 4 : 1
methanol-ethanol liquid as a pressure medium to ensure
hydrostatic pressure conditions up to 10.5 GPa.*® Po-
tential difficulties arising from increased viscosity of the
pressure medium were avoided by keeping the pressure
below 7.63 GPa. Pressures were measured by the ruby
luminescence method with four ruby balls* spread spa-
tially next to a (-LioIrOj crystal inside the gasket to
accurately evaluate hydrostatic pressures, and were re-
peated before and after collecting the Raman data at

each pressure, confirming only a small variation of pres-
sure (AP < 0.1 GPa).

IIT. COMPUTATIONAL DETAILS

In the ab-initio calculation, we used density functional
theory (DFT) augmented by atomic spin-orbit coupling
and on-site Coulomb interactions (DFT4+SOC+U) where
U indicates the electronic correlation. The Vienna ab-
initio Simulation Package (vaspP)®%:%! was employed, sup-
plemented by WIEN2K®? and DFT+embedded DMFT
Functional code (eDMFT)%¥55 calculations. Note that
DFT or DFT4SOC was also employed when needed. The
PHONOPY package was employed to calculate the I'-point
phonon modes based on the relaxed orthorhombic and
monoclinic structures.?®

IV. RESULTS AND DISCUSSION
A. Raman experiments

Figure 1 presents Raman data on S-LipIrOs** with
phonon peaks identified. A group-theoretical analysis of
the space group F'ddd reveals the following irreducible
representations: I' = 7 A, (aa, bb, cc) + 8 Bi, (ab) + 11
Bag (ac) + 10 By, (be)* . In the parallel (crossed) polar-
ization geometries we employed, we observed 5 A, (6 B1g)
modes as shown in Fig. 1 at ambient pressure. To identify
artifacts from the pressure cell setup, the measurement
were made without and with the Diamond Anvil Cell
(DAC) at ambient pressure. We used Fano profiles for
the fit (black lines), describing the data well as shown
in Fig. 1. The peak positions extracted from these two
data sets collected at 0 GPa were nearly identical [also
see overlapping empty and solid symbols in Figs. 2e-h)
at 0 GPal]. The signal from the samples within the DAC
became weaker due to the presence of the cell and the
use of a lens with a smaller magnification (reduced from
50x to 20x) as seen from the comparison of the two data
sets measured at 0 GPa in Figs. la-d).

When the pressure was increased to 2.4 GPa, no sig-
nificant change in the Raman data was found except the
hardening of the phonon frequencies (due to an increased
effective spring constant between atoms by pressure).
The number of peaks remained identical, confirming that
the crystal structure remains unchanged up to this pres-
sure.

Figure 2 shows Raman spectra as a function of pres-
sure from 0 to 7.63 GPa with different geometries and
polarizations. With a gradual increase of the pressure up
to 3 GPa, almost all Raman phonon peaks hardened, ex-
cept the Ag(1) peak which softened from 188 cm™! (at
0 GPa) to 156 cm~! (at 3 GPa) as shown in Figs. 2a-b).
This particular Ag(1) vibration (illustrated in Fig. 5c)
became unstable as the material approached the critical
pressure around 4.1 GPa (as will be discussed in Sec-
tion IV C in more detail). Thus, this particular mode
can be taken as an indicator of the structural instability.

In Fig. 2, from 4.53 GPa and upwards, all phonon peaks
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FIG. 2. (color online) Polarized Raman data taken with the green laser as a function of pressure in four polarization geometries:
a) ¢(aa)c, b) ¢(bb)c, c¢) ¢(ab)c and d) €é(ba)c defined at ambient pressure, corresponding to Ag, A, Bi, and Bz Raman-
active modes, respectively. In the monoclinic structure at high pressure (4.53 GPa and above), only parallel Raman-polarized
modes (Ag) were observed owing to the (ab)-plane-oriented mounting of the four polarization setups in this experiment. Note
that the asterisk (*) symbol is included to indicate that the experimentally measured A; phonons were not obtained from the
exact backscattering condition at high pressures due to an inclined c-axis in the monoclinic structure (8=106.777°)*" relative
to the backscattering direction used in the experimental setup. We confirmed that in-plane rotation of the sample did not
noticeably affect the Raman spectra at ambient pressure*’. Triangular (vertical bar) symbols are the extracted peak positions
below (above) the critical pressure for the structural transition. Two spectral ranges with the most dramatic change of the
Raman spectra with pressure are emphasized with transparent blue and green rectangles at around 150 cm ™! and 550 cm ™!,
respectively. The 0 GPa data without the DAC were scaled and all other data were vertically shifted for better comparison. e-h)
Evolution of peak positions with pressure obtained from a-d). Bigger empty symbols from the 0 GPa data without the DAC
are compared with solid symbols from the 0 GPa data with the DAC, confirming an excellent match of phonon frequencies. i)
Two representations of summed intensities of Raman data highlighted as green boxes in c-d): summed peak intensities between
500 and 600 cm™' (empty symbols) and integrated areas between 550 and 600 cm ™' (filled symbols). The solid black line is
a guide to the eyes and the vertically dotted red line marks the estimated critical pressure at about 4.1 GPa, which is also
marked in e-h).



broaden abruptly and then split into separate peaks at
higher pressures, accompanying the appearance of new
phonon peaks. The new modes are most clearly visible
in the Raman spectra collected at the highest pressure
presented (7.62 GPa); four clearly split peaks at about
150 cm ™! and two separate peaks at about 550 cm ™! are

seen in Fig. 2a).

The spectral ranges most strongly affected by the
structural transition are highlighted as blue and green
shaded areas Figs. 2a-d). For a quantitative analysis,
the spectra were fitted by Fano profiles and the fitted
peak positions were marked by triangular (vertical bar)
symbols before (after) the transition in Figs. 2a-d). The
evolution of the peak positions as a function of pressure
for four different geometries is plotted in Figs. 2e-h), re-
vealing clear peak splitting and emergence of new peaks
starting above the estimated critical pressure of 4.1 GPa
(vertically dotted red lines).

To illustrate quantitatively the evolution of the lattice
dynamics upon pressure, in Fig. 2i) we plotted the inten-
sities of peaks around 550 cm ™! as a function of pressure.
Results from two crossed polarization data sets (€(ab)c,
¢(ba)c) are shown using two methods: summed intensi-
ties of peaks from fits between 500 ~ 600 cm ™! and inte-
grated intensities between 550 ~ 600 cm ! illustrated as
empty and filled symbols, respectively in Fig. 2i). The re-
sult demonstrates a kink at about 4.1 GPa, which consti-
tutes Raman evidence for the first-order structural tran-
sition. This critical pressure for the transition is consis-
tent with high-pressure x-ray! and neutron diffraction
measurements.*> With the Raman data, we chose the
higher-wavenumber region (green rectangles in Figs. 2a-
d)) to extract the critical pressure because this spec-
tral range has weaker phonons at ambient pressure than
those in the lower-wavenumber region (blue rectangles in
Figs. 2a-d)), so that the change of the Raman spectra
with pressure was most clearly captured.

To further confirm the pressure-induced Raman spec-
tra, we also used a Raman setup with the red laser. Fig-
ure 3 presents the red Raman data with two polariza-
tions, ¢(bb)c and ¢(ab)e. In this measurement, a finer
step of pressure was used with a short measurement time,
revealing similar appearances of new Raman modes at
high pressure. We observed the most pronounced changes
in the Raman spectra for a similar range of wavenumbers,
highlighted as a blue and green rectangle in Figs. 3a-b),
analogous to the green data in Fig. 2a-d). The red Ra-
man data is, thus, fully consistent with the green Raman
data with a similar transition pressure. We point out
that we better confirmed two Raman-active phonons at
about 282 cm™! and 402 cm ™! (marked by red downward
arrows in Fig. 3), which were only weakly observed with
the green laser shown in Figs. 2a-d).
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FIG. 3. (color online) Polarized Raman spectra with pressure
with the red laser in a) é(bb)c and b) é(ab)c experimental
geometry on a different crystal. Transparent blue and green
rectangles indicate the energy windows, where the spectra
changed significantly. The geometry of all crossed polariza-
tions is €(ab)e, except for the 0.51 GPa data where ¢(ba)c
was used. Measured pressures are noted in the right column
next to the figure in GPa units. Note that both parallel and
crossed polarization data probe phonons in Ag symmetry at
4.23 GPa and above due to the Raman selection rules of the
monoclinic structure at high pressures. Two red downward
arrows emphasize phonons at about 282 and 402 cm ™, which
are only weakly observed with the green laser in parallel po-
larization (Fig. 2a)).

B. Ab-initio calculations

We now discuss our ab-initio DF'T and DMFT calcu-
lation results on lattice structures and electronic prop-
erties with and without pressure. We first address
DFT+SOCHU results on the phonon frequencies. To
obtain accurate results, careful optimization of crystal
structures in both orthorhombic and monoclinic sym-
metries (representing ambient and high-pressure condi-
tions, respectively) is crucial. All the lattice parameters
(i.e., magnitudes of the Bravais lattice vectors and an-
gles between them) and internal atomic coordinates were
allowed to relax (see Fig. 4a)).

For the high-pressure conditions, the experimental
monoclinic cell parameters®' were first adopted as a trial
structure, and then the unit cell shape and internal ionic
coordinates (with the fixed cell volume) were optimized.
No symmetry conditions were enforced during the op-
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FIG. 4. (color online) a) (color online) a) Crystal structure of the relaxed orthorhombic -LioIrO3 phase at ambient pressure,
where Ir sites forming nonparallel zigzag chains are depicted as dark and bright blue spheres (a relaxed DFT+SOCHU structure
given in Table II in Ref. 47). The black solid box is the orthorhombic unit cell. b) A schematic energy diagram of the splitting
between the Jeg = 1/2 and 3/2 states and the splitting of the Jog = 1/2 state into upper and lower Hubbard bands (UHB
and LHB) by the Coulomb interaction U. c¢) Comparison between the DFT+SOC (a left panel, neither U nor magnetism
implemented) and eDMFT (a right panel) projected densities of states (PDOS) in the nonmagnetic phase. Jog = 1/2 and 3/2
states are depicted in red and blue, respectively. The opening of Hubbard gap and the enhancement of Jeg = 1/2 - 3/2 splitting
is only seen in the eDMFT result. d) The distorted hyperhoneycomb lattice of Ir ions at high pressure in the optimized crystal
structure in the calculation (a relaxed DFT+SOC+U structure given in Table III in Ref. 47), emphasizing the dimerized Ir
bonds (thick solid orange lines). The black solid box is the monoclinic unit cell. Dark and bright blue balls and sticks indicate
the structural connectivity between zigzag chains. The inset shows the og-overlapping t24 orbitals driving the dimer formation.
e) A schematic energy diagram representing the splitting of the Ir t24 subspace and formation of the dimer bonding-antibonding
orbitals. f) PDOS for Ir ta4 orbitals from the DET+SOC+U result, showing the same energy level splitting given in e). The
horizontal dotted line shows the Fermi energy, Er. Lithium and oxygen ions are not visualized for simplicity.

timizations. Our results reproduced the experimental tically identical monoclinic structures with nonmagnetic

lattice parameters and internal atomic coordinates rea-
sonably well [see Supplemental Material*? for tables]. It
should be mentioned that the preconditioning is impor-
tant to obtain reasonable crystal structures.

At ambient pressure, DFT+SOC+HU calculations
demonstrate the essential role of spin-orbit coupling and
the on-site Coulomb interaction in maintaining the or-
thorhombic close-to-ideal hyperhoneycomb structure; the
orthorhombic structure can be stabilized only when the
Coulomb interaction and SOC are both incorporated (U
= 2 eV for entire calculations) to obtain the magnetic
and insulating phase.”

On the other hand, at high pressure, we obtain prac-

(i.e., no local magnetic moments) dimerized Ir pairs re-
gardless of the presence of SOC or U. This naturally im-
plies an essential role of SOC and U for the orthorhombic
crystal structure at ambient pressure, and in contrast its
irrelevance in the high-pressure monoclinic structure. Af-
ter the optimization, the phonon energies were obtained
by diagonalizing the dynamical matrix.”®

We now turn to calculations of the electronic structure.
To gain additional insight into the electronic structures of
the low- and high-pressure phases, we have performed a
paramagnetic (PM) eDMFT calculation (7' =232 K, U =
5.0 eV, and J = 0.8 eV for Ir ¢y, orbitals) to stabilize the
PM Mott insulating phase, which consists of disordered



and localized magnetic moments instead of noninteract-
ing bands in DFT-based calculations. The right panel
of Figure 4c) presents the Jeg-projected density of states
(PDOS) from this eDMFT calculation, revealing an ev-
ident Jeg = 1/2 character. A clear separation between
the Jog = 1/2 and 3/2 states with the gap opening can
be seen, showing that the enhancement of the Jog = 1/2 -
3/2 splitting by electron correlations is significant even in
the paramagnetic phase. This is shown in the schematic
energy level diagram of Fig. 4b). It is worth mentioning
that such noticeable enhancement of SOC has not been
observed in previous nonmagnetic DFT+SOCHU results
(see the left panel of Fig. 4c)).31:57:59,60

At high pressure, we found that DFT+SOC+U and
DFT (without SOC and U) gave practically the same
DOS, indicating that correlation effects become less im-
portant in the dimerized monoclinic structure. The op-
timized monoclinic crystal structure, starting from the
experimentally-determined monoclinic structure3!, is vi-
sualized in Fig. 4d), where the bond lengths for the short
(thick orange lines) and long Ir-Ir bonds (thin dark and
light blue lines) are 2.60 and 3.05 A. In Fig. 4d), we
also depicted the black solid box for the monoclinic unit
cell at high pressure, where one can compare with the
orthorhombic unit cell at ambient pressure in Fig. 4a)
by finding how the Ir dimers are formed at high pres-
sure using an inset. This strong Ir dimerization found
in the DFT4+SOC+U optimized structure is consistent
with the experimental observation using x-rays®!'; 2.662
and 3.012 A for the short and long Ir-Ir bonds respec-
tively. This imposes a large ligand field on the Ir ¢,
orbitals.

Figure 4e) sketches the energy level splitting within the
Ir t9, dimer, where the DFT4+SOCHU calculated PDOS
is shown in Fig. 4f). The results clearly demonstrate an
energy gap associated with a strong bonding-antibonding
splitting within the t9, states, rendering the SOC inef-
fective and converting monoclinic S-LisIrOs into a non-
magnetic band insulator. These results are consistent
with a recent resonant inelastic x-ray scattering study
that also indicates the pressure-induced breakdown of the
spin-orbit Mott insulating state in 8-LinIrO3*3, and with
the results of DFT+SOC+U calculations.®!

C. Comparison between experimental and
computational data

We are now in a position to compare our experimental
and theoretical data. At ambient pressure, we experi-
mentally observe nearly all predicted phonons, and the
frequencies agree reasonably well with the calculations
(see Fig. 1 and Tables I and II for comparison). On
the other hand, a similar comparison is not possible in
the high pressure phase due to the low symmetry of the
lattice and the large number of phonon modes observed.
However, the measured Raman spectra can be qualita-
tively understood by relating the data from ambient to
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FIG. 5. (color online) Comparison between the eigenvectors
of representative phonons at both ambient and high pressure.
Calculated Raman-active A, vibrations at high pressure in a)
and b) and at ambient pressure in ¢) and d) are compared in
the spectral ranges most affected by the structural transition.
Two sets of calculated Raman modes are visualized and com-
pared. A lower-energy Raman-active vibration is illustrated
in a) 152 ecm™! at high pressure, which is compared with c)
194 cm ™! at ambient pressure. Similarly, a higher-energy Ra-
man vibration is shown in b) 579 cm ™! at high pressure, which
is compared with d) 587 cm~! at ambient pressure. Smaller
red balls are for oxygen ions.

high pressure to the underlying crystal structures.

Specifically, we compared experimental and computa-
tional data of representative phonons in the highlighted
regions of wavenumbers at around 150 and 550 cm ™! in
Fig. 2a). At ambient pressure, we examined two Raman-
active phonons illustrated in Fig. 5¢) and d) with calcu-
lated frequencies of 194 cm~! and 587 cm™! (see Ta-
ble I for a list of Raman-active phonons calculated for
comparison with the experimental list in Table II). The
eigenvectors are dominated by Ir vibrations at the lower
frequency (due to heavier masses) and oxygen vibrations
at the higher frequency (due to lighter masses).

At high pressure, the strong dimerization of Ir bonds
and the corresponding distortion of oxygen octahedral
cages [as visualized in Fig. 4d)] are expected to greatly af-
fect the phonon modes. Specifically, the dimerized bond
of Ir ions (the heaviest ions) is anticipated to alter mostly
the low-energy Raman spectra, and indeed we observed



TABLE I. Calculated Raman-active phonons by VASP for ambient orthorhombic and high-pressure monoclinic crystal structure
with an unit of cm™".

1

Ag(l) Ag(2) As(3) Ag(4) Ag(5) Ag(6) Ag(7)

A, (Fddd)

194 281 326 342 503 516 587

Blg(l) Blg(z) Blg(3) Blg(4) Blg(5) Blg(6) Blg(7) Blg(g)

By, (Fddd) 141 2588 274 332 359 500 550 604
Ag(1) Ag(2) As(3) Ag(4) Ag(5) Ag(6) As(T) Ag(8) Ax(9)
Ag (C2/c) 152 215 251 255 278 314 344 360 388

Ag(10) Ag(11) Ag(12) Ag(13) Ag(14) Ag(15) Ag(16) Ag(17) Ag(18)

395 470 477

519

534 571 579 605 701

a significant modification of the phonon spectra between
100 ~ 200 cm™!. This is, in turn, confirmed by the Ir-
dominant atomic vibrations (with negligible amount of
Li and O vibrations) found in the DFT+SOC+U cal-
culations: see Ag-phonon modes compared in Fig. 5¢)
(at 194 cm™! from Fddd) and 5a) (at 152 cm™! from
C2/c) for ambient and high pressure, respectively. Also,
a similarly sudden change of the phonon spectra at high
pressure was seen at higher-energy, which should be natu-
rally linked to the lighter oxygen ions. Indeed, this can be
seen from the DFT phonon modes shown in Fig. 5d) (at
587 cm™! from Fddd, the highest Ag-mode calculated)
and 5b) (at 579 cm™! from C2/c)

We should note that these vibrations are qualitatively
distinct even though they have similar frequencies: their
eigenvectors are almost perpendicular to each other as
shown in Fig. 5a) and 5¢), and 5b) and 5d). We con-
firmed that two phonon modes calculated at high pres-
sure (Fig. 5a) and Fig. 5b)) are not present among the
calculated Raman modes at ambient pressure. In short,
both the Raman experiments and the phonon calcula-
tions reveal the distinct nature of the atomic motions in
ambient and high-pressure structures.

Our results fit into a conceptual framework that at-
tributes a variety of related phenomena in 4d- and 5d-
electron materials to a competition between intermetal-
lic covalency and magnetism.%2 Within this framework,
the formation of dimerized bonds can be understood as a
consequence of the reduced kinetic energy of the elec-
trons within the dimer at the expense of the forma-
tion of localized magnetic moments. Our observations
in 8-LisIrO3 under pressure are consistent with the no-
tion that the shrinking of Ir - Ir distances with pressure
sharply increases the hopping between d - d orbitals, driv-
ing a first-order structural transition. This theory%? has
also been applied to 3d transition metal compounds such
as CrO»,% where a dimerized monoclinic structure is the-
oretically predicted at about 70 GPa.%%% The lower crit-
ical pressure in 8-LisIrO3 may be due to the much more

extended Hd orbitals with the larger d - d hopping com-
pared to its 3d counterpart. These considerations can be
generalized to the family of o, 3, v-LioIrO3 based on simi-
lar observations. For example, high-pressure resonant in-
elastic x-ray scattering experiments on a-LisIrO3%8 have
observed the breakdown of the Jog = 1/2 picture between
0.1 GPa and 2 GPa, followed by a structural transition
to the dimerized ground state at above 3 GPa.

V. SUMMARY

We performed a combined analysis using high-pressure
Raman scattering and ab-initio calculations on the hy-
perhoneycomb iridate [B-LioIrOs. Using Raman scat-
tering under pressure, we experimentally observed the
broadening and splitting of phonon peaks and the ap-
pearance of new modes at high pressure, explained by
a symmetry lowering via a first-order structural transi-
tion. This is further confirmed by phonon calculations
comparing the lattice dynamics at both pressures. The
calculations clearly demonstrated the breakdown of the
Jor = 1/2 state due to the Ir-Ir bond dimerization that
leads to the high-pressure monoclinic phase. This ob-
servation can be interpreted in terms of a competition
between intermetallic covalency and the formation of Ir
local moments. Our results demonstrate that Raman
scattering is an effective probe of pressure-induced struc-
tural and electronic phase transitions in materials with
4d and 5d valence electrons.
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TABLE II. Peak positions extracted from the fit using the green Raman data collected upon pressure for four polarizations as

shown in Fig. 2. The unit of frequencies is cm™".

claa)e P (GPa)| - - A1) - - o AR - - o - A A6 AT
0 - - 188 - - - 330 - - - - 518 596 661

0 - - 188 - - - 330 - - - - 520 596 663

2.4 - - 159 - - - - - - - - 533 606 688

3 - - 156 - - - - - - - - 536 619 668
P>Pe |A5(1) Ay(2) A3(3) As(0) As(5) Ay(6) As(1) Aa(8) Ay(9) A;(10) Ap(1D) A;(12) A;(13) A;(14)

4.53 143 164 189 - - - - 392 434 536 566 - 635 672

5 143 164 189 - - - - 392 434 536 566 601 635 672

6.3 144 163 184 200 - - - 401 455 556 579 607 673 687

7.62 149 163 189 203 - - - 405 467 562 585 613 687 697
ebble P (CPa)| - - A - - - A@ - - - A A(6) A
0 - - 187 - - - 357 - - - - 519 596 665

0 - - 183 - - - 357 - - - - 520 598 672

2.4 - - 148 - - - 356 - - - - 530 621 667

3 - - 150 - - - 375 - - - - 533 630 670
P>Pe |A5(1) A(2) A3(3) As(0) As(5) A3(6) As(1) Aa(8) Ay(9) A3(10) Ap(1D) A;(12) A;(13) A;(14)

4.53 118 139 164 184 - - - 388 434 547 561 - 637 669

5 135 159 179 196 - - - 394 443 552 573 - 642 675

6.3 143 163 187 201 - 280 - 401 463 558 582 - 645 681

7.62 150 168 195 205 - 284 - 405 - 565 591 - - -
clab)e P (GPa)| - - Bu() - Bu(d) - Biu() - Bu(®) - - Bu() - Bu(®)
0 - - 153 - - - 380 - 522 - - 559 - 625

0 - - 151 - 319 - 360 - 520 - - 569 - 627

2.4 - - 157 - - - - - 534 - - 609 - 677

3 - - 157 - - - - - 539 - - 613 - 685
P>Pe |A5(1) A(2) A3(3) As(0) As(5) A3(6) As(1) Aa(8) Ay(9) A3(10) Ap(1D) A;(12) A;(13) A;(14)

4.53 122 155 165 180 - - - 394 - 535 560 607 624 674

5 127 147 178 195 - 278 - 398 - 555 572 602 645 681

6.3 130 149 187 200 - 282 - 403 - 564 583 611 656 694

7.62 149 166 187 200 - 282 - 403 - 566 586 613 661 698
clba)e P (GPa)| - - Bu() - Biu() - Biu() - Bu(®) - - Biu() - Bu(®)
0 - - 152 - 323 - 367 - 501 - - 557 - 629

0 - - 152 - 314 - 363 - 500 - - 561 - 630

2.4 - - 160 - - - - - 533 - - 607 - 672

3 - - 161 - - - - - 533 - - 609 - 686
P>Pe |A5(1) A(2) A3(3) As(0) As(5) A5(6) As(7) Aa(8) A5(9) A3(10) Ap(1D) A;(12) A;(13) A;(14)

4.53 130 144 165 182 - - - 392 - 532 563 604 637 676

5 139 158 177 189 - 279 - 394 - 553 570 603 643 681

6.3 150 161 184 200 - 279 - 401 - 563 579 609 663 693

7.62 152 165 188 203 - 283 - 404 - 567 584 614 660 697
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