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Abstract: We show that the onset pressure for appreciable
conductivity in layered copper-halide perovskites can decrease
by ca. 50 GPa upon replacement of Cl with Br. Layered Cu—CI
perovskites require pressures > 50 GPa to show a conductivity
of 107* Scm™!, whereas here a Cu—Br congener, (EA),CuBr,
(EA = ethylammonium), exhibits conductivity as high as 2 x
107 Sem™ at only 2.6 GPa, and 0.17 Sem™ at 59 GPa.
Substitution of higher-energy Br 4p for CI 3p orbitals lowers
the charge-transfer band gap of the perovskite by 0.9 eV. This
1.7 eV band gap decreases to 0.3 eV at 65 GPa. High-pressure
X-ray diffraction, optical absorption, and transport measure-
ments, and density functional theory calculations allow us to
track compression-induced structural and electronic changes.
The notable enhancement of the Br perovskite’s electronic
response to pressure may be attributed to more diffuse Br
valence orbitals relative to Cl orbitals. This work brings the
compression-induced conductivity of Cu-halide perovskites to
more technologically accessible pressures.

Introduction

Layered or two-dimensional (2D) Cu—Cl perovskites are
translucent yellow insulators. These crystalline solids have
been examined under pressure for decades, revealing their
pronounced structural and electronic evolution upon com-
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pression.!"! Motivation for their study has come, in part, from
their similarities to the cuprate superconductors, whose
critical temperatures (7,) show a large pressure response.”
In addition, the possibility of mechanically suppressing the
Jahn-Teller (JT) distortion of the Cu" ions has spurred
numerous high-pressure studies.!"! This JT distortion results
from the Cu 3d’ electronic configuration that drives a tetrag-
onal elongation of the corner-sharing Cu-X (X =halide)
octahedra (Figure 1 A,B), where the elongated bonds lie
along the inorganic sheets. The singly occupied Cu d._p
orbitals could produce a half-filled band conducive for
electronic transport. However, Cu-X perovskites remain
insulating because this conduction pathway is disrupted by
the antiferrodistortive alignment of the elongated X-Cu-X
axes (Figure 1B), resulting in orthogonal Cu d,._. orbitals.”!
The poor overlap between copper-derived half-filled orbitals
therefore yields an electronic structure that is almost molec-
ular in nature. Indeed, 2D Cu-X perovskites order ferromag-
netically within their inorganic layers below 7, values as high
as 72K due to the orthogonality of the Cu d.._,. orbitals
containing unpaired spins.*) Importantly, the entire 2D Cu-X
perovskite family contains structurally analogous inorganic
layers and similar electronic structures. Prior efforts to
remove this orbital orthogonality through compression of
Cu—Cl perovskites such as (EA),CuCl, and its congeners!'*!
have elicited strong structural and piezochromic responses,
indicating changes in orbital interactions that modulate
electronic structure. At ca. 4 GPa, 2D Cu-Cl perovskites
turn from translucent yellow to red likely due to the reduction
of the ligand-to-metal charge-transfer (LMCT) band gap.
Structural studies at these pressures have provided evidence
for phase transitions resulting in octahedral tilting (rota-
tions), ¢l which can induce partial overlap between Cu
d,_,.-derived orbitals. However, the materials remained
insulating at these pressures. We reported the first example
of electronic transport in a layered Cu—Cl perovskite, albeit at
very high pressure."! This conductivity was attributed to
a combination of Cu—Cl bond compression and octahedral
tilting, which in concert could provide a conduction pathway
through partial overlap of half-filled orbitals. By ca. 12 GPa,
the Cu—Cl perovskite (EDBE)CuCl, (EDBE =2.2'-(ethyl-
enedioxy)bis(ethylammonium)) appeared opaque black and
at 51 GPa a maximum conductivity of 2.9x 107 Sem™ was
measured with an activation energy of conduction (E,) of
0.218(5) eV.'l Herein, we show that the pressure required to
obtain appreciable electronic conductivity in Cu-X layered
perovskites can be reduced by ca. 50 GPa upon replacement
of Cl with Br, attributed to the more diffuse Br valence



Energy

R o D | — Total DOS
A B C b, —n® 20 e
a 71 o 1] % Cu (d)
b,g ! I g 10
¢ N t> eZg ﬁ | % 0'— V
B &
3 5 5 Br § ~104]
a,, gy T —20
T T T
e, =— -2 -1 0 1
(EA)2CuBr4 E-E. (eV)

Figure 1. A) Single-crystal X-ray structure of (EA),CuBr, (EA=ethylammonium). Orange, brown, gray, and blue spheres represent Cu, Br, C, and N,
respectively. H atoms omitted for clarity. B) A Cu-Br layer in (EA),CuBr, with schematic d,._,. orbitals overlaid to illustrate their orthogonality.

C) A schematic orbital energy diagram illustrating the electronic structures of 2D Cu-Cl (left) and Cu-Br (right) perovskites. The ligand-to-metal
charge-transfer (LMCT) energies (black arrows) are substantially reduced upon replacement of Cl with Br, whereas the metal d—d transitions (gray
arrows) remain relatively unchanged. Insets show photographs of (EA),CuCl, (yellow) and (EA),CuBr, (dark purple). D) Spin-polarized density of
states (DOS) of (EA),CuBr, calculated with PBE using Tkatchenko-Scheffler van der Waals’ corrections and U=8 eV on the Cu d orbitals with in-
plane antiferromagnetic ordering. The highest-energy filled state is set to zero. The computed DOS are consistent with the lower-energy Laporte
forbidden predominantly Cu d—d transitions and the higher-energy dipole-allowed LMCT transitions observed in room-temperature optical spectra

(Figure 3A).

orbitals capable of enhanced orbital overlap relative to Cl
orbitals. Electronic conductivity as high as 1.98(8)x
107 Scm™! can be attained at only 2.6 GPa in a 2D Cu-Br
perovskite, (EA),CuBr,. The crystal structure of this 2D Cu-
Br perovskite has not been reported previously, although its
magnetic properties have been studied.’! We contrast the
compression-induced electronic properties of (EA),CuBr,
with those of the previously reported Cu—Cl perovskites such
as (EA),CuCl, and (EDBE)CuCl,. Replacement of Cl with
Br also yields a large decrease in the LMCT band gap from ca.
2.6 to 1.7 eV at ambient pressure. Compression of the Cu-Br
perovskite affords a large band gap reduction, leading to
a band gap of ca. 0.3 eV at 65 GPa, which is projected to close
at 77 GPa.

Results and Discussion

Motivated to achieve the compression-induced electronic
properties of Cu—Cl perovskites at more accessible pressures,
we investigated the effects of replacing chlorides with heavier
halides containing more diffuse orbitals to improve band
dispersion through increased compression-induced orbital
overlap. Copper-iodide perovskites are not known, likely due
to the propensity of Cu*" to oxidize I". We therefore explored
the high-pressure properties of Cu-Br perovskites. Indeed,
magnetic studies have shown significantly larger superex-
change interactions in Cu-Br perovskites relative to the
chlorides, attributed to the bromides’ extended orbitals.?®®
The 2D Cu-Br perovskites are structurally analogous to the
chlorides, yet only 11 are reported in the Cambridge
Structural Database. To our knowledge, no investigations of
their high-pressure properties have been reported.

For this study, we synthesized the 2D perovskite
(EA),CuBr, (Figure 1 A). The chloride analog, (EA),CuCl,,
exhibits an ambient-pressure bulk modulus (K,) of 8.4 GPa,!"
which is ca. 10-20 GPa lower than other Cu—Cl perovskites
with organic monolayers (containing diammonium mole-
cules) or inorganic cation layers'**™" Lower K, values

indicate greater compressibility, decreasing the pressure
necessary to induce significant structural and electronic
modification. Evaporation of a methanolic solution of
(EA)Br and CuBr, (see Supporting Information for addi-
tional details) yields purple-gold plate-like crystals of
(EA),CuBr, with metallic luster, whereas powder samples
appear dark purple. The crystal structure of this 2D Cu-Br
perovskite is structurally analogous to other Cu-X perov-
skites. A pronounced JT distortion of the metal-halide
octahedra gives short and long Cu-Br distances of 2.4299(6)
and 3.1404(6) A, respectively.

Structural Response to Compression

We tracked the structural relaxation of (EA),CuBr,
during compression in diamond-anvil cells (DACs) by meas-
uring powder X-ray diffraction (PXRD) up to 64 GPa
(Figures S1 and S2). With increasing pressure, the cell volume
of the low-pressure o phase (space group: P2,/c) is continu-
ously reduced up to ca. 1.5 GPa. Above this pressure, a first-
order crystalline phase transition is evident, which is complete
after subsequent compression to 2.6 GPa (Figure S1). A
similar first-order transition to a high-pressure phase occurs
in 2D Cu-Cl perovskites at slightly higher pressures, ca. 3—
4 GPa."l Based on observed reflections and systematic
absences, we have indexed this high-pressure [} phase in
(EA),CuBr, to the orthorhombic Cccm space group although
other space-group/unit-cell assignments are also possible. We
also observe an increase in lattice stiffness above ca. 4 GPa,
similar to the increased stiffness we reported for a Cu—Cl
perovskite above ca. 8 GPa.'!l This reduced compressibility is
consistent with a second-order, isostructural phase transition
to a high-pressure y phase that retains the same lattice
symmetry. This change in compressibility is illustrated by a fit
of the measured pressure-volume relationship for
(EA),CuBr, to the second-order Birch-Murnaghan equation
of state (Figure 2). Within the  phase, we determine an
ambient-pressure bulk modulus (K;) of 12(2) GPa (Fig-
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Figure 2. Unit-cell volume changes with pressure measured with X-ray
diffraction for (EA),CuBr, for A) the low-pressure o phase (P2,/c) and
B) the high-pressure § and y phases (Cccm). Second-order Birch—
Murnaghan equation-of-state fits (black lines) and fit parameters are
shown. Unit-cell volumes in (A) are multiplied by 6 for comparison
with the 3 and v phases.

ure 2 B)—identical to the value of 12.2(9) GPa we find for the
o phase (Figure 2 A). However, above 4 GPa, we obtain K, =
51(4) GPa for the y phase from our measurements (Fig-
ure 2B), and we calculate a 2.5-fold decrease in compressi-
bility. Our previous work on the Cu—Cl perovskite (EDBE)-
CuCl, elucidated a high-pressure y phase with a K of 59.2(9)
above its apparent second-order transition at ca. 8 GPa.l'!
The similarity of this K, value to the measured K, for an
individual CuCls*~ octahedron of 63 GPal®! suggested that
pressure-induced volume reduction in the y phase of the
perovskite was primarily associated with Cu—Cl bond com-
pression. The K, of 51(4) for the y phase of the Cu-Br
perovskite similarly suggests that above ca. 4 GPa, within the
v phase, a large component of the volume reduction occurs
through compression of the Cu-Br octahedra. Notably,
octahedral compression appears to be more facile (lower
K;) and occurs at lower pressures (by ca. 4 GPa) in
(EA),CuBr, compared to (EDBE)CuCl,.

Above 6 GPa, another first-order crystalline phase tran-
sition to a high-pressure & phase occurs that is marked by
significant diffraction peak splitting, including the low-angle
peaks just below 3° and 6° (4 =0.4979 A, Figure S2). Due to
the relatively small number of discernible diffraction peaks
and their broadness from 6 GPa up to 64 GPa, we were
unable to reliably determine a space group for this & phase.

Peak broadness similarly precludes assessing if further phase
transitions occur at higher pressure. However, a high degree
of crystallinity is maintained up to the maximum measured
pressure, evident from the retention of Bragg reflections,
although the increase in broad baseline with compression may
signal a small, partially amorphous component. Similar to
other halide perovskites,'"” releasing pressure leads to the
recovery of the ambient-pressure o phase with minimal
hysteresis (Figure S5).

Optical and Electronic Response to Compression

The weak, broad band centered at approximately 1.6 eV
in the absorption spectra of (EA),CuBr, (Figure 3 A) results
from Laporte forbidden Cu d—d transitions between a,,, b,,,
and e, orbitals to the singly occupied b, orbital (Figures 1C
and S6).! These transitions appear at similar energies to
those of the analogous Cu-Cl perovskites, corroborating
a predominantly metal-based origin. The stronger absorption
onset at ca. 1.7 eV is assigned to a,, — b, and e, — by, ligand-
to-metal charge-transfer (LMCT) transitions from orbitals
with bromide p character (a,, and e,) to one with mostly Cu
dy_,» character (b,,) (Figures 1C and $6).'™"" This LMCT
band has a higher-energy onset of ca. 2.6eV in Cu-Cl
perovskites, due to the lower-energy Cl 3p orbitals compared
to the Br 4p orbitals (Figure 1C). Thus, replacement of Cl
with Br decreases the LMCT band gap by 0.9 eV, reflected in
the color of these solids, with Cu—Cl perovskites appearing
translucent yellow and Cu-Br perovskites appearing dark
purple with a metallic luster (Figure 1C insets). With
increasing pressure, we observe a large reduction of the band
gap in (EA),CuBr, from 1.7 eV at ambient pressure to ca.
0.3 eV at 65 GPa (Figures 3 and S7). The rate of band gap
change with pressure also tracks with the perovskite’s
structural relaxation, with changes in slope occurring at
similar pressures to the o — f§ and y — 0 phase transitions. A
simple linear extrapolation of the band gap as a function of
pressure projects band gap closure at ca. 77 GPa.

- 18 10° 4
54 5.1 -0 7 0 00 ©
JA s 164% B 1073 ¢ 00’
2.0 5| 141 % |
8] ig 2] e
g 191 o _m| > 1.0 11%%0%0 § 7 ] %° o
6 q —03 —24 E) 0 8 _- ! ! § (0 5 OOO
2 1.0 —or—»| 5 084 41 3 £ 10°4 00
2 —10—3| 2 g1 1! g o a0
-3 St Lt A : 1 °
0.5+ 2249 0-4‘_ : ¢ 3 3 10-8j o2 (EA),CuBr,
0] o 024 a-p i °° (EDBE)CuCI,
_I T T L T L T L o-r——7F7—"T—"T—T1 10-10 L L AL I L AL AL L
05 10 15 20 25 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Energy (eV)

Pressure (GPa)

Pressure (GPa)

Figure 3. A) Variable-pressure absorption spectra for (EA),CuBr, at visible and IR wavelengths, showing the redshift of the band gap with
increasing pressure up to 60 GPa. The d—d (gray arrow) and LMCT transitions (black arrow) are clearly resolved at lower pressures. B) Estimated
band gaps from the absorbance spectra in (A) as a function of pressure. Dotted lines indicate structural transition pressures, which coincide with
changes in the slope. C) Variable-pressure conductivity of (EA),CuBr, (purple), compared to (EDBE)CuCl, (green; Ref. [1f]). The gray area denotes

the lack of measurable conductivity (o) below 2.6 GPa (6<107® Scm™).



We then obtained variable-pressure four-point conductiv-
ity (o) measurements (Figure 3C). Notably, the inflection
points in the compression-induced conductivity also agree
well with structural and optical changes we observe through
PXRD and absorption spectroscopy, respectively. We were
unable to measure conductivity up to 2.6 GPa due to high
sample resistance (o< 10 Scm™). At 2.6 GPa, coinciding
with the completion of the o — f§ phase transition, we observe
a sudden conductivity onset with a notably high value of
1.98(8) x 107> Scm ™. For comparison, this conductivity value
is an order of magnitude higher than the maximum measured
value for the Cu-Cl perovskite (EDBE)CuCl, at 51 GPa.!'"
With continued compression, the conductivity of (EA),CuBr,
is invariant until it begins to slowly decrease above 6.3 GPa,
tracking with the y — 0 phase transition. This is followed by
rapid reduction of conductivity above 10 GPa, reaching a local
minimum at 17 GPa. The sudden drop in conductivity
between 10-20 GPa roughly coincides with the plateau in
the band gap vs. P. Indeed, the rise of the amorphous baseline
in the XRD data for the 8 phase suggests lattice disorder,
which can disrupt electronic conductivity.

We then see a rapid rise in conductivity, increasing by
three orders of magnitude with compression from 17 GPa up
to ca. 30 GPa. At these high pressures, we expect the effects of
Cu-Br bond compression to dominate, leading to increased
band dispersion and decreased band gap, reflected in the
steadily decreasing band gap at pressures above 20 GPa. The
rate of conductivity increase with rising pressure slows above
30 GPa, approaching asymptotic behavior. We measure
a maximum conductivity of 0.17(1) Sem™" at 59 GPa. For
comparison, despite the higher dimensionality in the 3D
perovskite (CH;NH;)PbI;, it shows a comparable conductiv-
ity of 0.57 Sem™' at 50 GPa (prior to metallization at ca.
62 GPa).”™ An Arrhenius fit to variable-temperature con-
ductivity values yields an activation energy of conduction (E,)
of 0.106(2) eV for (EA),CuBr, at 59 GPa (Figure S9), con-
sistent with semiconductor-like conduction behavior. The
trends exhibited during compression are maintained during
decompression as well (Figure S10), consistent with the
reversible optical and structural trends observed in other
halide perovskites.!'"7*"!

Electronic Structure of (EA),CuBr,

We performed first-principles-based density functional
theory (DFT) calculations, using the projector augmented
wave formalism (PAW) as implemented in the VASP code!”
to further interrogate the electronic properties of (EA),CuBr,
beyond the simplified schematic in Figure 1C. Structural
relaxations were performed with the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (PBE)!
using Tkatchenko-Scheffler"! van der Waals’ corrections
(PBE + TS vdW). Comparing calculated total energies for
nonmagnetic, ferromagnetic (FM), and antiferromagnetic
(AFM) orderings, FM order was found to be energetically
preferred, as observed experimentally below a T, of 11 K
(see Supporting Information and Figure S12). For both FM
and AFM orderings, a similar electronic structure is observed

that is consistent with the schematic depiction in Figure 1C
(see Supporting Information). Antiferromagnetic ordering
could be considered to more closely approximate the para-
magnetism of the perovskite above its 7. Thus, given the
overall similarity in electronic properties between the FM and
AFM states in terms of orbital contributions and energy
ordering of their densities of states, and the small energetic
difference between these two states (see Supporting Infor-
mation and Figure S16), we show the computed density of
states (DOS) of the AFM ordered state at zero pressure in
Figure 1D. Here, a Hubbard U correction™? of 8 eV on the Cu
d orbitals was included to account for the on-site Coulomb
repulsion of localized electrons. The computed DOS is
qualitatively consistent with Laporte forbidden Cu d-d
transitions as the lowest-energy transition, although the states
involved also have significant halide character, as expected
for antibonding metal-ligand orbitals. The next-highest-en-
ergy occupied states below the Fermi energy have majority Br
p character, which are consistent with dipole-allowed tran-
sitions to the conduction band minimum (CBM) and a no-
tional LMCT gap. The next set of empty states are 4 eV above
the CBM.

We quantify orbital contributions using hybrid Heyd-
Scuseria-Ernzerhof (HSE)!" functional calculations of the
DOS for the energetically preferred FM phase at zero
pressure (see Supporting Information and Figure S13), which
agree well with our PBE+vdW+ U calculations (Fig-
ure 1 D). We find that the Cu d states are spin split, with
spin-up and spin-down orbitals below and above the Fermi
energy, respectively. The highest-energy filled state has 75 %
Br p orbital character and 22 % Cu d character whereas the
CBM has, within our DFT-HSE calculations, 63% Cu d
orbital character and 35% Br p contributions. In the
analogous Cu—Cl perovskite (Figure S14), the relative con-
tributions of Cl and Cu states in the CBM are 30 % and 69 %
respectively, and the highest filled state has 27% Cu d
character and 72% Cl p character, consistent with prior
calculations."*! The slightly greater halide contribution in
the predominantly d-orbital bands of the Cu-Br perovskites
compared to the Cu—Cl perovskites corroborates the hypoth-
esis that the Br compound possesses greater covalency.

We performed constant-pressure relaxations at several
fixed pressure values including ambient pressure. The cell
volume and internal coordinates were optimized using PBE +
TS vdW—again with U=_8 eV on the Cu d orbitals. Here for
consistency with the DFT FM ground state, we considered
only FM ordering. Within the predicted pressure stability
range of the o phase below 2.6 GPa, we note a slight reduction
in both the JT distortion and octahedral tilting with increased
pressure. We find the ratio of long and short equatorial bond
lengths from our DFT calculations for the Cu-Br octahedra to
be reduced from 1.28 to 1.17. The slightly decreased
octahedral tilting is evidenced by the increase of the in-plane
Cu-Br-Cu angle from 160° to 165°. At a computed pressure of
20 GPa, the DFT-relaxed o-phase structure continues to
exhibit a reduction in JT distortion, approaching nearly equal
equatorial bond lengths, with a bond length ratio of 1.03. The
computed in-plane Cu-Br-Cu angle increases slightly to 168°.
The experimentally observed phase transitions that are likely



associated with large changes in octahedral tilting are not
captured in these calculations and could not be considered
here without knowledge of the atomic coordinates of the f§
and y phases. However, we find that ferromagnetic ordering is
no longer preferred above 10 GPa (Figure S18), indicating
a magnetic-nonmagnetic transition. Thus, loss of ferromag-
netism is consistent with the loss of orthogonality between the
primarily d,._,. orbitals, suggesting this as a possible explan-
ation of the emergence of greater conductivity as the JT
distortion is further suppressed.

Conclusion

Layered Cu-Cl perovskites have shown appreciable
electronic conductivity of 107*Scm™ only at pressures
exceeding 50 GPa, whereas their conductivity is ca. 10~ at
7 GPa. Herein we demonstrate a six-order-of-magnitude
increase in conductivity in copper-halide perovskites upon
moderate compression, through replacement of CI with Br. A
conductivity of 10~ Scm™' can be obtained in layered Cu-Br
perovskites at only 2.6 GPa, with the highest conductivity of
107" Sem™ measured at 59 GPa. These dramatic improve-
ments in pressured-induced properties may be attributed to
increased orbital overlap due to higher-energy and more
diffuse Br orbitals relative to the CI analogs. The lower K|, of
(EA),CuCl, (8.4 GPa)l'! compared to that of (EDBE)CuCl,
(17.1(4) GPa)'? further suggest that the organic bilayers in
(EA),CuBr, also contribute to the perovskite’s facile struc-
tural response to mechanical compression.

We attribute the sudden onset of electronic conductivity
at 2.6 GPa in (EA),CuBr, to octahedral tilting in the oo — f§
phase transition that can partially remove the orthogonality
between singly occupied d,._.-derived orbitals and provide
a conduction pathway, albeit with thinly dispersed electronic
bands. If the conductivity were to arise instead from thermal
promotion of electrons across a 1.6 eV band gap, a conserva-
tive estimate yields a carrier concentration below 10°cm™
(Figure S19). To then achieve a conductivity of 107 Scm™,
carrier mobilities would have to be non-physically high
(10" cm*>V~-'s7!; see Supporting Information). Even at
20 GPa, where the conductivity begins to rise again and the
band gap is ca. 1.0 eV, conservative estimates give a carrier
concentration of 10" cm™ and necessitate highly unlikely
mobilities of 5x10*cm?>V~'s™'. Thus, the sudden onset of
conductivity is more likely due to the pressure-induced
formation of half-filled electronic bands by partially relieving
the orthogonality between singly occupied molecular orbitals
composed of Cu d and Br p orbitals. At higher pressures,
particularly in the y phase when the perovskite’s compressi-
bility suddenly decreases ca. 2.5-fold, we expect Cu-Br bond
compression to drive the increase in conductivity through
both a reduction in band gap and increase in band dispersion.

We previously discussed the possibility of using the
reversible pressure-induced changes in perovskite films for
printing transient electronic circuits through high-pressure
contact and registering impact or strain through perovskite
coatings.'"”! The enhanced pressure response of Cu-Br

perovskites bring the pressures required for such switching
behavior to technologically accessible values.
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