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Volume and pressure dependences of the electronic, vibrational, and crystal structures of Cs,CoCly:
Identification of a pressure-induced piezochromic phase at high pressure
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This work investigates the high-pressure structure of Cs,CoCl, and how it affects the electronic and vibrational
properties using optical absorption, Raman spectroscopy, x-ray diffraction, and x-ray absorption in the 0—15 GPa
range. In particular, we focus on the electronic and local structures of Co*, since compression of Cs,CoCly yields
structural transformations associated with change of coordination around Co?*, which are eventually responsible
for the intense piezochromism at 7 GPa. This study provides a complete characterization of the electronic and
vibrational structures of Cs,CoCl, in the Pnma phase as a function of the cell volume and the local CoCl, bond
length, Rco.c1, as well as its corresponding equation of state. In addition, our interest is to elucidate whether the
phase transition undergone by Cs,CoCl, at 7 GPa leads to a perovskite-layer-type structure where Co?* is sixfold
coordinated, decomposes into CsCl + CsCoCls, or it involves an unknown phase with different coordination sites
for Co>*. We show that Co?* is sixfold coordinated in the high-pressure phase. The analysis of optical spectra and
x-ray diffraction data suggests the formation of an interconnected structure of exchange-coupled Co** through

edge-sharing octahedra at high pressure.
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I. INTRODUCTION

The optical and structural properties of Cs,CoCly have
received considerable attention due to its capabilities as a
nonlinear optics material [1-3], ideal quasi-one-dimensional
spin-1/2 XY -like antiferromagnet with quantum criticality [4],
no pressure shift (0 nm/GPa) of crystal-field-dependent
transitions due to covalence effects [5], and the probable
existence of a pressure-induced structural phase transition
toward higher coordination phases, the nature of which still
remains unresolved [6-8]. Besides, the electronic, vibrational,
and crystal structures under high-pressure conditions of
this relatively compressible compound (8 = 0.048 GPa™')
allow us to establish structural correlations which are
crucial to understand (i) the electronic properties Co?* in
tetrahedral coordination in less compressible oxides like ZnO:
Co** [9-12] or MgAl,04: Co?* [13-15]; and (ii) how a lattice
of independent CoCly units evolves under compression toward
denser phases involving interconnected CoCly tetrahedra
and eventually CoClg octahedra. The variation of the crystal
structure of Cs,CoCly and Cs,CuCly under pressure has been
previously investigated by x-ray diffraction (XRD) in the 0-5
GPa range using Cs,CoClys as a compound for exploring the
pressure dependence of the Jahn-Teller distorted CuCly tetra-
hedra in Cs,CuCly [7], which did not show pressure transitions
in this range. Although evidences for pressure-induced phase
transitions at higher pressures have been reported for Cs,CoCly
through optical absorption [5] and XRD [7], as well as for the
isomorphous Rb,ZnCl, by Raman spectroscopy [8,16,17] and
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XRD [7,8], their high-pressure structure remains unknown.
Here we aim to elucidate whether compression of Cs,CoCly
yields layer perovskite-type structures or induces crystal
decomposition into cubic CsCl and hexagonal CsCoCls with
linear chains of interconnected CoCl; units [18], or different
octahedral coordination-based stoichiometric structures
(Fig. 1). Unraveling this high-pressure behavior is essential
since its optical and magnetic properties strongly depend on
the Co?* coordination—the crystal-field strength—and the
Co-Co superexchange pathway, i.e., the connection between
Co** ions through CI~ ligand sharing [4,5,19-21].

Besides its one-dimensional magnetism of exchange-
coupled CoCly chains along the b axis, Cs,CoCly exhibits a
puzzling optical behavior under pressure associated with the
Co** absorption and with its structural changes [5]. The d-d
absorption bands, which are responsible for the crystal color,
undergo unusual pressure shifts and intensity variations with
pressure, showing abrupt changes at 7 GPa. The cyan color
exhibited by this crystal between ambient pressure and 7 GPa
is produced by the presence of independent CoCly tetrahedra
in the orthorhombic (Pnma) phase [6,22]. The molecular
character of CoCly in Cs,CoCly is clearly revealed by Raman
spectroscopy through the internal tetrahedron modes at T,
which also constitutes an efficient probe for local and crystal
structures [8,16]. By establishing correlations between the
electronic and vibrational structures of Co>* with the local
Co-Cl bond length Rc,.c1, through optical absorption, XRD
and x-ray absorption (XAS) under pressure, it is possible to
determine the bulk and local Griineisen parameters of the
Raman active modes and comparison between local and bulk
compressibilities.

©2017 American Physical Society
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FIG. 1. Orthorhombic Pnma crystal structure of Cs,CoCl, at ambient conditions and possible transformation pathways upon compression:
(i) decomposition into CsCl plus hexagonal CsCoCl; P6;/mmec chain structure, (ii) phase transition to tetragonal /4/mmm or orthorhombic
Cmeca layer perovskite-type structures of corner-sharing octahedra, and (iii) phase transformation involving a denser orthorhombic Pbam or
monoclinic P2/m structures of edge-sharing octahedra. The coordination of Co?* is indicated by polyhedra in each structure.

II. EXPERIMENTAL

Single crystals of Cs,CoCly were grown by slow evap-
oration at 30 °C from acidic (HCI) solution containing a
2:1 stoichiometric ratio of the CsCl and CoCl, - 4H,0. The
ambient pressure orthorhombic crystal structure, Pnma space
group (Fig. 1), was checked by XRD on powder samples
using a Bruker D8 Advance diffractometer. The measured
cell parameters at ambient conditions were a = 9.720 A b=
7.313A, and ¢ = 12.822A.

A membrane diamond anvil cell (MDAC) was used
for the high-pressure studies. 200-um-thick Inconel gaskets
were preindented and suitable 300-pum-diameter holes were
perforated with a BETSA motorized electrical discharge
machine. Given that Cs;CoCly is soluble in common pressure-
transmitting media like methanol-ethanol-water (16:4:1),
paraffin and silicone oil were used as alternative pressure trans-
mitting media. These were used to evaluate possible deviations
induced by their semihydrostatic or nonhydrostatic behavior
in the explored pressure range. It must be noted, however,
that according to the ruby line broadening nonhydrostatic
effects were not significant in the explored range, as previously
reported [23].

The microcrystals used in pressure experiments (90 x
70 x 30um?) were extracted from a Cs,CoCly single crystal.
The Raman spectra were taken with a Horiba T64000
triple spectrometer using the 514.5-nm and 647-nm lines

of a Coherent Innova Spectrum 70C Ar™-Kr™ laser and a
nitrogen-cooled CCD (Jobin-Yvon Symphony) with a con-
focal microscope. For measuring the low-frequency modes
we used the triple monochromator in the subtractive config-
uration. The experimental setup for room-temperature optical
absorption measurements with MDAC has been described
elsewhere [24,25]. The detection setup was equipped with a
photomultiplier (Hamamatsu R928S) and an InGaAs detector
for measurements in the visible and near-infrared range,
respectively. The 220-Hz modulated light from a tungsten lamp
was dispersed with a 0.5-m single monochromator (Chromex
500IS/SM) equipped with two gratings blazed at 500 and
1100 nm with 1200 and 600 grooves/mm, respectively, and
the detected signal was analyzed with a lock-in amplifier
(Stanford Research SR830). Pressure was calibrated from
the ruby R-line luminescence shift. High-pressure XAS ex-
periments were done at the ODE beamline at the SOLEIL
synchrotron. We used a MDAC with perforated diamonds to
improve x-ray transmission in the Co K-edge range (Ex =
7.7keV; A = 1.6 A). This was essential to get suitable XAS
spectra for extended x-ray absorption fine structure (EXAFS)
and x-ray absorption near-edge structure (XANES) analysis
in the 10-20 GPa range. Angular dispersion powder XRD
experiments were performed at the 115 beam station at the
DIAMOND synchrotron using monochromatic wavelength,
A = 0.400 A.
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FIG. 2. (a) Absorption spectrum of Cs,CoCly at ambient conditions. The double red arrow illustrates the excitation of *7;(P) state via
two-infrared-photon excitation of *7(F) state. The single red arrow indicates one-photon excitation of *7;(P). The energies of the main
crystal-field transitions are represented in the Tanabe-Sugano diagram for d’(7;). The obtained crystal-field parameters at ambient pressure
are: B =84 meV and Ay = 0.42eV with C/B = 4.4. Calculated energy derivatives with respect to A are given on the right side. (b)
Pressure dependence of the absorption spectrum in the orthorhombic Pnma phase (0—7 GPa range) is shown on the left side. The energy
variation with pressure of the main crystal-field peaks are given on the right side. The corresponding pressure dependences of B and A are

(g—ﬁ)l,o = 49.0 meV/GPa and (g—f,)Po = —0.92 meV/GPa (see text for explanation).

III. RESULTS AND DISCUSSION high-pressure phases of Cs,CoCly. The peaks are assigned
to tetrahedral or octahedral crystal-field transitions accord-
ing to the different coordination symmetries around Co**
before and after the phase transition (7;- or Op-symmetry
notation) [26]. At ambient pressure the spectrum consists of
two main spin-allowed transitions from the *A,(F) ground
state to the *Ty(F) and *T,(P) excited states at 0.68 and
1.84 eV, respectively. The first transition *A,(F) — “T»(F)
is not observed since it is forbidden by symmetry in 7.
According to the corresponding Tanabe-Sugano (TS) diagram

A. Optical absorption spectra and piezochromism of Cs,CoCly

Figures 2 and 3 show the optical absorption spectra of
Cs,CoCly as a function of pressure in the Pnma phase and
along the structural phase transition, respectively, together
with the variation of the main absorption bands and their
corresponding assignment in terms of Co?* in tetrahedral
coordination (Pnma phase). Figure 4 shows the peak energy
variations as a function of pressure in both Pnma and
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FIG. 3. Variation of the optical absorption spectrum of Cs, CoCly
with pressure showing the piezochromic transformation at 7 GPa.
Note the increase of the band splitting and overall absorption
reduction above 7 GPa.

(Fig. 2), its energy, which matches the crystal-field splitting
(Ap), should be at 0.42 eV. Other weak peaks associated
with the spin-forbidden transitions ‘A,(F) — 2Ty(H), which
are partially activated by the spin-orbit interaction, appear
at 2.33 eV. As shown in Fig. 2, the electronic structure of
Cs,CoCly in the Pnma phase can be explained through the TS
diagrams [26,27], B = 84 meV (680 cm™!), C/B = 4.4, and
Ag = 0.42 eV (3400 cm™"). Note that A, is about half the
crystal-field splitting parameter measured for Co?* in octahe-
dral coordination: Ay = 0.86 eV (6940 cm™!) in CoCl, [19],
as it corresponds to a change in crystal-field strength from
CoCly (Ty) to CoClg (Oy).
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The pressure dependence of the transition energies of
Co”* in T, symmetry is represented in Fig. 2. The results
are similar to those reported in former high-pressure studies
on this compound by Drickamer et al. [1,5]. However, in
these experiments we have been able to measure the pressure
dependence of the additional 2Ty(H) weak peak, which is
crucial, together with the 4Ty(F) and *T,(P) pressure shifts,
for a precise determination of B(P) and A(P).

The “A>(F) — *T;(F) and the nondetected “A,(F) —
4T,(F) transition energies are both proportional to the crystal-
field splitting A and therefore shift with pressure towards
higher energies provided that A increases with pressure.
From TS diagrams we obtain that (%), is 1.64 and 1.0

Py
times (%) p,» Tespectively. However, it must be noted that

the A-dependent transitions *A(F) — “T|(P) and *A,(F) —
Ty (H) shift to lower energies with —2 and —11.5 meV/GPa,
respectively, in spite of their transition energy being both
proportional to A. This effect is a consequence of the pressure-
induced reduction of the Racah parameters caused by the
increase of the Co-Cl covalency. In the explored pressure
range, 4T1(F),4T1(P), and 2T1(H) shift with A and B (for
C/B =4.4) as E[*T\(F)] = 1.64A; E[*T\(P)] = 15.0B +
1.36A; and E[*T\(H)] = 23.2B + 1.03A. For *T{(P) and
2T\ (H), the competition between two opposite pressure shifts
due to the different pressure dependence of B and A eventually
determines the sign of the effective pressure shift for each
transition. From the observed pressure shifts, we obtain linear
dependences for both B and A as

oA oB
— = 9.0 meV/GPa, — = —0.92 meV/GPa.
P ) p, AP ) p,

A salient result regarding nonlinear optics concerns the
different pressure shift undergone by the 1AL (F) — “Ty(P)
and “A,(F) — “T\(F), whose energy is about half of the
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FIG. 4. (a) Variation of the absorption spectrum of Cs,CoCly as a function of pressure in the high-pressure phase (P > 7 GPa). Peak
assignment corresponds to Co®* in octahedral coordination following Ref. [31]. (b) Energy variation of the main absorption peaks with
pressure in the low- and high-pressure phases. Experimental pressure shift rates are given on the right side.
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former (Fig. 2). Present results indicate that ideal conditions for
nonlinear effects should be attained at about 10 GPa, where the
higher excited state can be resonantly pumped via IR excitation
through excited-state absorption processes.

Cs,CoCly experiences an abrupt transformation at 7 GPa
(Fig. 3). Its color changes from cyan to blue and is associated
with the absorption decrease in the region of the main band at
1.83 eV. Nevertheless, this decrease is not as much as could be
expected if a change of coordination from 7, to O;, occurred
at the structural phase transition, as originally suggested by
Drickamer et al. [1,5]. Instead we detect a complex band
structure with at least three noticeable absorption peaks
at 1.87, 2.05, and 2.17 eV, the pressure dependence of
which is shown in Figs. 3 and 4. The high-pressure optical
absorption spectrum is consistent with a sixfold Oj,-distorted
coordination of Co?>* showing an exchange-coupled Co**
connectivity either as a ---Cl3CoCl3CoCl3- -+ linear chain
or through ---Cl4CoCl,CoCly--- edge-sharing structures.
The presence of strong peaks in the absorption spectra due
to nearly centrosymmetric Co’>* is ascribed to the spin-
effective exchange mechanism [28,29]. This is very efficient
for transition-metal ions in concentrated materials such as
CsMnCl; [30], CsCoCl; [31], or [(CH3)4N]MnCl; [32]. Hence
the observed peaks in the Cs,CoCly high-pressure phase are
assigned to crystal-field transitions from the *7T;(F) ground
state (d” in Oy)to*Ti(P)and 2A,(G) + 2T1(H), the transition
oscillator strength of the latter ones being enhanced by the
exchange mechanism [31]. A similar transformation was also
observed in [(CH3)4N],MnCly and [(CH3)4N],MnBr, through
time-resolved excitation/emission spectroscopy [32]. Given
that these compounds exhibit the same Pnma structure for
the inorganic/organic tetrahedra at ambient conditions, the
absorption spectra of Cs;CoCly at high pressure suggest a
similar structural phase transformation for this compound
family upon compression. This structural scenario is supported
by Raman spectroscopy, XAS, and XRD measurements.

B. Raman spectroscopy of Cs; CoCl;—Pressure
effects on the CoCl; modes

Figures 5 and 6 show the Raman spectrum of Cs,CoCly
at ambient pressure and its variation with pressure in the
0-10 GPa range, respectively. Although there are no previ-
ous studies, to the best of our knowledge, on the Raman
spectrum of Cs;CoCly so far to do the assignment, we
compare the measured spectrum with those obtained in iso-
morphous A, MCly [A: Rb, Cs, (CH3),N; M : Zn,Mn,Co]
compounds [8,16,17,33-35]. The observed optical phonon
peaks correspond to internal modes of the MCl,>™ tetrahedra,
and, in the tetramethylammonium-bearing compounds, to
internal modes of the organic (CH3)4N™ tetrahedra [16,33-35].
Thus, the two peak sets around 130 and 300 cm™' of Cs,CoCly
in its Pnma phase (Fig. 5) correspond to the internal vibrations
of the CoCly, according to previous works. In terms of the
local T; symmetry (and D, crystal symmetry) [16,17], the
first set corresponds to the E and T (Ag, By,,Bog, and B,
in Dy,) Cl-Co-Cl bending modes: v,(E) = 112 cm™! and
v4(T>) = 142 cm™!, whereas the second set corresponds to
the Ay and T>(A g, Big, B2, and Bsg) Co-Cl stretching modes:
vi(A)) =287 cm™! and v3(T) = 315 cm™ 1. Although some
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FIG. 5. Raman spectrum of Cs,CoCly at ambient conditions
showing the optical modes corresponding to internal vibrations of the
CoCly tetrahedron in the orthorhombic Pnma phase. Peak assignment
in 7; symmetry and corresponding vibrational frequencies are given
on the right side.

peaks overlap at ambient pressure, the pressure-induced shifts
clarify the peak assignment (Fig. 6). Note that the 7, modes
overlap near ambient pressure but they progressively become
better resolved between 3 and 6 GPa, thus indicating that the
initially distorted CoCly tetrahedron (D,;) as revealed from
XRD [7] evolves towards a more regular tetrahedron (7;) with
pressure. The mode frequency increases linearly with pressure
for all peaks, at a rate ranging from 5 to 10 cm™!/GPa in the
0-7 GPa range (Table I). There is no noticeable difference
between the absolute-frequency pressure shifts in bending and
stretching modes, which makes the relative variation for the
bending modes larger than for the stretching modes. This
behavior is clearly reflected by the Griineisen parameter of
each mode: y = 1.6 and 1.4 for the E and 7, bending modes,
respectively, while y(A;) =0.4 and y(7T;) = 0.6 for the
stretching modes. Although y values seem lower than expected
for stretching modes (y & 1-2) [36], itis a direct consequence
of the larger bulk compressibility of Cs,CoCly with respect to
the local compressibility of the CoCly tetrahedron. As we will
show in Sec. III C, local Griineisen parameters of 1.6 and 2.4
are obtained for A; and T, stretching modes, respectively,
if we use the local bulk modulus of the CoCly instead of
the crystal bulk modulus (Table I). This result is worthy for
establishing structural correlations between bulk and local
compressibilities from Raman spectroscopy, provided that
we know the corresponding local Griineisen parameter. The
structural study reported here by XAS and XRD (Sec.IIIC) is
essential to achieve this goal.

The Raman spectrum changes above 7 GPa, in agree-
ment with the pressure-induced structural phase transition of
Cs,CoCly observed at 7 GPa from optical absorption. The
spectrum is poorly resolved, probably due to domain forma-
tion, stress induced along with the phase transition, or partial
amorphization, and consistently with observations in other
experiments (see below). However, there are three peaks above
250 cm~! and two main peaks around 200 cm ™' which are not
consistent with the presence of CoCly tetrahedra but CoClg
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FIG. 6. (a) Pressure dependence of the Raman spectrum of Cs,CoCly. (b) Pressure rates for each peak and corresponding Griineisen
parameters are given in Table I. Note the pressure-induced phase transition at 7 GPa.

octahedra. In particular, the high-pressure Raman spectrum
looks similar to those expected on the basis of face- or edge-
sharing CoClg structures like those attained in CsCoCl; [37]
or the related Li,CoCly [38] and Na,MnCly [39,40]. The
Co-Co coupling provided by these edge- and face-sharing
structures is completely different to that found in perovskite
layers of corner-sharing CoClg octahedra like Rb,CoFy [41] or
Rb,MnCly [42]. Although all these structures are compatible
with sixfold coordinated Co®", the superexchange pathway
between neighboring Co”* ions is different in the case of
corner-sharing and edge-sharing structures, and thus has a
profound influence in the optical spectra.

The question arising is whether Cs,CoCly compression
induces a phase transition associated with a new structure pro-
viding such a Co-Co coupling or does it lead to crystal decom-
position into simpler species: CsCoCl; + CsCl. However, the
recovery of the low-pressure phase in downstroke suggests that
stoichiometry is preserved in this system and rules out such a
possibility. A pressure-induced decomposition was suggested
for [(CH3)4N]2MnCly and [(CH3)4N],MnBrs under pressure
by means of time-resolved spectroscopy [32]. The green
emission and corresponding excitation spectra characteristic
of Mn X4 tetrahedra (X: Cl or Br) transforms to red emission at
high pressure, the excitation of which is similar to Mn X octa-
hedra in the one-dimensional [(CH3);N]MnXj5. Therefore, the

structural resemblance between [(CH3)4N],Mn X4 compounds
and Cs,CoCly suggests a similar scenario for both compounds,
discarding sample decomposition in the latter. Moreover, XAS
data indicate that a high-pressure structure associated with
edge-sharing CoClg octahedra, like in Na,MnCly, is likely.

C. X-ray absorption and x-ray diffraction on Cs,CoCl, as a
function of pressure

Figure 7 shows the evolution of the XRD pattern of
Cs,CoCly with pressure. At ambient pressure the XRD pattern
corresponds to an orthorhombic structure (Pnma space group;
a=9.720A,b=7313 A, c = 12.822 A [22]). Diffraction
patterns can be described with the same Pnma space group up
to the phase transition at 7 GPa. Above this pressure, the XRD
pattern changes abruptly and a significant broadening of all
reflections is observed. Consistently with Raman spectroscopy,
such a broadening may be due to domain formation, stress,
or partial amorphization of the chloride in the high-pressure
phase. This behavior is clearly confirmed by the change
in the XRD two-dimensional images, from initially spotted
Bragg circles due to texture and preferred orientation in
the low-pressure phase to homogeneous Bragg circles in the
high-pressure phase. This means that texture effects disappear
because of the multidomain (or grain) structure providing a
better random orientation of microcrystallites. Upon pressure

TABLE I. Experimental Raman frequency of the vibrational optical modes of Cs,CoCly at 7 = 290 K (Figs. 5 and 6). The lattice modes
correspond to internal modes of CoCl, and are labeled with 7, symmetry irreducible representations. Their pressure shift rate as well as
the corresponding Griineisen parameter associated with the crystal volume (y) and the tetrahedron volume (yio.) have been derived from the

corresponding crystal and local bulk moduli (Fig. 10).

Raman modes

Bending CI-Co-Cl modes

Stretching Co-Cl modes

CoCl,>" n(E)
viem HatP =0 112
dv/dP(cm™' /GPa) 8.4
y = (Ko/v)ov/oP 1.6
Yioc = (Kloc/v)av/ap 6.2

vy(T7) vi(Ar) v3(T3)
142 287 315
7.4 5.5 9.8
1.1 0.4 0.6
4.3 1.6 2.4
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FIG. 7. Variation of XRD pattern of Cs,CoCl, with pressure. Below 7 GPa, the low-pressure phase XRD diagram can be explained within
an orthorhombic Pnma with lattice parameters a = 9.259 A,b=6912A, and c = 12.12 A at P = 5.2 GPa. The high-pressure phase has
been indexed within a monoclinic P2/m witha = 8.611 A;b = 11.051 A; c= 3.834 A; and 8 = 85.5° at P = 9.8 GPa. The variation V(P)
with the corresponding Murnaghan equation of state, and the relative variation of the lattice parameters in the Pnma phase are shown. The
equation of state for each phase is shown in Fig. 10 (see Supplemental Material [54]).

release the low-pressure Pnma phase is recovered at nearly
2 GPa but maintains the homogeneous grain distribution.

The variation of the lattice parameters and crystal volume in
the orthorhombic Pnma phase is represented in Fig. 7. Results
are similar to those previously found for Cs,CoCly in the
0-5 GPa range [7]. The higher compression of the crystal
along the b and c axis is noteworthy. Preferential compression
along these directions favor packing of CoCly tetrahedra by
sharing two or more Cl~ ions. So, the structural variation
under pressure in the Pnma phase foresees an evolution toward
a chainlike structure either by edge- or face-sharing octahedra,
as suggested from optical absorption and Raman data. The
reversibility of the phase transformation suggests that the
former structure is more likely.

The poor quality of the diffraction intensity pattern due to
both texture and preferential orientation does not permit an

unambiguous determination of the crystal structure, and thus
of the internal coordinates associated with the CI~ atoms.
However, XAS experiments performed under high-pressure
conditions allowed us to get the variation of the Co-Cl
distance (Rco.c1) with pressure (Figs. 8—10). Nevertheless,
we have described the XRD diffraction patterns above
7 GPa on the basis of a monoclinic P2/m space group,
which is a subgroup of the parent orthorhombic Cmmm and
Pbam edge-sharing-type structures of Li;CoCly [38] and
Na,MnCly [39,40], respectively. The pressure dependences
of volume per Co in both phases are given together with
variations of R¢,.cy in Fig. 10 (see Sec. I1ID). It must be noted
that the ambient pressure volume of the high-pressure P2/m

¢3 S .
phase, 205 A" /Co, which is used as a fixed parameter in the
EOS (equation of state) for such a phase, is determined from
structural correlations of isomorphous structures containing
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FIG. 8. Pressure dependence of the XANES first derivative
corresponding to the Co K edge in Cs,CoCly. The split peak at
7715 eV slightly shifts to lower energy with pressure in the Pnma
low-pressure phase. It abruptly changes at P = 7 GPa and shifts
to higher energy in the high-pressure phase. Note that the splitting
progressively reduces with pressure.

isolated MCl, tetrahedra and MClg edge-sharing octahedra.
The volume per M ion in the Na, M Cly structures is 177 and

178 A3 for tetrahedral M = Zn [43] and Co [44], respectively,

whereas it is of 155 and 159 A3 for octahedral M = Fe [45]
and Mn [40], respectively. It means a reduction of 89% on
passing from a tetrahedron to an octahedron structure. A sim-
ilar volume reduction is attained on passing from tetrahedral

Li,ZnCl4(145 10%3) [46] to octahedral Li,CoCly (133 10%3) [38].
Therefore, we assume a similar volume reduction on

passing from Pnma Cs,CoCly (measured 230.5 /QXB) to P2/m

Cs,CoCly (estimated 205 A3) at ambient pressure.
The V(P) pressure dependence has been described by a
Rydberg-Vinet EOS [47],

- I 3 i 1%
P(V) =3Kon= (1 —n+)exp [Q(K/ — D — nﬂ}, =y

with Vo = 230.5A°/Co, Ko = 21 GPa, and K’ = 4.4 in the
Pnma low-pressure phase, and V; = 205 A’ /Co (fixed value),

(@)

k) (A?)

—19.1GPa
—17.7GPa
—16.4GPa

Y —18Gra
——08GPa

8 10
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Ko =55GPa, and K’ = 4.3 in the high-pressure P2/m
phase (Fig. 10). We selected this EOS for describing both
phases since it is better suited than the Murnaghan EOS for
pressures higher than the bulk modulus.

D. Pressure-induced structural transformation:
CoCly < CoCly

Figures 8 and 9 show the first-derivative XANES and the
corresponding Fourier-transform (FT) EXAFS of Cs,CoCly
as a function of pressure. A magnification of the first FT peak
associated with first C1~ shell of Co?" is also shown in Fig. 9.
Both XANES and EXAFS clearly unravel the structural phase
transition at 7 GPa. The first-derivative peak of the Co K
edge at 7715 eV (Fig. 8) experiences a linear shift to lower
energies with pressure in the Pnma phase, whereas it abruptly
changes to higher energies in the high-pressure P2/m phase. A
similar pressure behavior is observed for Rc,.c; derived from
EXAFS. Interestingly, Rco.c) undergoes an abrupt lengthening
at the phase transition pressure [Fig. 9(b)], suggesting that the
phase transition involves a change of the Co?** coordination
from CoCly(Ty) to CoClg(Oy,). The sharp increase of Rco.ci
from 2.17 to 2.27 A at 7 GPa supports it. Moreover, the
increase 8Rco.ci = 0.1 A is consistent with the proposed
structural scenario, where CoClg octahedra share common
edges in the high-pressure phase similarly to Na,MnCly (or
the similarly related Li,CoCly) [38] rather than corners like in
the layered perovskite Rb,MnCly [42]. Owing to this, Mn2t
chlorides provide a polytype variety to check variations of
Ryn.c1 on passing from MnCly tetrahedra (Ry.c1 = 2.35 A
in CssMnCls [48] or 2.34 A in [(CH3)4N],MnCl, [25]) to
different MnClg packing structures: face sharing (Ryp.c1 =
2.55 A in MnCl, [49]; 2.56 A in [(CH3)4N]MnCl; [35,50];
2.54 A in CsMnCl; [51]), edge sharing (Rym.c1 = 2.56 A in
Na,;MnCly [39,40]), and corner sharing (Rypn.c1 = 2.52 Ain
Rb,MnCly [42]; 2.48 Ain RbMnCl; [42]). The coordination
change from MnCly to MnClg involves § Ry.c; = 0.2 A for
face-sharing and edge—sharing structures, while § Ryin.c =
0.15 A for corner-sharing structures at ambient pressure.
Taking into account the variations of Rc,.c; with pressure in
tetrahedral and octahedral coordinations as —0.01A /GPa for
(Co,Mn)Cly and —0.02 A/GPa for (Co,Mn)Clg [1,5,32,35,44],

(b)

[ 10.5 GPa

[ 91GPa

xR (A®)

[ 7.9 GPa
1

[ 64GPa__ —
F 53GPa__ s
(U e N T S

04 08 12 16 2 24 28

FIG. 9. (a) Pressure dependence of the EXAFS spectrum around the Co K edge in Cs,CoCly after background subtraction. (b) Variation
of the EXAFS Fourier transform with pressure around the phase transition pressure, Pc = 7 GPa. The FT peak corresponds to scattering from
the first C1~ shell. Note that the associated R maximum abruptly shifts towards longer distances at 7 GPa. This lengthening is associated with
an increase of the Co?* coordination number of the first C1~ shell at the phase transition
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FIG. 10. (a) Pressure dependence of the Cs,CoCl, volume per Co derived from XRD in the low-pressure Pnma and high-pressure P2/m

phases. The curves correspond to the fit of the experimental V (P) data to a Rydberg-Vinet equation of state, with Vy = 230.5 A /Co,Ky =
21 GPa, and K’ = 4.4 in the Pnma low-pressure phase, and V, = 205 A /Co (fixed value), Ky = 55 GPa, and K’ = 4.3 in the high-pressure
P2/m phase (see Supplemental Material [54]). (b) Pressure dependence of the Co-Cl bond distance Rc,.c; as derived from EXAFS. Note the
abrupt increase of +0.1 Ain Rco.c1 With increasing pressure at the phase transition pressure, Pc = 7 GPa. The straight line in the low-pressure
Pnma phase corresponds to the linear fit: Reo.cj = 2.26 — 9.1x 1073 P (in A and GPa units). The associated local bulk modulus of the CoCly

tetrahedron is Kj,. = 83 GPa.

we conclude that the jump of Rco.cy associated with the
change of coordination would decrease with respect to ambient
conditions at a rate of —0.01A /GPa. Therefore the measured
jump 8Rco.c1 = +0.1 A at 7 GPa is consistent with the
proposed model of edge-sharing octahedra.

The changes experienced by the absorption spectrum
at 7 GPa can also be explained according to the model.
The high-pressure spectrum (P > 7 GPa) looks like the
ACoCl3(A = Rb,Cs) absorption spectrum [31], where the
intense peaks appearing in the 1.5-2.5 eV range are assigned
to d’-intraconfiguration crystal-field transitions: *7;(F) —
“Ty(P) at Ey = 1.85eV: *Ty(F) — 2A(G)+2Ti(H) at E, =
2.07 eV, and E3 = 2.17 eV, respectively; as well as a weak
band at 2.45 eV probably related to the *T;(F) — *A(F).
The latter band experiences the largest blueshift with pressure,
since it involves two electron excitations from #,, to e, orbitals:
e’ €2 (*T1) — 12,3 e*(*A1) [27]. The unexpected high in-
tensity of the spin-forbidden transitions *T}(F) — ?4,(G) +
2T(H) is noteworthy. The electric-dipole transition mecha-
nism is mediated by both the exchange coupling mechanism
and spin-orbit interaction coupling with the T} (P) state [31].
In a side comparison with CsCoClj [31], the peak assignment
is definitely clarified through their pressure shifts according to
the TS diagram. The calculated slopes (%%) (i = 1-3)indicate
that peak shift is first governed by reduction of Racah parame-
ters B and C and second by an increase of A dueto Rco cj short-
ening. In general, pressure-induced shifts can be described in
terms of B, C, and A through the following equation:

JoE; _ (OE; 8B+ JdE; 3C+ 0E;\ 0A
oP Po_ oB JoP aC JoP oA JOP

0B dE;\ 0A
= [Ai +(C/B)Dilo5 + (—) ey

A JaP

For given C/B and A/B values at Py, A; and D; depend
on B for E;, and i stands for the three peak energies, i =
1-3 [26,27]. Quantitative estimates of these two effects can
be obtained from the experimental peak shifts and calculated
slopes %—A and %—II‘;' (i = 1-3) from the TS diagram .
We know that the 27| (H) energy (E3) practically does not
depend on A but on B( % = 0). This means that its pressure
dependence can be written for C/B = 4.4 as (Table II)

@

TABLE II. Experimental pressure derivatives of the absorption
peak energy, ?5; (i = 1-3)for Co**(0,) in Cs,CoCl, in the 7-20-GPa
range (Fig. 4). Calculated pressure derivatives ‘;’i’ and E;‘;i derived
from the Tanabe-Sugano diagrams of Fig. 3. Crystal-field parameters
of Co?* [d’(0})] in Cs,CoCly at 7 GPa and their pressure derivative

are also included.

Energy pressure derivative®

dE, /0P =1
Experimental dE,/0P =15
dE;/0P = —10
AE; /A = 0.8 9E,/0B =214
C;;‘;lg;egslzzzsg;rﬁamb IE,JIA =09  OE, 9B =294
g & IE;/dA =0.0  E3/dB = 25.0
Crystal-field parameters B =86 meV A =750 meV

and pressure derivatives® 9B/dP = —04 9A/0P =20

#Units in meV/GPa.

°C/B =4.4and A/B = 8.7 for d’(0,).

“Crystal-field parameters and their pressure derivative derived from
the experimental energies at 7 GPa and their pressure shift rate in the
7-20 GPa range.
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However, both *Ty(P) and 2A4,(G) energies (E; and E>,
respectively) depend on B and A. Their slope from the TS
diagram is also collected in Table II. Then Eq. (1) can be
expressed for each transition as

0E, _ (9E1) 9B  (9Ei) 04
aP  \ 0B ), 0P \0A )z 0P

0B IA

~ 21. 45 +0.8— 5P 3)
() b (1) 0
ap aB oP A Jpc 0P
~ 29. 4— + 0. 9—A 4
aP opP
From the measured coefﬁc1ents given in Table II, we
obtain 28 0 P =-04 meV/GPa and 22 5P P = 4+20(4) meV /GPa for

Cs,CoCly in its high-pressure phase. These values compare
with those obtained in the low-pressure phase for CoCly:
28 = —0.92 meV/GPa and 25 =+9.0meV/GPa . The
experimental values of B and A as well as their pres-
sure derivatives for CoCly (low-pressure phase) and CoClg
(high-pressure phase) in Cs,CoCly are consistent with the
different crystal-field and Co-Cl covalency attained in 7T,

and O, coordinations. While g—ﬁ for T; is about half that
for Oy, % for T; is twice as high as for Oj. These
results fairly agree with those measured in other transition-
metal chloride systems as MnClg (O;) in NH4MnCls: 3 P =
—0.3 meV/GPa and 25 = 435 meV/GPa [26,29,52], and in
MnCl,, 88 = —0.3 meV/GPa, 83 = 432 meV/GPa) [1,53].
In CsyZnX, : Co** (ana phase) where the Co>* occupies
the substltutlonal Zn>" site (Td) as CoCly, these variations
are aP = —0.7 meV/GPa, and 2 aP =9 meV/GPa [5], and
are similar to those found in MnCly in [(CH3)4N],MnCly,
= -0.35 meV/GPa, ﬁ =48 meV/GPa [32].

Interestingly, the knowledge of and aRC" 9 in Cs,CoCly
(Pnma phase) allows us to know the Rco-c1- dependence of B
and A. On the assumption of a R dependence of A as R™",
we can obtain the exponent n from the experimental variations
through the following equation:

1 dA

ﬁ

—n  9Rco-cl

209P ~ Reoer 0P ®)
0 Co-Cl
Taking Ag = 0.42 eV and Rco.ci = 2.26 A [22], we obtain
Reoct 2% 2.26 9
n=——2G 0P T —48~5. (6)
Ay Rea 420 © —0.01

The exponent of the variation is similar to that provided
by crystal-field theory and ab-initio calculations, and is
also derived experimentally in an ample variety of O,
transition-metal halides and oxides [1]. The experimental

PHYSICAL REVIEW B 95, 014110 (2017)

determination of n for CoCly (7y) in Cs,CoCly is noteworthy
since there is a lack of structural data dealing with such
correlation in 7y systems [32,35]. Furthermore, it provides
a means of complementing R dependences of the crystal-field
strength in other coordination geometries besides O;, which is
important in order to establish correlations between local bond

distances in M X 4>~ systems from optical spectroscopy. Addi-
tionally, we have determined the local Griineisen parameters
associated with the vibrational modes of 7, CoCly (Table I)
as a complementary tool to establish structural correlations
through Raman spectroscopy.

IV. CONCLUSIONS

From the pressure dependence of the XRD, XAS, Raman
scattering, and electronic absorption of Cs, CoCly we show that
the electronic and vibrational structures can be explained to a
great extent on the basis of 7; CoCly, the volume of which is 4
times more incompressible than Cs,CoCly bulk. In particular,

the totally symmetric vibrational mode frequency (A;) and

crystal-field strength (A) scale with Rco.c1 as RE?& and

RG> respectively, having a Griineisen parameter, yio. = 1.6
and an exponent n = 4.8, thus enabling to get Rco.c; from
either the Raman frequency v(A) or the crystal-field splitting
A. The piezochromic phase transition at 7 GPa yields an in-
crease of Co?t coordination number from 4(T}) to 6(0},) with
a Rco.c1 lengthening of 0.1 A. The electronic absorption,
Raman spectra, and XAS indicate that the CoClg octahedra
in the high-pressure phase share common edges similarly to
Na,MnCly (Pbam) and rule out the Cs,CoCly decomposition
into CsCl + CsCoCl3. XRD patterns can be described in terms
of a partially amorphized single phase with monoclinic P2/m
space group, which can be related to the NayMnCly Pbam.
The piezochromism is associated with the strong decrease of
the absorption bands around 500-600 nm (2-2.5 eV) due to
the change in inversion center at Co** on passing from T
to Oy (or D3;). The weaker absorption in the high-pressure
phase is caused by the spin-effective mechanism, which is
very efficient in exchange coupled systems having Cl™-edge
or Cl~-face-sharing Co-Co pathways.
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