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Bandgap closure and reopening in CsAul; at high pressure
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Results of high-pressure infrared (IR) and Raman spectroscopy measurements are presented for the mixed

valence compound CsAuls, where Au adopts Au' and Au

1T

valency. Raman spectroscopy shows softening with

pressure of the vibration modes in the Au'™-1, square planar units in the tetragonal phase, indicating a similar
pressure-induced lattice distortion as found for the closely related compounds CsAuCl; and CsAuBr;. Multiple
features in the higher pressure spectra confirm that the high-pressure phase has a lower symmetry than the
ambient pressure tetragonal structure, consistent with an orthorhombic structure discovered recently by x-ray
diffraction measurements. From IR spectroscopy, we observed rapid bandgap closure at a rate of 0.2 eV/GPa
in the tetragonal phase of CsAulj, close to the tetragonal-orthorhombic phase transition. The IR reflectivity
shows a Drude-like behavior implying metallic conductivity. However, as the compound fully transforms to the
orthorhombic phase, the bandgap reopens and the Drude behavior in the reflectivity disappears.
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I. INTRODUCTION

At ambient pressure, the family of CsAuX; (X = Cl, Br,
or I) perovskites have a room temperature crystal structure
with two distinct Au sites. The associated differences in
coordination (both sites are octahedrally coordinated, but one
with the two apical iodide ions significantly closer, and the
other with equatorial iodide ions significantly closer) have
led to a formal valence assignment Au'X, and AulX,.
This state can be pictured as a local charge density wave
(CDW) driven by charge disproportionation due to Jahn-Teller
distortion [1].

Previous studies have revealed that the CDW state can be
suppressed by high pressure [1,2]. The suppression of the
CDW state corresponds to a mixed-valence (MV) to single-
valence (SV) transition, where the charge disproportionation
reduces to zero, and the electron configuration of both Au
sites becomes 5d° Au''. Photoexcitation and application of
pressure have been shown to induce the MV-SV transition
in CsAuXj3. For CsAuCls, single-crystal x-ray diffraction
studies show that its structure changes from tetragonal to
cubic at 12.5 GPa [3], a completely symmetric structure
with two crystallographically equivalent Au sites, which
thus have the same electronic configuration. For CsAuBrs3,
a careful refinement on the electron density of the higher
pressure tetragonal phase suggests that it has already become
single valence state at 8.1 GPa [4]. In addition, high-pressure
Raman spectroscopy on CsAuCl; and CsAuBr; show that all
observed vibrational modes disappear at 12.2 and 7.5 GPa
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respectively [5,6], consistent with the convergence of the Au'-1
and Au"-I bond lengths in the SV state.

The MV-SV transition in CsAuls, however, remains un-
clear. In our latest study we found that in hydrostatic condition
CsAul; transitions from tetragonal to a lower symmetry
orthorhombic phase [7], instead of a tetragonal phase with
higher symmetry as previously claimed [2,8]. It was the higher
symmetric tetragonal phase that was considered to be the direct
evidence of the SV state. Moreover, a detailed high-pressure
Raman spectroscopy study on the bonding of the iodide
compound is lacking. How the lattice distortion and the CDW
gap changes with pressure, as well as the electronic structure
and optical properties of the higher pressure orthorhombic
phase, remain unknown.

In this paper, we address these questions through a combina-
tion of high-pressure Raman spectroscopy and IR spectroscopy
measurements. With the aid of density functional theory (DFT)
calculations, we can assign the vibrational modes in CsAuls.
We find that, in the tetragonal phase, the response of the lattice
distortion to pressure, specifically in Au™I, and Au'l, units, is
similar to the response in their chloride and bromide counter
parts. We also observe that the CDW gap of CsAulj decreases
atarate of 0.2 eV/GPa, and that a Drude-like behavior appears
in the reflectivity spectra right at the transition pressure. The
higher pressure orthorhombic phase, although with an odd
number of electrons per unit cell, turns out to be an insulator
with a finite gap at room temperature, as indicated by infrared
spectroscopy.

II. EXPERIMENTAL AND THEORETICAL METHODS

CsAulj crystals were grown by a self-flux method using
Csl, Au, and I, as starting materials as described previously [9].
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In the Raman experiment, single-crystal chips with smooth and
reflective surfaces were selected and loaded into a 150 pwm di-
ameter sample chamber inside a symmetric diamond anvil cell
(DAC). The stainless steel gasket was precompressed between
two diamonds with 500 um culet diameter to a thickness of
60 um. To maintain quasihydrostatic conditions at moderate
pressure, silicone oil was chosen as the pressure transmitting
medium, because the sample reacts with methanol-ethanol.
In the IR experiment, the sample loading is similar except
that a pair of type II diamonds were used, and Ne gas was
loaded as a pressure medium using the gas loading system at
GSECARS in the Advanced Photon Source, Argonne National
Laboratory.

Room-temperature Raman spectra were collected using
Raman systems in the Geophysical Laboratory, Carnegie
Institution of Washington and in the Extreme Environments
Laboratory at Stanford University in a backscattering geom-
etry with an excitation wavelength of 514.5 nm. The energy
resolution for all the spectra was 4 cm™!. A set of polarizers
were used for samples at ambient conditions to study the
polarization dependence of the Raman features.

IR measurements were carried out on a Bruker Vertex 80v
FT-IR spectrometer coupled to a Hyperion-2000 microscope
with a MCT midband detector at beamline U2A of the National
Synchrotron Light Source. Mid-IR measurements between
600 and 8000 cm~! were performed using an internal source,
while far-IR spectroscopy from 100 to 700 cm™! utilized the
synchrotron source [10].

A small ruby chip placed in the DAC was used for pressure
calibration by observing the shift in the ruby R; fluorescence
line [11]. Good hydrostaticity was maintained up to the highest
pressures measured.

Density functional theory (DFT) calculations were per-
formed using the QUANTUM ESPRESSO package [12]. We
utilized fully relativistic projector augmented wave (PAW)
pseudopotentials, and a plane-wave cutoff of 40 Ry. The
calculations were performed on a 9 x 9 x 9 momentum grid,
which is sufficiently dense for convergence of the energies
reported.
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TABLE 1. Raman modes associated with the iodine ions in
tetragonal (/4/mmm) and orthorhombic (/bmm) phases.

Wyckoff sites  Coordinates
14/ mmm
Au'! 2a (0,0,0)
Au! 2b (0,0.3)
I(1) 8h (x,x,0) A, By By E,
1(2) 4e 11,2 A, E,
Cs 4d 0.3.4
Ibmm
Au 4a (0,0,0)
I(1) 8g (3.3.2) A, 2B, By B
1(2) 4e (x,0,1 A, By, B,
Cs de (x,O,%) A, By,  Bs,

III. RESULTS AND DISCUSSION

A. Raman spectroscopy

Similar to the chloride and bromide compounds in the
CsAuX; (X = Cl, Br, and Al) family, CsAul; adopts a tetrag-
onal perovskite structure at ambient conditions (space group
14/mmm), with alternating elongated and compressed Aulg
octahedra. One can also view the arrangement from a molec-
ular point of view, and consider the compressed and elon-
gated octahedra as dumbbell Au'l, and square planar Au''l,
[Fig. 1(a)], a description used in previous Raman studies of
CsAuCls and CsAuBr; [5]. Based on site symmetry analysis,
we list the Raman modes associated with all atoms in tetrago-
nal CsAuls in Table I. The system has two inequivalent I sites:
the Raman modes associated with I(1) at (x, x, 0) are A, +
Big + By + Eg, and with I(2) at (1/2,1/2, z) are Ay, + E,.

In this work we use a combined experimental and theoreti-
cal approach to assign the Raman features. In the experiment
setup, the incident laser polarization lies within the ab plane of
the tetragonal crystal. Within point group Dy, the transition
rate for different vibrational modes with different laser
polarization are listed in Ref. [13]. With parallel polarization

() A

—— parallel polarization
-------- cross polarization

Au 1]

Intensity (a.u.)

60 80 100 120 140 160 180 200
Raman Shift (cm™)

FIG. 1. (Color online) (a) Ambient pressure crystal structure of CsAul; at 300 K, explicitly showing the linear square planar coordination
of Au'l, and Aul, respectively: I(1) as I~ associated with square planar Au™l, and I(2) as I~ associated with linear Au'l,. (b) Crystal
structure shown in alternating elongated and compressed Aulg octahedra, more clearly revealing the distorted perovskite structure. (c) Raman
spectra of CsAul; at ambient condition with different light polarization. The solid line represents parallel polarization, while the dashed line
corresponds to cross-polarization. Schematics of the A;, and B, vibrational modes are also presented.
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TABLE II. Calculated Raman modes associated with the iodine ions at ambient pressure, 4.5 and 5.9 GPa, and experimentally measured

vibrational frequency at ambient pressure, 1 and 5 GPa. Frequencies below 100 cm

~1 are not observable due to the notch filter of Raman

spectrometer.
Computed Experimental
Pressure 1 bar 4.5 GPa 5.9 GPa 1 bar 1 GPa 5 GPa
Mode 1 (cm™1) A, (breathing) 152 177 182 157 162 174
Mode 2 (cm™!) Ay, 103 87.8 27.7 135 132 121
Mode 3 (cm™") B, 78.8 72.1 25.8 120 117 108
Mode 4 (cm™!) By, 70.1 84.9 89.1 N/A N/A N/A

x'x' geometry or c(a + b,a + b)C, thelaser is sampling the A,
and B,, modes, while with cross polarization x"y" geometry,
or c(a + b,a — b)c, the laser is sampling modes with B, and
Aj, symmetry.

Raman spectra for CsAul; at ambient conditions are
displayed in Fig. 1(c). In our measurement, the incoming
laser polarization is approximately along the (a + b) direction.
Therefore, peaks that are more intense with parallel polariza-
tion have the symmetry of A, or By,, while B, and A,, will
be more pronounced for cross polarization. For parallel polar-
ization, three features are observed at 116, 131, and 157 cm™".
For cross-polarization, the 116 cm~! feature becomes much
more pronounced; 131 cm™! becomes significantly smaller;
and the 157 cm™! feature almost vanishes.

We identified the Raman active modes with DFT; the results
are listed in Table II. At ambient conditions, we can predict
four distinct modes above 50 cm ™! using calculations. Mode 1
has the highest frequency at 152 cm~' and corresponds to
a Aj,breathing mode of the Aulg octahedron, where all the
I~ move in phase. The second highest frequency mode corre-
sponds to a Agvibration thatis similar to the octahedral breath-
ing mode, but where the apical I~ are 180° out of phase with
the planar I, i.e., more in line with a Au'l, vibration. Mode 3
maps to a planar Bjgvibration where the x and y directions in
the Auly plane are 180° out of phase; see Fig. 1(b). Finally,
the fourth mode corresponds to a Bygplanar motion where the
I~ distort towards the empty site in the Aul square lattice (not
shown in figure). Aside from the highest frequency A;,mode,
the calculated mode frequencies are lower than observed.

In the experimental spectra, we tentatively assign the 157
and 131 cm™! features with A, ¢» associated with I(1) and I(2)
respectively [shown in Fig. 1(a)], which is consistent with
the shorter Au!-I(2) and longer Au™-I(1) bonds (2.576 and
2.645A respectively) [9], similar to CsAuCl; and CsAuBr; [5].
The low-frequency mode at 116 cm™! that is enhanced by
cross polarization is assigned as the Bj,mode with I(1).
These assignments will be further borne out by the pressure
dependence of the phonon frequencies, whose tendency is
correctly captured by calculations.

The evolution of CsAul; Raman spectra with pressure is
shown in Fig. 2. At 0.2 GPa, the Au™" A, and B, features
are pronounced, and both of them shift to lower frequency
with pressure up to 6.6 GPa. The spectra at 6.6 GPa shows a
coexistence of the tetragonal and orthorhombic phase, consis-
tent with the metastable kinetics of a first-order transition. At
higher pressure, up to six new vibrational modes with much
higher frequency emerge. These new Raman peaks disappear

at 12.6 GPa, where the sample was reported to become
disordered [7,8]. It is worth noting that, unlike in the tetragonal
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FIG. 2. (Color online) Raman spectra of CsAul; during (a) com-
pression and (b) decompression. Black represents tetragonal phase;
red: orthorhombic; and blue: disordered. Details of the experimental
geometry are described in the main text.
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phases, the new Raman modes of the orthorhombic phase all
shift to higher frequency with increasing pressure. We further
took the Raman spectra of the compound while releasing
pressure, and found that no features exist until 6.5 GPa.
Below 6.5 GPa, broad features appear down to 2.9 GPa, and
their frequency red-shifts as pressure is lowered, consistent
with the features of the orthorhombic phase. Below 1.8 GPa,
sharper features reemerge, and shift to higher frequency with
lower pressure, indicating the crystalline tetragonal phase
resumes at 1.8 GPa. This agrees with our previously reported
x-ray diffraction data that the pressure-induced phase tran-
sition is a reversible first-order transition, with a large
hysteresis [7].

According to previous Raman studies with polarized light
on CsAuCl; and CsAuBrs; [5], the B, and A, modes of Autl-
Cly are only separated by 2 cm™!, and the separation is 3 cm™!
for Au™-Br, in CsAuBr;. Therefore, only two distinct features
are observed in the nonpolarized Raman spectra of CsAuCls
and CsAuBr; [5]. To compare the vibration of the different
gold halide groups, we normalized the Raman frequencies by
including the mass effect of the ions, Veorr = Vmeasured X \/% ,
X = Cl, Br [6]. The mass-corrected Raman frequency for the
A, and B, modes in CsAuCl; and CsAuBr; together with
those measured in CsAulj are displayed in Fig. 3. The mode
with Au™-X, shows a tendency towards lower frequencies for
heavier ions, even if the weight information is already taken
into account. Overall, the qualitative behaviors of the three
modes are very similar for all three compounds: The lower
frequency modes associated with Au™- X, red-shift with pres-
sure, while the higher frequency mode associated with Au'-X,
stiffens with pressure. The softening of the Au'™-X, mode can

200 I
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FIG. 3. (Color online) Raman modes of CsAul; compared with
mass-corrected modes of CsAuCl; and CsAuBr; as a function of
pressure. The original Raman frequencies of CsAuCl; and CsAuBr;
are from Ref. [5]. Dotted lines represent modes from Au-Cl units;
solid lines from Au-Br units. Unfilled and filled squares are for the
By, and A;, modes of Au™-I,, and filled triangles are for the A,
mode of Au'-I, in the tetragonal phase. Filled circles stand for Raman
modes in the iodide orthorhombic phase. The grey region indicates the
pressure range of the first-order tetragonal-orthorhombic transition.
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be understood by taking into account the structural effect of
pressure-induced electron transfer from Au' to Au'™; the Au'™'-
X4 bond length increases as the anion moves towards (1/4, 1/4,
0), resulting in a less distorted Au'"- X, as evidenced by high-
pressure x-ray studies [3,4]. The stiffening of the A, mode of
Au'-X, is suggested to be related to the hybridization of the
5ds,2_,» state with the 6s state in the Au' ion [5]. Overall, the
Raman data at pressures lower than the structural phase transi-
tion show that the local distortion of Aulg octahedra in CsAulj
behaves similarly to CsAuCl; and CsAuBr3, indicating that the
compression of the tetragonal phase CsAuX; shares the same
physics leading to the first-order structural phase transition.

We have previously proposed two different space groups
Ibmm and Immm for the high-pressure phases from our
earlier x-ray diffraction study [7]. The electronic config-
urations of the two structures are different: the one with
space group Ibmm represents a single-valent Au, and Immm
represents a mixed-valent Au. DFT calculations show that their
energies are very close to each other (within approximately
50 meV after relaxation), but that the Ibmm structure is
more energetically favorable. The Raman modes analyzed with
relevant site symmetry in / bmm are displayed in the lower part
of Table I. The six modes we observed in the orthorhombic
phase correspond to the enumeration of 2A, + 2B + 2B,,.
As for Immm, the enumeration would have one more A, mode
coming from I(1) with coordinate (x,y,0).

The high-pressure SV CsAul; is different from SV
CsAuCl; and CsAuBr3. The chloride and bromide SV phases
are either cubic or near cubic in structure, and their Raman
spectra show no first-order signal. As a result, the MV-SV
transitions in CsAuCl; and CsAuBr; were determined by the
disappearance of their Raman signal. In CsAuljs, however, not
only does the Raman signal not disappear at the pressure of
the MV-SV accompanied structural transition (5.5-6 GPa), but
the number of features increases. It is at even higher pressure,
12 GPa, where the orthorhombic phase becomes almost
disordered [7] that the Raman signal disappears in CsAuls.

B. Infrared spectroscopy and reflectivity

IR spectroscopy can reveal the band-structure informa-
tion on the compound. We measured high-pressure mid-IR
transmission and reflectivity using an internal source, and
far-IR transmission using the synchrotron source. We follow
the procedures in a previously reported work to obtain the
transmittance 7' (w) and sample-diamond reflectivity RSP (w)
(note that this is different from sample-air reflectivity) [14].

Figure 4 shows the transmittance and reflectance from 0.08
to 1 eV (610 to 8000 cm™"). From the transmittance spectra,
it is clear that the compound has a bandgap near 0.6 eV at
1.5 GPa [indicated by the red arrow in Fig. 4(a)] and the
gap decreases with pressure until 4.8 GPa, at which pressure
transmission of photons higher than 0.08 eV is significantly
reduced. Meanwhile, the reflectivity increases with pressure
up to 3.8 GPa, and then the spectral shape changes at 4.8
and 5.6 GPa. Specifically, a Drude-like mode appears in the
5.6 GPa spectrum. We fit the 5.6 GPa reflectivity spectrum
using a method described in Ref. [15] which primarily is a
Drude-Lorentz model taking into account the sample-diamond
interface, with software REFFIT [16]. The original spectrum
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FIG. 4. (Color online) (a) Mid-IR transmittance and (b) CsAul;-
diamond reflectivity below 5.6 GPa. The arrow in (a) points to the
onset of the finite transmission signal. The arrow in (b) indicates the
Drude-like mode observed for pressure at 5.6 GPa. (c) Fitted gap
of tetragonal CsAul; and CsAuBr; as a function of pressure (both
obtained in this study). (d) Reflectivity spectrum at 5.6 GPa fitted
with the Drude-Lorentzian model. The grey region is where diamond
absorbs strongly.

and the fitted spectum are shown in Fig. 4(d). The fitted Drude
mode has a plasma frequency ), of 1.08x 10* cm™'; the fitted
Lorentzian mode is centered at wy = 1278 cm™!; x?2 of the
fitting is 1.9 x 103. The DC optical conductivity based on the
Drude-Lorentzian fit is a bit less than 400 Q~'cm~!. Previous
transport measurement of CsAul; on pressures lower than
4.7 GPa shows that the resistivity has metallic temperature
dependence [1]. These raise the intriguing possibility that
the material becomes a metal; however, without temperature
dependence and a wider coverage of wave number in the
far-IR region, we cannot unambiguously distinguish a true
metallic state or a small gap semiconductor. It is worth
mentioning again that, from our previous XRD study [7]
we found that this pressure range is where the compound is
undergoing a first-order structural phase transition, and there
was coexistence of both phases at 5.9 GPa. It is very likely that
at 5.6 GPa the high pressure orthorhombic phase starts to form.

The higher pressure spectra are shown in Fig. 5. The
transmittance signal starts to reappear below 0.8 eV and
increases as pressure increases to 8.3 GPa, indicating a new
gap is opening at higher pressure. The intensity of transmission
then decreases as pressure increases to 11 GPa. The shape
of T'(w) spectra is also different. Before the structural phase
transition (i.e., below 5.6 GPa), a clear step can be seen in
the transmittance spectra. After the transition the long tail
suggests the nature of the new bandgap is different from the
CDW gap in the tetragonal phase. The reflectivity spectra are
also different from those at pressures below 5.6 GPa: the low-
energy (0.08-0.4 eV) reflectivity remains smaller than 0.17.
This is consistent with the implication of the transmittance
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FIG. 5. (Color online) (a) Mid-IR transmittance and (b) CsAul;-
diamond reflectivity above 5.6 GPa. The arrow in (a) points to the
finite transmission through low wave numbers at 6.2 GPa. The grey
region is where diamond absorbs strongly.

spectra that a bandgap opens up at pressure above 5.6 GPa.
This nonmetallicity of the high-pressure single-valent phase
of CsAuls is in good agreement with previous transport
measurements [8,17] and data from the photo-induced SV
state reported in Ref. [18].

The shape of the transmission spectra in the tetragonal
phase suggest the gap is close to a direct one. Therefore, we
can estimate the bandgap from the onset of the transmission
spectra, and plot the gap as a function of pressure in inset of
Fig. 4. The bandgap energy changes linearly with pressure,
and by extrapolation it closes at 5.4 GPa, very close to the
pressure 5.6 GPa at which we observed a Drude-like behavior
in the reflectivity spectrum. On the same figure we also plot
the bandgap energy of CsAuBr3 obtained in this study, and by
extrapolation its bandgap also closes at approximately 5.2 GPa.
Such a sensitive response (0.2 eV/GPa) of CsAul; in the mid-
IR region to pressure is likely to be a result of the CDW gap clo-
sure. The CDW gap is caused by the mixed valence of the Au!
and Au'" species, i.e., the inequivalent Au'-I5 and Au'™-I5 octa-
hedra. The closure of the gap indicates the negligible difference
between the two octahedra, and therefore suggests the com-
pletion of the mixed-valence to single-valence transition. Such
interpretation of the optical properties favors the 1bmm struc-
ture for the orthorhombic phase, which has two equivalent Au
sites adopting the single-valent Au™ electronic configuration.

To study the optical behavior at even lower energy, i.e., close
to the long-wavelength limit, and to compare with the Raman
spectra, we measured the absorption of CsAulj in the far-IR
regime (10-80 meV), as shown in Fig. 6. In the tetragonal
phase [Fig. 6(a)], the absorbance increases with pressure; i.e.,
the sample becomes progressively less transparent as pressure
increases, indicating it is more reflective and has higher
conductivity at these wave numbers. In the orthorhombic
phase, the absorbance at 6.2 GPa s still large, but drops quickly
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FIG. 6. (Color online) Far-IR absorption for tetragonal (a) and
orthorhombic (b) structure as a function of pressure. Inset: Optical
density of the CsAul; sample at 400 cm™! as a function of pressure;
dashed lines are guides to the eyes.

at 6.8 GPa, and then gradually increases. This information
is summarized in the inset of Fig. 6: the optical density at
400 cm™! where no specific phonon features are observed
is plotted as a function of pressure for CsAuls. It is clear
that before the phase transition the sample absorbs more at
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50 meV (400 cm™!), while after the transition it becomes
more transparent at this energy. The fact that the 5.6 GPa
absorbance is still finite can be due to two reasons: first,
the semiconducting orthorhombic phase has already formed
at the pressure; second, the sample is thin (approximately
3045 pum) compared to the far-IR wavelength, and allows
light to transmit through. We also notice that there are 5-6
new IR bands between 100 and 300 cm~! above 5.6 GPa in
Fig. 6(b), which is consistent with the multiple (more than
three) Raman features in the orthorhombic phase.

IV. CONCLUSIONS

Our Raman and infrared studies show that the elec-
tronic configuration and structure of CsAul; undergo dra-
matic changes through the pressure-induced tetragonal to
orthorhombic phase transition. We observed the closure of the
CDW gap together with the structural transition, suggesting
that the high-pressure orthorhombic phase is single valent and
is composed of Jahn-Teller distorted Au''ls octahedra, with Au
5d° electronic configuration [7]. Mid-IR transmission spectra
suggest that the gap of the orthorhombic phase is very different
from the CDW gap in the tetragonal phase. A previous trans-
port study speculated it is a Mott insulator [5], but more infor-
mation is needed to clarify the nature of the insulating higher
pressure phase. It also remains an open question whether any
magnetic structure will emerge in single-valent CsAuls.
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