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Cu2IrO3 is among the newest layered honeycomb iridates and a promising candidate to harbor a
Kitaev quantum spin liquid state. Here, we investigate the pressure and temperature dependence of
its structure through a combination of powder x-ray diffraction and x-ray absorption fine structure
measurements, as well as ab-initio evolutionary structure search. At ambient pressure, we revise
the previously proposed C2/c solution with a related but notably more stable P21/c structure.
Pressures below 8 GPa drive the formation of Ir-Ir dimers at both ambient and low temperatures,
similar to the case of Li2IrO3. At higher pressures, the structural evolution dramatically depends on
temperature. A large discontinuous reduction of the Ir honeycomb interplanar distance is observed
around 15 GPa at room temperature, likely driven by a collapse of the O-Cu-O dumbbell bonds. At
15 K, pressures beyond 20 GPa first lead to an intermediate phase featuring a continuous reduction
of the interplanar distance, which then collapses at 30 GPa across yet another phase transition.
However, the resulting structure around 40 GPa is not the same at room and low temperatures.
Remarkably, the reduction in interplanar distance leads to an apparent healing of the stacking faults
at room temperature, but not at 15 K. Possible implications on the evolution of electronic structure
of Cu2IrO3 with pressure are discussed.

I. INTRODUCTION

The prediction that a Kitaev quantum spin liquid
(QSL) state may emerge in honeycomb systems with
strong spin orbit coupling (SOC) has triggered an in-
tense activity around 4d and 5d materials due to excit-
ing prospects for topological quantum computing [1, 2].
However, realizing a Kitaev QSL in these systems has
proven to be challenging, because even small structural
distortions enhance Heisenberg interactions that compete
with the Kitaev exchange, and ultimately lead to unde-
sired long-range magnetic order. Applying high pressure
is a natural choice in an attempt to tune the structure
and hence magnetic interactions. However, the presence
of edge shared IrO6 octahedra result in relatively short
Ir-Ir bonds that are prone to dimerization, as observed in
Li2IrO3 polymorphs [3–6], which destroys the Jeff = 1/2
state and related bond directional exchange anisotropy.

Cu2IrO3 stands out as one of the recently discovered
honeycomb iridates for which there is evidence for a Ki-
taev QSL state [7–11], that also include H2LiIr2O6 and
Ag2LiIr2O6 [12, 13]. Interestingly, the key feature uniting
these compounds is a larger separation between the hon-
eycomb layers, realized in Cu2IrO3 by the presence of O-
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Cu-O dumbbell bonds, which reduces dimensionality and
suppresses magnetic order. However, separating the lay-
ers also leads to stacking faults [14]. Such disorder affects
the interpretation of thermodynamic measurements, pos-
ing a challenge in determining the nature of their ground
state [15–17]. Cu2IrO3 has the additional feature that
the (nominal) Cu1+ ions within the honeycomb layer are
in an octahedral environment, which is expected to favor
the 2+ valence state. Indeed, spectroscopic data suggests
that about 1/2 to 1/3 of the in-plane Cu are 2+ [10]. The
3:1 occupancy ratio of Cu ions in dumbbells versus hon-
eycomb layers results in an average Cu oxidation state
of ∼ 1.1+. Interestingly, while Ir is expected to receive
this extra charge, ambient pressure x-ray absorption at
the Ir L3,2 edges yields 〈L.S〉 = 2.85(6) (in units of h̄2),
which indicates that the Jeff = 1/2 picture is still valid
[18, 19]. However, the relatively large fraction of mag-
netic Cu ions in the honeycomb plane likely disrupts the
Ir-Ir magnetic exchange interactions, potentially compet-
ing with the Kitaev exchange.

Here we explore the structural phase diagram of
Cu2IrO3 at high pressure. A series of pressure-induced
phase transitions are observed in powder x-ray diffraction
(PXRD) measurements at room temperature (RT) and
15 K (LT), as well as predicted with density functional
theory (DFT)-based evolutionary structure searches. Ac-
cording to the global structure optimization at ambient
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pressure, the Cu2IrO3 ground state has the P21/c sym-
metry rather than the previously proposed C2/c [7] or its
refined C2/m derivative. The three monoclinic phases
have similar morphologies and cannot be uniquely dis-
tinguished using PXRD, but the proposed P21/c solu-
tion is significantly more stable in DFT. Upon pressur-
ization, at both ambient and low temperature the first
transition occurs at about 7 GPa into a structure with
P1 symmetry. DFT and x-ray absorption fine structure
(XAFS) measurements at the Ir L3 edge reveal that such
P1 phase is composed of Ir-Ir dimers, similar to those
observed in Li2IrO3 [4, 5]. Higher pressures up to 40
GPa lead to a single phase transition at RT around 15
GPa, but two transitions occur at LT around 20 and
30 GPa. While both RT and LT structures around 40
GPa are ultimately characterized by a collapsed inter-
planar distance, significantly higher pressure is needed
at LT to reach the collapsed phase (∼ 30 GPa, compared
to ∼ 15 GPa at RT), the resulting distances are quite
different [(dRT − dLT)/dLT ∼ 5.5%], and the out-of-plane
compressibility is significantly larger at LT. Surprisingly,
the stacking faults appear to be mostly healed at room
temperature, while still present at 15 K. This implies
that the combination of high pressure and elevated tem-
perature leads to a larger structural correlation between
honeycomb planes, suggesting that high-pressure anneal-
ing might lead to a well ordered structure. We use the
DFT results to discuss the consequences of the observed
transitions to the Cu2IrO3 electronic structure. Finally,
we expect that this work will not only stimulate further
investigations on the electronic properties of Cu2IrO3 at
high pressures, but also motivate similar studies on the
other honeycomb iridates with intercalated layers to ver-
ify the generality of the structural phase transitions ob-
served here.

II. METHODS

A. Powder x-ray diffraction

Powder x-ray diffraction was collected in angle disper-
sive mode at 11-BM (ambient pressure) and HPCAT 16-
BM-D (high pressure) beamlines of the Advanced Photon
Source, Argonne National Laboratory. Ambient pressure
data were measured using λ = 0.4581 Å (E ≈ 27 keV). A
kapton capillary of 0.5 mm diameter was coated with the
sample using vacuum grease, and placed inside another
kapton capilary of 0.8 mm inner diameter. The sample
was spun at high frequency (> 60 Hz) to improve powder
averaging, and data collected using a set of 12 indepen-
dent Si(111) analyzers [20]. High pressure was generated
using Princeton-type symmetric cells fitted with diamond
anvils of 300 µm culet diameter and Re gaskets. The x-
ray wavelength was set to λ = 0.4134 Å (E ≈ 30 keV),
which increases the accessible reciprocal space (pressure
cell aperture ≈ 20◦ in 2θ), and minimizes the absorp-
tion from the diamond anvils and boron carbide seat.

Both ruby fluorescence and gold lattice constant served
as manometers [21–23]. Low temperature (15 K) mea-
surements were performed using a He flow cryostat, with
pressure applied in-situ. Data were also collected in a
separate measurement at room temperature to avoid the
background generated by the cryostat windows. Helium
gas was used as pressure medium, and was loaded us-
ing the GSECARS gas loading facility [24]. The 2D im-
ages from the MAR3450 detector were converted to 1D
diffractograms using the Dioptas software [25, 26], which
was also used to mask diamond Bragg peaks, as well as
correct for the diamond and seat absorption. Rietveld
refinements were done using GSASII [27].

B. X-ray absorption fine structure

High pressure isothermal x-ray absorption fine struc-
ture (XAFS) measurements were performed at 15 and
300 K at the 4-ID-D beamline of the Advanced Photon
Source, Argonne National Laboratory. Temperature was
controlled using a He flow cryostat. Data were collected
using a diamond anvil cell fitted with nanopolycrystalline
(NPD) diamond anvils of 400 µm culet diameter and
stainless steel gasket [28, 29]. Neon was used as pres-
sure medium [24], and ruby fluorescence as manometer
[22, 23]. Incident and transmitted x-rays were detected
using N2 and Ar filled ion chambers, respectively. The
data were normalized and modelled using the Larch pack-
age and FEFF8 [30, 31]. XAFS temperature dependence
was collected at ambient pressure, from which the E0

(4.64 eV) and S2
0 (0.98) parameters of the XAFS equa-

tion were extracted, and used to reduce the number of
variables in the modelling of the high pressure data (see
Supplementary Material for further details [25]).

C. Ab-initio structure search

All DFT calculations were performed with VASP us-
ing the projector-augmented wave (PAW) potentials and
the Perdew-Burke-Ernzerhof (PBE) exchange correla-
tion functional in the generalized gradient approximation
(GGA) [32–36]. A 500-eV plane-wave energy cutoff and
6×6×4 or finer Monkhorst-Pack k-meshes ensured good
numerical convergence. Final stability and band struc-
ture results were obtained in the DFT+U approximation
with the SOC included [37–40]. We chose typical Ueff

values of 2 eV and 6.5 eV for Ir and Cu, respectively
[39, 41].

Unconstrained searches for lowest-enthalpy phases at
the DFT+U level were driven by an evolutionary algo-
rithm implemented in MAISE [42]. As in our previous
joint studies [41, 43], we chose not rely on any crystal-
lographic input from high-pressure experiments for an
independent identification of the ground states. Global
optimization runs at 0, 8, 16, and 40 GPa with 12-16
members in the population were initialized with random
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FIG. 1. Pressure dependence of the powder x-ray diffraction
of Cu2IrO3 taken at (a) RT and (b) 15 K. Each temperature
map was normalized to its maximum intensity, and peaks
from Au manometer were masked. White dashed vertical lines
and shaded area mark the coexistence regions that separate
three distinct phases at room temperature (labeled here as 1,
2 and 3), and four at low temperature (1, 2, 4, and 5).

structures for 12-atom unit cells or randomized C2/c
structure for 24-atom unit cells and evolved for up to 15
generations. The C2/c seeds allowed us to accelerate the
searches without constraining candidate structures to a
particular symmetry or morphology. Due to the consid-
erable computational cost of DFT calculations, the bulk
of this investigation was conducted for pressures below
20 GPa.

III. RESULTS

Figure 1 summarizes the pressure dependence of
PXRD in Cu2IrO3. Three phases are observed at room

temperature below 40 GPa, which here are labeled 1,
2, and 3. The first phase transition happens at 7.5 ± 1
GPa, being marked by an apparent splitting of a few
Bragg peaks. The onset of phase 3 occurs at 14.5 ± 2
GPa, and leads to a dramatic change in the diffraction
pattern. The behavior of the Bragg peak at 2θ ∼ 4◦

is particularly noteworthy as it is a measure of the in-
terplanar distance. Its discontinuous increase in angu-
lar position is a clear signature that phase 3 features a
collapsed interplanar distance. Phases 1 and 2 also oc-
cur at low temperature within similar pressure ranges,
but pressures beyond 15 GPa drive Cu2IrO3 into differ-
ent structures than those seen at RT. Interestingly, the
interplanar distance is continuously reduced in phase 4,
collapsing only at the onset of phase 5 around 30 GPa,
about twice the pressure (15 GPa higher) than needed
at RT. All observed phase transitions are reversible upon
pressure release at RT [25]. These features highlight a
rich phase diagram in Cu2IrO3, which we address in more
detail in the following sections.

A. Phase 1: Ambient pressure structure revisited

Cu2IrO3 was originally solved with a C2/c (mS48)
structure comprising Ir-Cu layers with the signature Ir
honeycomb framework linked by O-Cu-O dumbbells [Fig.
2(a)] [7]. Even though the honeycomb planes are chem-
ically well ordered, the presence of stacking faults was
simulated in the Rietveld refinement of the PXRD data
via partial occupancies of the in-plane Ir and Cu sites [7].
Stacking disorder has been shown to be irrelevant for the
Na2IrO3 structural stability [44], we thus simulated the
Cu2IrO3 with a fully ordered 48-atom unit cell in the
DFT calculations [7].

As in the case of Na2IrO3 [44], C2/c turned out not
to be a local minimum for Cu2IrO3 and promptly re-
laxed into a simpler C2/m (mS24) structure in our
DFT+U+SO calculations. Figure 2(a)&(c) illustrate one
of the clear differences between the two polymorphs: a
smaller degree of the O-Cu-O bending in C2/m (below
5 degrees) compared to that in C2/c (up to 19 degrees).
Unexpectedly, our evolutionary searches identified a new
P21/c (mP24) configuration with a similar morphology
but significantly lower energy (7.2 meV/atom at 0 GPa)
[25]. In contrast to C2/c and C2/m, it allows for a small
in-and-out of plane modulation of the Cu positions (by
±0.08 Å) in the pure Cu layers and a similar modula-
tion of the Ir positions (by ±0.05 Å) in the Ir-Cu layers
[25]. The relative enthalpy also indicates that P21/c re-
mains favored under compression until 8 GPa (Fig. 6
and supplemental material [25]). Having considered fer-
romagnetic (FM) and different antiferromagnetic (AFM)
initial conditions in our DFT+U+SO calculations, we
observed the FM ordering of Ir (0.15-0.35 µB) and Cu
(∼ 0.75µB) magnetic moments in the Ir-Cu layer to have
the lowest enthalpy. This behavior differentiates Cu2IrO3

from Na2IrO3 and Li2IrO3 that display an AFM order-
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FIG. 2. Cu2IrO3 at ambient pressure. (a) Previously sug-
gested C2/c structure [7]. (b) P21/c structure obtained from
evolutionary searches. (c) C2/m structure obtained with
DFT by relaxing the C2/c structure. Ir, Cu, and O ions
are represented in yellow, blue, and red, respectively. Note
that in P21/c, the a axis is out of the honeycomb plane. (d-f)
Ambient pressure PXRD Rietveld refinement using the C2/c,
P21/c, and C2/m structures, respectively. The shaded areas
mark the peaks that display Warren line shape asymmetric
broadening and were excluded from the Rietveld refinement.

ing at the DFT+U+SO level [44, 45]. Note, however,
that a peak in the magnetic susceptibility of Cu2IrO3 is
observed near 2 K, which is likely due to spin freezing of
the Cu2+ ions, but that, combined with a negative Curie-
Weiss temperature, may alternatively mark the onset of
AFM order [7, 10].

These structures feature similar PXRD patterns, with
distinct differences only seen in certain weak peaks [Fig.
2(d-f)]. However, the presence of stacking faults dra-
matically affects such peaks and makes it very difficult
to uniquely determine the structure through PXRD. Ri-
etveld refinement at ambient pressure yields a larger wR-

FIG. 3. (a)&(b) Cu2IrO3 PXRD data across the phase 1
to 2 transition at RT and LT, respectively. The emergence
of phase 2 is marked by a discontinuous reduction in one of
the in-plane axis, which splits certain peaks, such as those
marked in red arrows. (c-h) Pressure dependence of the lattice
constants of Cu2IrO3 at room temperature. Note that in the
P21/c structure the c-axis lies in honeycomb plane. A mixture
of phase 1 (P21/c) and 2 (α-P1) was used for 7.5 and 8.2
GPa. The changes in α and γ for these pressures is likely due
to correlation between the two phases.

factor for the C2/c structure (16.5%) than C2/m or
P21/c (both 14.8%), suggesting that the former is not the
ground state structure, but also highlighting our inabil-
ity to experimentally distinguish the C2/m and P21/c
phases. In the remainder of this manuscript, we will use
the theoretically determined P21/c space group to de-
scribe phase 1.
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B. Phase 2: Ir-Ir dimers

The onset of phase 2 occurs at 6±1.5 GPa and 7.5±1
GPa at LT and RT, respectively [Fig. 3(a)&(b)]. The
P21/c structure with a collapsed c axis and slightly in-
creased b axis can reasonably reproduce the diffractogram
[note that b and c are in-plane, Fig. 2(b)], albeit with
a sizable increase in wR (5.66%, compared to <∼ 4% at
lower pressures [25]), which suggests that phase 2 has a
different space group.

Evolutionary searches at 16 GPa produced two alter-
native low-enthalpy α-P1 (aP24) and β-P1 (aP12) struc-
tures, with dimerized Ir-Ir frameworks, which are derived
from the respective P21/c and C2/m phases with the
same order in stability [25]. The lower-enthalpy α-P1 is
taken as the ground state crystal structure, being theo-
retically stable between 8-20 GPa.

Following the DFT prediction, we find that the α-P1
structure is a better match to the experimental data (wR
= 4.96 %), albeit with somewhat different lattice con-
stants from those theoretically predicted [25]. Extracted
lattice constants are reported in Fig. 3(c-h). Due to
angular constraints and background from the diamond
anvil cell environment, attempts to refine the atomic po-
sitions using the lower symmetry α-P1 space group have
yielded inconsistent results, with large differences in Ir-Ir
distances leading to small differences in wR.

XAFS measurements at the Ir L3 edge were performed
in order to experimentally probe for the presence of Ir-
Ir dimers in phase 2. A distinct change in the XAFS
data is observed across the phase 1 to 2 transition [Fig.
4(a)]. The shift in spectral weight seen between 2-3.5 Å
points to a reconstruction of the shortest Ir-Cu and/or
Ir-Ir distances. The XAFS of phase 1 is very well de-
scribed by the P21/c structure with nearly degenerate
Ir-Ir distances. With the onset of phase 2, the XAFS
signal can only be reproduced if one Ir-Ir distance is sub-
stantially shortened to dshort

Ir−Ir ≈ 2.6 Å, demonstrating the
presence of Ir-Ir dimers in phase 2. The dimerized bond
length is similar to that observed in Li2IrO3 [4, 5], but
shorter than predicted [∼ 2.8 Å, Fig. 4(f)]. While the
origin for such discrepancy is unclear, the predicted onset
pressure is very close to the experimental value, and the
resulting α-P1 phase is not only a better match to the
PXRD data, but consistent with the symmetry seen in
α-Li2IrO3 [5, 6].

C. Phases 3, 4 and 5: collapse of interplanar
distance

While Ir-Ir dimerization happens within the honey-
comb plane in phase 2, the interplanar distance (dplanes)
is pressure independent until ∼ 15/20 GPa at RT/LT, re-
spectively [Fig. 5 (e)]. This is a remarkable observation
in itself, since one might expect the O-Cu-O dumbbells
to be prone to buckling at lower pressures. At room tem-
perature, the onset of phase 3 at 14.5± 2 GPa features a

FIG. 4. Cu2IrO3 Ir L3 XAFS. The χ(k) data were Fourier

transformed using Hanning window with kmin = 3.5 Å
−1

,

kmax = 13.5 Å
−1

, dk = 1.0 Å
−1

, kweight = 2. Fits were per-
formed in R space within 1.3-4.6 Å. (a) Pressure dependence
of the χ(R) magnitude. The dimerization transition is marked
by an increase intensity around 2.5 Å (red arrow). (b)&(c)
Results of the EXAFS modeling across the phase transition.
(d)&(e) Honeycomb structure of the P21/c and α-P1 phases,
with the Ir-Ir dimers shown in red. (f) Extracted pressure
dependence of Ir-Ir distances at room temperature and 15 K.
Note that the P1 symmetry of phase 2 allows for three distinct
Ir-Ir distances, but XAFS can resolve only two.

discontinuous reduction in the interplanar distance [Fig.
5(a)&(e)]. On the other hand, at low temperature, the
onset of phase 4 at 18± 4 GPa is marked by a change in
the ∂dplanes/∂P [Fig. 5(b)&(e)], with a collapse of dplanes

observed upon transition into phase 5 at 30±4 GPa [Fig.
5(c)&(e)].
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Substantial peak broadening at high pressure hinders
the identification of the structural symmetry of phases
3, 4 and 5. Structural searches find a new α′-P1 (aP12)
phase above 20 GPa with collapsed interplanar distance,
and no Ir-Ir dimers [25]. However, this structure appears
to be inconsistent with the PXRD data [25], preventing
us from extracting the lattice constants beyond phase 2.
As discussed in section IV C, the strong PXRD tempera-
ture dependence beyond 15 GPa complicates the compar-

FIG. 5. Cu2IrO3 PXRD across phases 2-3 at RT (a), 2-4 at
15 K (b), and 4-5 at 15 K (c). (d) Comparison between the
PXRD of phases 3 and 5, which occur at the same pressure,
but are distinctly different. The cross symbol in (b-d) marks
the position of the visible Au manometer Bragg peak. (e)
Interplanar distance extracted from the (1 0 0) reflection [in
P21/c notation, peak around 2θ ∼ 4− 5 degrees in panels (a-
d)] at room and low temperatures, as well as that in phases
predicted using the evolutionary algorithm.

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0

- 1 0

- 5

0

5

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0
0 . 0

0 . 1

0 . 2

0 . 3

0 . 4

( a )

( b )

P 2 1 / c  �  α- P 1
N M

P 2 1 / c  �  α- P 1
F M  +  S O

∆H
 (m

eV
/ato

m)

α- P 1

P 2 1 / c

P 2 1 / c  �  α- P 1
F M

dim
eri

zat
ion

 (Å
)

p r e s s u r e  ( G P a )
FIG. 6. Relative enthalpy (a) and dimerization (b) in two
related P21/c and α-P1 phases calculated with DFT+U with
the NM, FM, and FM+SO settings. The local optimizations
at each pressure were performed starting with either P21/c
relaxed at 0 GPa (hollow points) or α-P1 relaxed at 16 GPa
(solid points). At the highest level of theory (red solid points),
α-P1 becomes more stable than P21/c at 8 GPa.

ison between experiment and theory at these pressures.
Interestingly, phases 3 and 5, both of which happen af-

ter an interplanar distance collapse, are not identical, as
evidenced by their distinct diffraction patterns at a sim-
ilar pressure [Fig. 5(d)]. Furthermore, their interplanar
distance is not only markedly different (5.031 Å at RT
and 4.766 Å at LT around 39 GPa), but displays distinct
compressibility: -0.0076 Å/GPa and -0.0115 Å/GPa at
RT and LT, respectively. In phases 1, 2, 4, and 5 the
peaks around 2θ = 5 − 6◦ are broadened due to stack-
ing faults [7]. However, well defined peaks appear in this
region for phase 3 at RT [Fig. 5(d)], suggesting that
the interplanar collapse at RT leads to a stronger struc-
tural correlation between the honeycomb planes. It is
unclear, however, why such correlation does not emerge
at low temperatures, where the interplanar distance is
even shorter.

IV. DISCUSSION

A. Ir-Ir dimers in honeycomb iridates at high
pressure

Pressure-induced Ir-Ir dimers have been observed in
Li2IrO3 polymorphs around 2-4 GPa [3–6]. However,
dimerization is not seen experimentally in Na2IrO3 up
to at least 58 GPa [46, 47], although resistance measure-
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by element is shown in Figs. S5-7 [25].

ments point to an electronic transition around 45 GPa,
that is similar to the theoretically predicted dimeriza-
tion in this material [48]. Combined with the present
work, the tendency for dimerization in A2IrO3 com-
pounds appears to correlate with the A-site ionic radius
RLi1+

<∼ RCu1+ < RNa1+ [49]. Future studies can ver-
ify this relationship by probing the recently synthesized
Ag3LiIr2O6 and H3LiIr2O6 [12, 13].

In order to establish the factors promoting dimeriza-
tion, we examined the P21/c (phase 1) and α-P1 (phase
2) structures up to 20 GPa under different simulation
conditions (Fig. 6). We started the local optimizations
with either non-dimerized P21/c relaxed at 1 bar (hol-
low points) or α-P1 relaxed at 16 GPa (solid points) and
used DFT+U calculations with non-magnetic (NM), fer-
romagnetic (FM), or FM plus spin orbit (FM+SO) inter-
actions. The observed hysteresis in the pressure-induced
dimerization transition indicates the existence of two lo-
cal minima separated by a small barrier. Namely, the
dimerized structure is more stable above 18, 4, and 8
GPa in the NM, FM, and FM+SO cases, respectively,
but the transformations depend on the direction of the
pressure change. For example, in the FM+SO local op-
timizations the structure fully dimerizes only around 11
GPa upon pressure increase and fully undimerizes around
2 GPa upon pressure decrease.

B. Impact on the electronic structure

Despite their similar morphology, the DOS of the
P21/c and C2/m phases at 1 bar are markedly different
near the Fermi level [Fig. 7(a)], with the former being a
zero-gap semiconductor and the latter metallic. There-
fore, the P21/c phase is a better match to the known
insulating state of Cu2IrO3 [7], an essential ingredient
for the Kitaev exchange in this system [2]. This finding
illustrates the sensitivity of the key electronic structure
properties of intercalated honeycomb iridates to the sub-
tle symmetry-defined variations in the positions of the
Ir atoms within the honeycomb layers and the fine struc-
tural differences in the O-Cu-O dumbbell interlayer links.
Close inspection of the changes in electronic DOS with
pressure for the different DFT settings provides insights
into the stability ranges in Fig. 7 (d-f). Substantial dif-
ferences in the transition pressure values are found in
the NM, FM, and FM+SO calculations for P21/c and
α-P1 phases at 10 GPa (Fig. 6). At the NM level, the
DOS profile undergoes little change upon the Ir frame-
work dimerization. With no apparent stability gain from
the electronic state redistribution, the compound remains
in the non-dimerized configuration up to at least 18 GPa.
At the FM level, the dimerization has a pronounced effect
on the DOS near the Fermi level turning the compound
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from a metal into a 0.3 eV semiconductor, similar to a
Peierls transition. The transition is associated with the
largest gain in enthalpy and, consequently, happens at
the lowest pressure of 4 GPa. In the fully relativistic
treatment, the SO coupling makes the material a zero-
gap semiconductor even in the non-dimerized form, thus
Cu2IrO3 does not stabilize nearly as much as in the FM-
only case (without SO) when the dimerization opens up
a similar 0.3 eV band gap. As a result, the transition oc-
curs at a higher pressure (8 GPa) in excellent agreement
with the measured value. Similar correlation between
structural stability and (pseudo)gap formation have been
reported in various materials [50–53].

The Ir-Ir dimerization in phase 2 (α-P1) drives the
creation of 5d molecular orbitals, which are expected to
destroy the Jeff state [3, 6, 54]. While the Jeff character
of the 5d orbitals in phase 2 cannot be directly asserted
here, the Ir projected DOS in this phase is characterized
by an increased insulating gap [25], which is consistent
with the presence of bonding and anti-bonding molecular
orbitals. This result also agrees with the insulating be-
havior of β-Li2IrO3 in its high-pressure dimerized phase
[3].

Beyond phase 2 (> 15-20 GPa), the structure found
in the evolutionary search (α′-P1) appears to be incon-
sistent with the PXRD data [25]. Theory successfully
predicts the collapse of the interplanar distances above
15 GPa [Fig. 5(e)], but the theoretical distance is sub-
stantially shorter than the experimental data. The elec-
tronic structure appears to be dramatically modified in
this transition, with Ir-Cu hybridization largely domi-
nating this phase [25]. Notably, an increase in the DOS
above the Fermi level is observed in one of the sites in
the Cu plane, which suggests that Cu loses some electrons
[25]. This is not entirely surprising since the reduced in-
terplanar distance likely increases the Cu coordination
number, which favors the 2+ valence. Given the broad
bands at this pressure, it is difficult to determine where
these electrons go, but the oxygen orbitals are nominally
filled, therefore, one can speculate that Ir may move to-
wards 3+ valence (5d6).

C. Novel high-pressure phases

The collapsed interplanar distance beyond 15 GPa sug-
gests that, structurally, Cu2IrO3 [dplanes ∼ 4.6− 5.3 Å,
Fig. 5(e)] becomes more similar to the ambient pres-
sure structure of α-Li2IrO3 (dplanes = 4.820 Å [55]) and

Na2IrO3 (dplanes = 5.307 Å [44]). Notably, the theoreti-
cally predicted collapsed phase (α′-P1) does not contain
Ir-Ir dimers [25]. However, the Ir and Cu orbitals are ex-
pected to largely hybridize at high pressure [25], leading
to an electronic structure that is very different from the
ambient pressure α-Li2IrO3 or Na2IrO3. Curiously, the
α′-P1 phase features a larger insulating gap compared
to P21/c or α-P1 [Fig. 7 (a-c)], despite the increased
Ir-Cu hybridization and undimerized honeycomb layers

[25]. A similar collapse of the interplanar distance likely
occurs in H2LiIr2O6 and Ag2LiIr2O6, which, as Cu2IrO3,
have intercalated honeycomb layers at ambient pressure
[12, 13]. While the Ag 4d orbital will likely hybridize
with the Ir 5d in a similar manner as seen here, the high
pressure electronic structure of a collapsed H2LiIr2O6 is
less clear.

The presence of distinct high pressure phases at room
and low temperature is not unusual, but the dramatic
structural temperature dependence of Cu2IrO3 above 15
GPa is noteworthy. In particular, the collapse of the
interplanar distance at 15 K requires twice (about 15
GPa) the pressure as at 300 K. Additionally, a signifi-
cantly larger out-of-plane compressibility is seen at low
temperature relative to RT. These observations may be
explained by the presence of multiple nearly degenerate
ground states. However, Cu2IrO3 could also be trapped
in metastable phases at low temperature, which may
involve temperature-dependent lattice/charge dynamics
in the O-Cu-O dumbbells, possibly driven by 3d-5d hy-
bridization and related oxidation of Cu sites as implied by
the DFT calculations [25]. Jahn-Teller modes associated
with Cu2+ ions may contribute to this unusual response.
Both scenarios would largely hamper our ability to iden-
tify the observed phases via ab-initio calculations, since
the sizeable shear stress acting on the sample and the
structure kinetics cannot be simply modeled. Directly
probing the response of the electronic structure under
pressure and variable temperature is required to eluci-
date if and how the unusual phase diagram of Cu2IrO3 is
connected to underlying changes in electronic structure.

V. CONCLUSIONS

We studied the structure of Cu2IrO3 as a function of
pressure and temperature using a combination of exper-
imental and theoretical methods. Contrary to earlier re-
ports, we suggest that the ambient pressure structure
of Cu2IrO3 belongs to the new P21/c space group. A
transition into the α-P1 phase occurs around 7 GPa
at both room temperature and 15 K, being marked by
the presence of Ir-Ir dimers. This transition pushes
Cu2IrO3 away from a Kitaev QSL state since it likely
forms molecular orbitals, which destroy the Ir Jeff = 1/2
state. While the proximity to a dimerized state hinders
the use of pressure to control Kitaev/Heisenberg mag-
netic exchange in Cu2IrO3, the Jeff orbitals should per-
sist in a larger pressure range for samples with larger A
cations, such as Na2IrO3. Further compression not only
drives Cu2IrO3 into novel structures, but also leads to
dramatic differences in the structures at room and low
temperatures. Ultimately, despite being different, the
phases above 30 GPa are derived from a discontinuous
reduction in the interplanar distance, which likely occurs
due to the collapse of the O-Cu-O dumbbells. These
results uncover a rich high pressure phase diagram for
Cu2IrO3, but they also raise further questions. In partic-
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ular, the electronic structure across these multiple phase
transitions remains to be experimentally explored. It is
also unclear if the strong temperature dependence in the
structural evolution under pressure is simply driven by
kinetics (thermal energy), by unusual lattice/charge dy-
namics in the dumbbell structure, or if these are actually
metastable phases that depend on the thermodynamic
path. Finally, these results should stimulate high pres-
sure work on H2LiIr2O6 and Ag2LiIr2O6 in order to de-
termine the generality of the pressure-temperature phase
diagram, and search for potential new phases.
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