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Red Shift in Optical Excitations on Layered Copper
Perovskites under Pressure: Role of the Orthorhombic
Instability
David Carrasco-Busturia,*[a] Inés Sánchez-Movellán,*[b] Alexander Sougaard Tygesen,[a]

Arghya Bhowmik,[a] Juan María García-Lastra,[a] José Antonio Aramburu,[b] and
Miguel Moreno[b]

Abstract: The red shift under pressure in optical transitions of
layered compounds with CuCl6

4� units is explored through
first-principles calculations and the analysis of available
experimental data. The results on Cu2+-doped
(C2H5NH3)2CdCl4, that is taken as a guide, show the existence
of a highly anisotropic response to pressure related to a
structural instability, driven by a negative force constant, that
leads to an orthorhombic geometry of CuCl6

4� units but with
a hole displaying a dominant 3z2-r2 character (z being the
direction perpendicular to the layer plane). As a result of such
an instability, a pressure of only 3 GPa reduces by 0.21 Å the
longest Cu2+-Cl� distance, lying in the layer plane, while
leaving unmodified the two other metal-ligand distances.
Owing to this fact, it is shown that the lowest d-d transition

would experience a red shift of 0.34 eV while the first allowed
charge transfer transition is also found to be red shifted but
only by 0.11 eV that reasonably concurs with the experimen-
tal value. The parallel study on Jahn-Teller systems CdCl2:Cu

2+

and NaCl:Cu2+ involving tetragonal elongated CuCl6
4� units

shows that the reduction of the long axis by a pressure of
3 GPa is three times smaller than that for the layered
(C2H5NH3)2CdCl4:Cu

2+ compound. Accordingly, the optical
transitions of such systems, which involve a positive force
constant, are much less sensitive to pressure than in layered
compounds. The origin of the red shift under pressure
undergone by the lowest d-d and charge transfer transitions
of (C2H5NH3)2CdCl4:Cu

2+ is discussed in detail.

Introduction

Significant efforts are currently devoted to exploring insulating
layered perovskites due to their important role in the realm of
light-emitting and photovoltaic devices.[1–3] In this field partic-
ular attention is paid to organic-inorganic hybrid perovskites
such as those belonging to the (CnH2n+1NH3)2CuCl4

[4–7] or
[NH3(CH2)nNH3]CuX4 (X=Cl, Br)[8–10] families containing CuX6

4�

units, as they give rise to light absorption in the V-UV domain.
Interestingly, in layered materials with CuCl6

4� units partic-
ular optical transitions can experience a red rather than a blue
shift upon pressure,[11–13] an experimental fact that is in principle

surprising. Indeed, if electrons are confined in an empty cubic
box of side L an applied pressure enhances the energy of
optical transitions as the gap between energy levels depends
on L� 2. Similarly, in octahedral complexes of 3d cations the t2g
-eg energy gap, usually termed 10Dq, rises when the metal-
ligand distance, R, is reduced by pressure as 10Dq depends on
R� n with the exponent n lying typically in the 4–6 range.[14–18]

Along this line, in octahedral MX6
4� units (X=Cl, Br; M=divalent

3d cation) formed inside LiCl:M2+ and LiBr:M2+ all observed
charge transfer (CT) transitions are blue-shifted on passing from
T=300 K to T=77 K.[19,20] As the temperature reduction gives
rise to a lessening of the metal-ligand distance, R, this fact
strongly suggests that charge transfer transitions due to cations
like Ni2+, Mn2+, Fe2+ or V2+ in cubic LiCl and LiBr lattices move
to higher energies when the metal-ligand distance is
shortened.[21] This behavior is also confirmed by looking at CT
transitions of compounds containing square-planar CuCl4

2�

complexes where all ligands are equivalent and placed at the
same distance, R, from the central cation.[22–24] One example of
this is the blue shift[23.24] when passing from (N-mpH)2CuCl4 (N-
mpH=methylphenethylammonium) (R=2.265 Å) to (cre-
at)2CuCl4 (creat=creatinium=C4H8N3O

+) (R=2.250 Å). The dif-
ferent chemical pressure exerted by the rest of the lattice upon
CuCl4

2� units in each compound unit leads to a 0.015 Å shorter
R in (creat)2CuCl4 than (N-mpH)2CuCl4 and concomitantly to
0.1 eV blue shift in the latter with respect to the former, a fact
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that is also reasonably reproduced by theoretical
calculations.[25,21]

Bearing these facts in mind, the existence of a pressure-
induced red shift in some optical transitions of layered
compounds with CuCl6

4� units could arise from the non-
equivalence of six involved ligands. Indeed, in all the explored
compounds the CuCl6

4� complex never exhibits an octahedral
symmetry.[4–7,11–13,26]

In the realm of layered materials with CuCl6
4� units the lack

of octahedral symmetry around Cu2+ has widely been ascribed
to the static Jahn-Teller (JT) effect. [5,6,11–13,26] However, the JT
effect requires a degenerate electronic ground state in the
initial undistorted geometry,[27,28] a non-fulfilled condition when
the parent lattice in which the CuCl6

4� units are embedded
exhibits low symmetry (e.g., tetragonal or orthorhombic), as is
the case for layered materials.

The local distortion around Cu2+ in layered compounds
such as K2CuF4 or (CH3NH3)2CuCl4 has recently been shown to
involve mechanisms clearly different from the JT effect.[7] For
instance, K2CuF4 comes from an I4/mmm tetragonal parent
phase, identical to that displayed by K2NiF4 or K2ZnF4, where the
CuF6

4� unit is tetragonally compressed such as it happens for
K2ZnF4:Cu

2+.[29–32] It is important to note that, in the tetragonal
parent phase of K2CuF4, the ground state of the tetragonally
compressed CuF6

4� units is not orbitally degenerated, a fact that
already excludes the existence of a JT instability.[27,28,32] However,
the tetragonal parent phase has a local b1g mode with
imaginary frequency (negative force constant K), inducing[33] an
orthorhombic instability in the layer planes of K2CuF4, also
present in compounds like (CH3NH3)2CuCl4 or Rb2CuCl4,

[7] a
singular situation not found in systems displaying a static JT
effect such as KZnF3:Cu

2+ [34–36] or NaCl:A2+ (A=Cu, Ag, Rh).[37–41]

The existence of that orthorhombic symmetry around Cu2+ is
well supported by electron paramagnetic resonance (EPR) data
on (CnH2n+1NH3)2CdCl4:Cu

2+.[42,43] Negative K values behind
structural instabilities reflect the changes on the ground state
electronic density produced when interatomic distances are
varied.[33,7]

The present work is devoted to exploring the existence of a
red shift under pressure in some d-d or CT transitions of systems
involving CuCl6

4� complexes by means of first principles
calculations and the analysis of available experimental data. It is
particularly focused on the Cu2+-doped (C2H5NH3)2CdCl4 an
orthorhombic compound[44] (Pcab space group), represented in
Figure 1, which is taken as a guide for the (CnH2n+1NH3)2CuCl4:
Cu2+ family and similar layered compounds.

For the sake of clarity, an additional investigation is also
carried out on CdCl2:Cu

2+ and NaCl:Cu2+, which also involve
CuCl6

4� units but subject to a static JT effect.[37,45] Owing to this
fact, in these JT compounds, the local symmetry around Cu2+ is
tetragonal and not orthorhombic as encountered in layered
systems with CuCl6

4� complexes.
In the first step, the present study explores the equilibrium

geometry of CuCl6
4� units placed in different lattices. The

second step deals with the structural changes induced by
pressure, showing that in the range 0–3 GPa, only the longest
axis, RL, is reduced. Interestingly, this reduction is three times

higher for (C2H5NH3)2CdCl4:Cu
2+ than for JT systems as a result

of the orthorhombic instability (see first and second subsections
of Results and Discussion).

Once this key matter is clarified, we focus on the pressure
shift experienced by the four d-d excitations (third subsection
of Results and Discussion). It is shown that with an applied
pressure up to 3 GPa the lowest d-d transition always experi-
ences a red shift although it is much more pressure sensitive for
layered compounds with CuCl6

4� units than for CdCl2:Cu
2+.

Although the d-d transitions of a complex embedded in a lattice
are influenced by the electrostatic field due to the rest of lattice
ions,[46] this contribution plays a minor role in the case of
organic-inorganic hybrid perovskites. Indeed, according to
previous results[7] such a contribution would induce shifts
around 0.1 eV on d-d transitions and thus pressure shifts
essentially reflect structural changes in the CuCl6

4� complex.
The last part of the present investigation (fourth subsection

of Results and Discussion) deals with the pressure dependence
of the charge-transfer transition measured[11] in (C2H5NH3)2CdCl4:
Cu2+. Although the calculations are consistent with a small red
shift under pressure (dECT/dP= � 0.038 eV/GPa) it is also shown
that they imply a tiny sensitivity of ECT to variations of the long
axis, RL, when compared to the value dECT/dR=-9.5 eV/Å found
for compounds with square-planar CuCl4

2� complexes.[25] The
origin of this big difference is analyzed is some detail.

Figure 1. Crystal structure of the layered (C2H5NH3)2CdCl4 compound involv-
ing CdCl6

4� complexes with a local orthorhombic symmetry. The three Cd-Cl
distances (in Å) are also shown. Note that the smallest Cd-Cl distance
corresponds to ligands placed in a direction perpendicular to the layer
plane.
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This work is organized as follows. The tools employed for
carrying out the calculations are exposed in Computational
Tools section while main results on equilibrium geometries and
optical transitions under pressure are discussed in Results and
Discussion section. Some final remarks are provided in the last
section.

Computational Tools

First-principles DFT calculations have been carried out in order
to analyze the influence of pressure on the structure and d-d
and charge transfer optical transitions of the layered compound
(C2H5NH3)2CdCl4:Cu

2+ and compare these results with those
obtained for the JT systems NaCl:Cu2+ and CdCl2:Cu

2+. Struc-
tural relaxations of periodic structures have been carried by
means of periodic CRYSTAL17[47,48] and VASP[49,50] codes, while d-
d transitions of CuCl6

4� units were calculated using the
Amsterdam Density Functional (ADF)[51] molecular code.

On one hand, geometry optimizations at ambient pressure
and under 3 GPa of pure and Cu2+-doped NaCl and CdCl2
systems were carried out by means of CRYSTAL17, where the
Bloch functions of the periodic systems are expanded as linear
combinations of atom centred Gaussian functions.[52–54] The use
of localized basis sets together with the full exploitation of
symmetry in this code make it especially efficient for the
calculation of the large supercells considered in these two
inorganic systems, a primitive 3×3×3 supercell with 128 ions
for NaCl:Cu2+ and a conventional 3×3×1 supercell with 81 ions
for CdCl2:Cu

2+. The one-parameter B1WC and PW1PW hybrid
exchange-correlation functionals (involving, respectively, 16%
and 20% of Hartree-Fock exchange) have been used because
they have provided reliable results for geometry and properties
of insulating compounds containing transition metal ions.[55] In
both systems, we have optimized the geometry of the pure
compound at ambient pressure, obtaining lattice parameters
and metal-ligand distances that matches the experimental ones
within 1% of error. Then, a supercell is built up and one of the
cations is replaced by Cu2+. Finally, the atomic positions are
reoptimized in order to reproduce the distortion, keeping fixed
the lattice parameters. The procedure is the same for
calculations under 3 GPa of pressure.

Concerning organic-inorganic hybrid perovskites (where
weak long-range van del Waals interactions are important), our
previous experience[7] with CRYSTAL17 indicates that the errors
in the full optimized geometries (both, lattice parameters and
atomic positions) are much greater (around 6% but can be up
to 10%), even using empirical van der Waals corrections, that in
the case of inorganic materials. For this reason, many works
show limited geometry optimizations of the atomic positions
fixing the lattice parameters at the experimental values (if they
are known), where the errors are minimized. [7] However, this
procedure is not possible for the present study of the optical
transitions at different pressures of pure and Cu2+-doped
(C2H5NH3)2CdCl4, where the experimental geometries under
pressure are unknown. Owing this relevant fact, geometry
optimizations of these systems at different pressures were

carried out by means of VASP,[49,50] where the Bloch functions of
the periodic systems expand into plane waves,[56] more
appropriate than using localized bases in the case of organic-
inorganic hybrid systems. A geometry optimization of the lattice
parameters and atomic positions is performed at zero pressure
with the HSEsol functional.[57] The atomic positions are relaxed
until the forces per atom converge to less than 0.02 eVÅ� 1

using the conjugate gradient algorithm.[58] The Brillouin zone is
sampled using a 3×3×1 Monkhorst-Pack k-point mesh.[59] The
valence electrons are described by a plane-wave basis set with
a 520 eV energy cutoff. Twelve, seven, five, four and one
valence electrons are included, respectively, for Cd, Cl, N, C and
H. For Cu substitution, 12 valence electrons were used. The core
electrons are described by the projector augmented wave
method,[56] combined with pseudopotentials.[60] The damped
velocity friction electronic minimization algorithm is employed
where the break condition for the electronic self-consistent
loop is set to 10� 5 eV. The atomic positions and lattice
parameters of the zero-pressure optimized structure are then
relaxed at external pressures of 1, 2 and 3 GPa by relaxing both
the atomic positions and lattice parameters accordingly. The
structures of (C2H5NH3)2CdCl4:Cu

2+ at different pressures are
generated by substitution of only one Cd ion by one Cu ion in
the lattice cell (Figure 1) followed by an atomic relaxation only
(i. e., keeping the lattice vectors frozen at the values obtained
for the pristine lattice). Accordingly, the smallest distance
between two close Cu2+ ions in the supercell where calculations
are carried out amounts to 7.4 Å.

Regarding the optical transitions, we used two approaches.
For the ligand to metal charge transfer transitions, where the
electron-hole interaction is weak, we have used a simple
frequency-dependent dielectric matrix approximation method,
as implemented in VASP by Gajdoš et al.[61] The details of both
the structural and optical simulations in (C2H5NH3)2CdCl4:Cu

2+

are discussed below. Instead, the d-d transitions show large
electron-hole interactions; thus, calculating them accurately
with a periodic code requires expensive techniques such as the
BSE approximation,[62] something that is intractable in the case
of the large supercells considered in this work. Hence, we
calculated the d-d transitions using the SCF technique with a
CuCl6

4� cluster model, employing the ADF molecular code that
uses Slater-type orbitals (STOs) as basis set functions.[63] Hybrid
B3LYP functional, which includes 25% of HF exchange, together
with high quality triple-ζ polarized basis set have been used in
all calculations, where core electrons were kept frozen. These
calculations were carried out in isolated complexes because, in
contrast to systems like ruby[64,46] or the Egyptian-blue
pigment[65] where the effect of the internal electric field due to
of the rest of lattice ions is relevant, it only induces minor
variations of around 0.1 eV in these organic-inorganic com-
pounds. On the other hand, in NaCl and CdCl2 the electrostatic
potential of the rest of lattice ions is fairly flat and therefore it
has not significant effects on the results. With these calculations
we have studied the variation of the HOMO wavefunction
related to the structural changes when going from ambient
pressure to 3 GPa. In addition, we have explored the variation
of the optical spectra with pressure for these systems, paying
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special attention to the red shift that the first d-d transition
undergoes.

Results and Discussion

Equilibrium geometry for Jahn-Teller systems with
CuCl6

4� units under pressure

EPR measurements carried out at 77 K on the cubic NaCl
compound doped with Cu2+ shows the formation of tetragonal
CuCl6

4� complexes, whose main axis is one of the three C4 axis
of the host lattice[37] (Figure 2). Accordingly, three different
centers, though physically equivalent, are observed simulta-
neously for a general orientation of the applied magnetic field.
This behavior is just the fingerprint of a static JT effect[27,28,66]

also found for other impurities (Ag2+, Rh2+) in NaCl[38–41] or in
Cu2+-doped cubic perovskites[34,35,67] like KZnF3. A similar
situation holds[45] for CdCl2:Cu

2+ where a trigonal host lattice
still keeps a degenerate electronic ground state that makes
possible the development of a static JT effect.[28,68]

The experimental g-tensor at 77 K for NaCl:Cu2+ (gk=2.373,
g⊥=2.070)[37] clearly proves that the ligand octahedron is
elongated and thus the unpaired electron is placed in a jx2� y2i
molecular orbital of the CuCl6

4� unit, transforming like x2- y2, for
the center whose main axis is parallel to Z (Figure 2).[17,27,66]

Above 100 K the EPR spectrum is isotropic with g= (2 g⊥+gk)/3
as a result of incoherent hopping among the three equivalent
distortions.[37] An elongated geometry is also encountered for

CdCl2:Cu
2+ [45] and a good number of JT systems[66] with the

known exception of CaO:Ni+ which is compressed.[69,70]

The calculated equilibrium axial, Rax, and equatorial, Req,
metal-ligand distances at zero pressure for both NaCl:Cu2+ and
CdCl2:Cu

2+ are given in Table 1. Both sets are rather close
although the average distance, Rav, is smaller for Cu

2+ in CdCl2
than in NaCl a fact consistent with the cation-anion distance, R0,
of the host lattices (Table 1). In both cases the calculated Rav
value is well below R0 in accord with the smaller ionic radius[71]

of Cu2+ compared to that for Na+ or Cd2+.
Interestingly, when a hydrostatic pressure up to 3 GPa is

applied, the short Cu2+-Cl� distance, Req, is reduced by only
0.005 Å while Rax decreases by an order of magnitude higher
(Table 2). This fact just reflects that the force constant, 2Kax, for
moving the two distant axial ligands is smaller than that for the
four equatorial ones, 4Keq. Supporting this view, we have
calculated for NaCl:Cu2+ the values Kax=2.85 eV/Å2 and Keq=

6.8 eV/Å2. This result just reflects that due to the anharmonicity
present in any molecular vibration, the force constant of a bond
tends to decrease when its length increases. As Rav is clearly
smaller than R0 for both JT systems (Table 1), then the local bulk
modulus, BL, can be very different from that for the pure host
lattice. Indeed, from data given in Tables 1 and 2, we derive
BL=97 GPa for NaCl:Cu2+ and BL=117 GPa for CdCl2:Cu

2+.
These values can be compared with the experimental ones, B=

24 GPa and B=42 GPa measured for pure NaCl and CdCl2,
respectively.

Equilibrium geometry for (C2H5NH3)2CdCl4:Cu2+ under
pressure

Such as it is shown on Figures 1 and 3, the equilibrium
geometry of CuCl6

4� units in layered lattices is not tetragonal
but orthorhombic with the longest axis being located in the
layer plane. This general pattern is found in pure compounds of
the (CnH2n+1 NH3)2CuCl4 family

[4–7,26,72] and also in doped systems
like (CH3NH3)2CdCl4:Cu

2+ where EPR data and first principles
calculations are consistent with that view.[42,43,7]

As some optical data on (C2H5NH3)2CdCl4:Cu
2+ under

pressure have been reported[11] we have paid attention to
explore in a first step the local equilibrium geometry of
CuCl6

4� units in that system. Results varying the applied pressure
in the range 0–3 GPa are collected on Table 3. At zero pressure
such results show that CuCl6

4� units actually display a local
orthorhombic symmetry with the longest axis lying in the layer
plane and thus it can be along either the X or the Y direction.

Figure 2. Structure of NaCl:Cu2+ displaying the local tetragonal JT distortion
in a CuCl6

4� complex of the lattice. The deformation corresponds to an
elongated octahedron with z as main axis.

Table 1. Values of equilibrium axial, Rax, and equatorial, Req, Cu
2+-Cl�

distances calculated, at zero pressure, for Cu2+ impurities in CdCl2 and NaCl
where a static Jahn-Teller effect takes place. R0 is the cation-anion distance
for the host lattice while the average Cu2+-Cl� distance is given by Rav=
(Rax+2Req)/3. ΔRLS just means the difference between the longest and
smallest Cu2+-Cl� distance. All distances are given in Å units.

System R0 Rax Req Rav ΔRLS

NaCl:Cu2+ 2.82 2.720 2.382 2.494 0.338
CdCl2:Cu

2+ 2.65 2.668 2.327 2.440 0.341

Table 2. Calculated variations of axial, δRax, and equatorial, δReq, Cu
2+-Cl�

distances due to an applied pressure of 3 GPa in both CdCl2:Cu
2+ and NaCl:

Cu2+ systems. The corresponding changes undergone by Rav and ΔRLS are
also shown. All distances are given in Å units.

System δRax δReq δRav δ(ΔRLS)

NaCl:Cu2+ � 0.084 � 0.005 � 0.031 � 0.079
CdCl2:Cu

2+ � 0.068 � 0.005 � 0.026 � 0.063
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Only for describing the equilibrium geometry we assign the Y
direction as being the longest axis

Interestingly, the difference between the longest and small-
est Cu2+-Cl� distance, ΔRLS, found for (C2H5NH3)2CdCl4:Cu

2+ is
equal to 0.51 Å and thus already 50% higher than that derived
for the JT systems NaCl:Cu2+ or CdCl2:Cu

2+ (Table 1).
For the sake of clarity, the local equilibrium geometry at

zero pressure of some layered systems with CuCl6
4� units are

gathered in Table 4. It can be noticed that ΔRLS increases
significantly on passing from doped to pure compounds where
ΔRLS and RY can reach a value up to 0.80 Å and 3.10 Å,
respectively. This relevant behavior has been shown to reflect a
cooperative mechanism between adjacent complexes sharing a
common ligand that only takes place in pure layered com-
pounds. [7] Due to this reason the value of ΔRLS in these systems
can be more than twice higher than 0.34 Å found for the JT
systems (Tables 1 and 4).

The results on layered systems (Table 4) show that RY varies
in the 2.70 Å–3.10 Å range, RX in the 2.28 Å–2.44 Å range, while
RZ appears in a short domain (2.27 Å–2.31 Å). These relevant
facts suggest that the Cu2+-ClY

� bond along the longest Y axis
is much softer than those along Z or X directions. This idea is
strongly underpinned looking at the influence of pressure upon
the three metal-ligand distances RX, RY and RZ of
(C2H5NH3)2CdCl4:Cu

2+ (Table 3). Indeed, a pressure of only 3 GPa
reduces the value of RY by 0.21 Å while RX and RZ remain
constant within 0.01 Å.

Along this line, it is worth noting that in (C2H5NH3)2CdCl4:
Cu2+ the ClY

� -Cd2+ distance between a ClY
� ligand in the Y axis

and a neighbor Cd2+ (Figure 3) is essentially constant when
pressure increases up to 3 GPa (Table 3). At zero pressure the
ClY
� -Cd2+ distance has a value equal to 2.497 Å clearly smaller

than 2.65 Å for pure (C2H5NH3)2CdCl4
[44] thus reflecting the

expansion of the Cu2+-ClY
� bond and the corresponding

compression of the ClY
� -Cd2+ bond in the doped compound.

When pressure increases from P=0 to 3 GPa the ClY
� -Cd2+

distance goes only from 2.497 Å to 2.494 Å (Table 3) while the
Cu2+-ClY

� distance decreases by 0.21 Å. According to these
results, a pressure of 3 GPa significantly reduces the Cu2+-ClY

�

distance while leaving practically unmodified the distances
between ClY

� and the neighbor lattice ions. These facts strongly
suggest that the force constant, KY, for changing a Cu2+-ClY

�

distance but keeping constant the distances between ClY
� and

the neighbor lattice ions must be particularly small. From the
present calculations, we obtain a value KY=1.1 eV/Å2 which is
about one-third the value Kax=2.85 eV/Å2 found for moving an
axial ligand in the JT system NaCl:Cu2+.

Related to this fact a hydrostatic pressure of 3 GPa leads to
a much higher lessening of the longest axis in (C2H5NH3)2CdCl4:
Cu2+ than in a JT system like CdCl2:Cu

2+. Indeed, in this case the
pressure-induced reduction δRax= � 0.068 Å (Table 2) is three
times smaller than δRY= � 0.21 Å derived for (C2H5NH3)2CdCl4:
Cu2+ (Table 3). This fact already underlines that the equilibrium
geometry in the latter case obeys a mechanism different from
the JT effect.[7] Along this line, the results in Table 3 for
(C2H5NH3)2CdCl4:Cu

2+ lead to a local bulk modulus BL=36.8 GPa
that is about three times smaller than BL=117 GPa derived for
CdCl2:Cu

2+.

Figure 3. Left: unit cell of (C2H5NH3)2CdCl4 with a Cu
2+ impurity replacing

Cd2+. Metal-ligand distances (in Å) corresponding to the CuCl6
4� unit are

shown. Right: the CuCl6
4� complex with local axes x, y and z in red and

showing the nearest Cd2+ ions. The Cu-Cl and Cl-Cd distances are given in Å.

Table 3. Lattice parameters and Cu2+-Cl� distances (all in Å units)
calculated for (C2H5NH3)2CdCl4:Cu

2+ as a function of the applied pressure P
(in GPa units) in the 0–3 GPa range. For comparison, the distance between
a long Cl� ligand placed at the Y axis and a nearest Cd2+ ion is also given.
The value of the volume cell, V (in Å3 units) for each pressure is also
reported.

P a b c V RX RY RZ Cl(Y)-Cd

0 7.277 7.408 11.201 603.9 2.362 2.775 2.269 2.497
1 7.201 7.330 10.870 573.7 2.367 2.699 2.267 2.496
2 7.063 7.233 10.756 549.5 2.359 2.613 2.269 2.495
3 6.980 7.179 10.640 533.2 2.353 2.564 2.264 2.494

Table 4. Equilibrium Cu2+-Cl� distances (all in Å units) at ambient pressure
determined for doped and pure layered perovskites. The difference ΔRLS
between the longest and smallest Cu2+-Cl� distance together with the
value of the average metal-ligand distance, Rav, are also reported. Distances
for pure layered compounds have all been obtained experimentally by X-
ray diffraction while those for ACdCl4:Cu

2+ (A= (CH3NH3)2, (C2H5NH3)2) have
been derived through first principles calculations.

System RX RY RZ Rav ΔRLS Ref.

(CH3NH3)2CdCl4: Cu
2+ 2.441 2.690 2.279 2.470 0.411 [7]

(C2H5NH3)2CdCl4: Cu
2+ 2.362 2.775 2.269 2.469 0.506 This work

(CH3NH3)2CuCl4 2.283 2.907 2.297 2.496 0.610 [26]
(C2H5NH3)2CuCl4 2.285 2.975 2.277 2.512 0.698 [4]
(C3H7NH3)2CuCl4 2.29 3.04 2.29 2.54 0.75 [72]
EDBE CuCl4 2.306 3.101 2.306 2.57 0.795 [12,13]
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The local equilibrium geometry of CuCl6
4� units in layered

compounds has been proved to arise from compressed
tetragonal complexes with a main axis along the Z direction,
perpendicular to the layer plane.[7] In addition, they undergo an
orthorhombic instability in the layer plane, making that the
longest axis is located in that plane, a situation also found for
K2CuF4

[73,7] or in Tutton salts with Cu2+.[74] Interestingly, such
instability is the result of a force constant that becomes
negative,[33,75] and thus it can give rise to bigger distortions than
for JT systems which exhibit a positive force constant.[7,76]

In the case of (C2H5NH3)2CdCl4:Cu
2+ the mechanisms behind

the equilibrium geometry are well reflected in the nature of the
unpaired electron. Indeed, the HOMO wavefunction derived
from the present calculations at zero pressure can shortly be
written as

jyHi ¼ 0:899j3z2� r2i� 0:436jx2� y2i (1)

where j3z2� r2i and jx2� y2i are molecular orbitals of the CuCl6
4�

unit transforming like 3z2 � r2 and x2� y2, respectively. Therefore,
this wavefunction, compatible with the local orthorhombic
symmetry, exhibits a dominant 3z2� r2 character (81%) consis-
tent with an original geometry being tetragonally compressed.
Such a character is also reflected in the experimental g-tensor
where gZZ is in the range 2.04–2.05 for layered perovskites
containing CuCl6

4� complexes.[77–79] Moreover, in doped systems
like (CH3NH3)2CdCl4:Cu

2+ or (C2H5NH3)2CdCl4:Cu
2+ gZZ is temper-

ature independent while gXX and gYY change drastically with
temperature as a result of incoherent hopping between the two
equivalent position for the long axis in the layer plane.[42,43,7]

This fact underlines again the singular character of the Z
direction in layered compounds. A similar behaviour takes place
in Cu2+-doped Tutton salts.[74]

It is worth noting now that if we write the HOMO
wavefunction derived for (C2H5NH3)2CdCl4:Cu

2+ in the {j3y2� r2i,
jx2� z2i} instead of the {j3z2� r2i, jx2� y2i} basis, jψHi is given by

jyHi ¼ 0:997jx2� z2i þ 0:07j3y2� r2i (2)

thus, stressing that the electronic density associated with the
unpaired electron essentially resides in the XZ plane perpendic-
ular to the longest Y axis. Accordingly, jψHi looks similar to the
wavefunction expected for a hypothetical static JT effect
involving an elongated tetragonal CuCl6

4� unit with Y as main
axis. This similarity has given rise to misinterpretations of results
due to layered compounds containing Cu2+ or Ag2+ cations
widely assumed to arise from a JT effect.[5,6,11–13,26,80–83] Indeed, in
these low symmetry systems it is not easy to understand either
the existence of a JT effect or a principal axis that is not the
perpendicular to the layer plane. On the other hand, a
reduction of the longest axis due to pressure does not modify
the character of the HOMO wavefunction in a JT system, while
it changes the hybridization between j3z2� r2i and jx2� y2i
orbitals in a layered compound. For instance, under a pressure
of 3 GPa, involving a reduction δRY= � 0.21 Å in
(C2H5NH3)2CdCl4:Cu

2+, jψH(3 GPa)i is found to be equal to

jyHð3 GPaÞi ¼ 0:934j3z2-r2i� 0:356jx2� y2i ¼

0:987jx2� z2i þ 0:160j3y2� r2i
(3)

that entails a higher amount of the j3y2� r2i component than at
zero pressure.

In conclusion, although the longest Cu2+-Cl� distance
calculated at zero pressure in (C2H5NH3)2CdCl4:Cu

2+ (RY=

2.775 Å) and NaCl:Cu2+ (Rax=2.720 Å) only differ by 2% the
former system is much more sensitive to pressure than the
latter one thus stressing the different origin behind the
equilibrium geometry.[7] The implications of this fact on the
optical spectra are discussed in the next sections.

d-d transitions in JT and layered compounds with CuCl6
4�

units: pressure effects

In the case of systems involving CuCl6
4� units and displaying a

static JT effect the optical spectrum has been measured[84] for
CdCl2:Cu

2+ but not for NaCl:Cu2+. The experimental values of d-
d transition energies recorded at zero pressure for CdCl2:Cu

2+

are given in Table 5. As expected for an elongated CuCl6
4� unit

with a moderate tetragonal distortion the lowest transition
corresponds to j3z2� r2i!jx2� y2i reflecting the splitting, Δe, of
eg orbitals in Oh symmetry due to the Oh!D4h symmetry
descent. The two other transitions come from the t2g orbitals in
Oh symmetry partially split by the final tetragonal symmetry.
This splitting, Δt=0.19 eV, is clearly smaller than Δe=0.79 eV
for CdCl2:Cu

2+, a fact consistent with the different kind of
chemical bonding involved in eg (σ bonding) and t2g (π
bonding) orbitals of a CuCl6

4� complex.[85,21]

As shown in Table 5, the experimental d-d transitions of
CdCl2:Cu

2+, measured at ambient pressure, are reasonably
reproduced by the present calculations using the equilibrium
geometry previously derived for the CuCl6

4� unit.
The changes on the calculated d-d transitions due to a

pressure of 3 GPa are also gathered on Table 5. It can be
remarked that while the two transitions coming from the
splitting of t2g levels are weakly blue shifted, the lowest one
j3z2� r2i!jx2� y2i experiences a significant red shift of 0.11 eV.
This behavior under pressure is depicted on Figure 4. The shifts
under pressure calculated for the other JT system, NaCl:Cu2+,
show a similar pattern.

The existence of a red shift in the lowest d-d excitation of
CdCl2:Cu

2+ can, in principle, be surprising. Nonetheless, this fact
can be understood considering that a pressure of 3 GPa reduces

Table 5. Experimental energies of d-d transitions observed for CdCl2:Cu
2+

at zero pressure[84] compared to those calculated at both P=0 GPa and P=

3 GPa. All transition energies are in eV.

Transition Experimental
(P=0)

Calculated
(P=0)

Calculated
(P=3)

j3z2� r2i!jx2� y2i 0.79 0.68 0.57
jxyi!jx2� y2i 1.17 1.26 1.26
jxz,yzi!jx2� y2i 1.36 1.30 1.31
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the longest Rax distance by 0.07 Å, while Req remains essentially
unmodified, such as it is shown in Table 2. Thus, if the two
negative axial ligands become closer to the electronic density it
tends to enhance the energy of mainly d-orbitals. However, this
energy increase will be higher for the j3z2-r2i orbital, displaying
an axial character, than for the HOMO jx2� y2i whose electronic
density is mainly located in the perpendicular XY plane.
Therefore, this argument explains albeit qualitatively the
existence of a red shift under pressure in the j3z2� r2i!jx2� y2i
transition.

A more quantitative view of the pattern depicted in Figure 4
can be reached writing the energy of transitions in terms of
10Dq, Δe and Δt quantities and using the center of the gravity
theorem.[85] Accordingly, the energy of the three d-d transitions
can be written as

Eðjxyi ! jx2� y2iÞ ¼ 10Dqþ De=2� 2ðDt=3Þ

Eðjxz;yzi ! jx2� y2iÞ ¼ 10Dqþ De=2þ Dt=3 (4)

Eðj3z2-r2i ! jx2� y2iÞ ¼ De

Using the experimental values given in Table 5 we obtain
for CdCl2:Cu

2+ at zero pressure 10Dq=0.90 eV, Δe=0.79 eV and
Δt=0.19 eV.

Concerning the pressure dependence of the three d-d
transitions, 10Dq depends on Rav being proportional to Rav

� n

with the exponent n usually in the 4–6 range.[14–18,21] Accord-
ingly, for a small Rav change, δRav, the 10Dq variation is

d10Dq ¼ � nðdRav=RavÞ10Dq (5)

The quantity Δe reflects the effect of the tetragonal
distortion upon the two eg orbitals displaying σ bonding. For a
small distortion Δe, can be written as

[86,87]

De ¼ bðRax� ReqÞ (6)

where β=2.3 eV/Å2 from experimental results at zero pressure
for CdCl2:Cu

2+ (Table 5). This value is thus not far from β=

2.8 eV/Å2 recently derived for CuF6
4� complexes.[87] Similarly, the

splitting, Δt, on t2g levels involving π bonding can be written as

Dt ¼ g ðRax� ReqÞ (7)

with γ=0.56 eV/Å2 for CdCl2:Cu
2+ at zero pressure (Tables 1 and

5).
Bearing these facts in mind a pressure of 3 GPa on CdCl2:

Cu2+ reduces Rax by 0.068 Å, while Req is practically unmodified
(Table 2). Thus, according to Eqs. (4) and (6), we expect a red
shift around 0.1 eV on the lowest j3z2-r2i!jx2� y2i transition,
consistent with the calculated value on Table 5.

As regards the transitions coming from t2g levels, the
shortening of Rax by pressure entails a diminution of Rav and
consequently an increase of 10Dq. Nevertheless, this increase is
compensated to a good extent by the decrease of Δe making
that the jxz,yzi!jx2� y2i transition is little sensitive to pressure
(Table 5 and Figure 4).

It is worth noting now that 10Dq and the exponent n both
reflect the different chemical bonding in eg and t2g levels of Oh

complexes and thus cannot properly be explained through the
simple crystal field approach.[17,18,21,87] A similar situation holds
for the Δe splitting as discussed in a recent work.

[87]

Bearing these facts in mind we have also explored the
behavior of d-d transitions in layered compounds with CuCl6

4�

units. In such cases the local geometry of CuCl6
4� complexes is

no longer tetragonal but orthorhombic as discussed in the
previous subsection.

The calculated energy for the four d-d transitions expected
for (C2H5NH3)2CdCl4:Cu

2+at P=0 and 3 GPa are both reported in
Table 6. It can be remarked that the first j3y2-r2i!jx2� z2i
transition is clearly sensitive to pressure and experiences an
important shift to the red of 0.34 eV when pressure increases
from zero to 3 GPa. On the contrary, the rest of transitions,
arising from t2g levels in Oh, move only very slightly to the blue.

It should be remarked that the variation dE1/dP= � 0.11 eV/
GPa shown by the first d-d transition of (C2H5NH3)2CdCl4:Cu

2+

(Table 6) is about three times higher than dE1/dP= � 0.033 eV/
GPa derived for the j3z2-r2i!jx2� y2i transition of JT systems
(Table 5). This important fact is connected to the quite different
response to pressure of the longest distance of the CuCl6

4� unit
in JT and layered systems. For instance, dRax/dP�� 0.023 Å/GPa
for Cu2+-doped CdCl2 or NaCl (Table 2) while for
(C2H5NH3)2CdCl4:Cu

2+ dRY/dP= � 0.07 Å/GPa. It should be no-
ticed however that the sensitivity of E1 to changes of Rax in JT
systems (dE1/dRax=1.6 eV/Å) is the same as that derived in

Figure 4. Qualitative description of pressure dependence of three d-d
transitions in a tetragonal CuCl6

4� unit. For the sake of clarity, the changes
undergone by 10Dq, Δe and Δt are also shown.

Table 6. Energy (in eV) of d-d transitions calculated for (C2H5NH3)2CdCl4:
Cu2+ at zero pressure and P=3 GPa. The energy of the lowest transition is
written in italic. Note that as the local symmetry is orthorhombic the
HOMO is described by the dominant contribution, jx2-z2i, despite it actually
involves an admixture of j3y2-r2i.

Transition P=0 P=3

j3y2� r2i!jx2� z2i 0.93 0.59
jxzi!jx2� z2i 1.30 1.32
jyzi!jx2� z2i 1.34 1.34
jxyi!jx2� z2i 1.40 1.41
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(C2H5NH3)2CdCl4:Cu
2+ (dE1/dRY=1.6 eV/Å). Interestingly, such

figures can be compared with d10Dq/dR for octahedral
complexes of 3d ions lying typically between � 2 eV/Å and
� 5 eV/Å.[14–18,21] In these cases, however, a reduction of the
metal-ligand distance, R, implies an increase of 10Dq whose
actual origin has previously been discussed.[17,18,87]

The pattern found for (C2H5NH3)2CdCl4:Cu
2+ under pressure

is also consistent with experimental and calculated d-d
transitions at zero pressure in that system, as well as in pure
layered compounds[79,88] such as it is shown in Table 7. Indeed,
the calculated energy of the first j3y2� r2i!jx2� z2i transition
grows significantly when RY increases going from 0.93 eV for
(C2H5NH3)2CdCl4:Cu

2+ (RY=2.775 Å) to 1.27 eV for
(C2H5NH3)2CuCl4 (RY=2.975 Å).[88]

This general trend is followed by experimental results on
(CH3NH3)2CuCl4 and (C2H5NH3)2CuCl4 (Table 7) despite the un-
certainties on the values of d-d transitions in the first case due
to a poor resolution of absorption spectra.[79] According to these
data, it is thus quite reasonable to expect a significant red shift
in the j3y2� r2i!jx2� z2i transition in a layered compound
containing CuCl6

4� units when pressure is applied. Unfortu-
nately, in the absorption spectra carried out under pressure in
(EDBE)[CuCl4] (EDBE=2,2’-(ethylenedioxy)bis(ethylammonium)),
but only at room temperature, the four d-d transitions are not
resolved[12] and only a broad band (bandwidth ~0.5 eV) is
observed, whose energy maximum slightly increases at a rate of
~0.01 eV/GPa. Very likely that shift corresponds to the three
transitions emerging from antibonding t2g orbitals in Oh.

Charge Transfer transitions in (C2H5NH3)2CdCl4:Cu
2+ under

pressure

Bearing the results of the former subsections in mind this one is
addressed to gain a better insight into the red shift under
pressure observed[11] for the lowest charge transfer (CT)
transition in (C2H5NH3)2CdCl4:Cu

2+ in the range 0–3 GPa. If ECT
means the energy of such a transition it is experimentally found
dECT/dP= � 0.04 eV/GPa. A similar red shift is also reported for
(EDBE)[CuCl4].

[12,13]

For the sake of comparison, it is worth recalling first what
happens in model systems containing square-planar CuCl4

2�

complexes where all ligands are equivalent. In this case the first
allowed CT transition comes from a eu(σ+π) ligand orbital
depicted on Figure 5 and the σ character in that orbital greatly

influences the oscillator of the jeu(σ+π)i!jx2� y2i transition.[89]

Thus, if ECT just denotes the energy of such a transition,
experimental[22–24] and theoretical[25] results lead to dECT/dR=

� 9.5 eV/Å implying a strong blue shift upon reduction of the
metal-ligand distance, R. That shift reflects that when R
decreases the energy of an electron placed in a mainly d-orbital
increases due to a higher repulsion by the four ligand ions. By
contrast, in that situation an electron in a ligand orbital is more
attracted by the central ion with charge zMe although partially
compensated by the repulsion of three ligand ions with a
charge -zLe. According to this view the shift, dECT, undergone by
a CT transition of a CuCl4

2� complex due to a variation, dR, of
the metal ligand distance can be estimated[17,21] through the
simple expression

dECT ¼ � ðe2=R2Þð2:09zL þ zMgÞdR (8)

As the total charge of a CuCl4
2� unit is � 2e then

zM� 4zL ¼ � 2 (9)

Due to the covalent bonding inside the CuCl4
2� unit, zM<2.

If we take, for instance, zM=1, zL=3/4 and R=2.25 Å, we obtain
from Equation (8) an estimated value dECT/dR= � 7.3 eV/Å
which is thus comparable to experimental and theoretical
results[22–25] on compounds involving CuCl4

2� complexes.
In the case of the layered system (C2H5NH3)2CdCl4:Cu

2+, the
results shown above prove that a pressure up to 3 GPa reduces
RY by 0.21 Å while RX and RZ remain essentially constant.
Accordingly, if dECT/dP= � 0.04 eV/GPa and dRY/dP= � 0.07 Å/
GPa, we find dECT/dRY=0.60 eV/Å. This simple reasoning already
stresses that the sensitivity of ECT to variations of RY in
(C2H5NH3)2CdCl4:Cu

2+ is one order of magnitude smaller than the
absolute value of dECT/dR= � 9.5 eV/Å found for square-planar
CuCl4

2� complexes.
Bearing these facts in mind, we have first calculated the

pressure dependence of the charge transfer spectrum of
(C2H5NH3)2CdCl4:Cu

2+ in the range 0–3 GPa. For achieving this
goal, we have taken into account the variation of structural
parameters with pressure reported on Table 3.

The charge transfer spectrum of (C2H5NH3)2CdCl4:Cu
2+

calculated in the range 2.8–4.2 eV for several pressures using
the VASP code is displayed on Figure 6. That spectrum is
dominated by a band peaked at 3.4 eV at zero pressure not far

Table 7. Energy (in eV) of d-d transitions calculated for (CH3NH3)2CuCl4 and
(C2H5NH3)2CuCl4 at zero pressure. Such results are compared to experimental
findings on these pure compounds[79,88] and also to those obtained for
(C2H5NH3)2CdCl4:Cu

2+ in this work. In all cases the value of the longest Cu2+-Cl�

distance, RY, is given. For the sake of clarity, the calculated energy of the lowest
transition is written in italic.

Transition (C2H5NH3)2CdCl4:Cu
2+

RY=2.775 Å
(CH3NH3)2CuCl4
RY=2.907 Å

(C2H5NH3)2CuCl4
RY=2.975 Å

Calc. Calc. Exp. Calc. Exp.

j3y2� r2i!jx2� z2i 0.93 1.15 1.34 1.27 1.38
jxzi!jx2� z2i 1.30 1.39 1.51 1.43 1.54
jyzi!jx2� z2i 1.34 1.47 1.51 1.50 1.65
jxyi!jx2� z2i 1.40 1.45 1.65 1.50 1.65

Figure 5. Graphical description of eu(σ+π) ligand orbital, corresponding to a
square planar CuCl4

2� anion, responsible for the first allowed charge transfer
transition.
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from the value ECT=3.12 eV measured experimentally.[11] More-
over, Figure 6 shows that the calculated band maximum is red
shifted by 0.11 eV under a 3 GPa pressure, a value close to
ΔECT= � 0.14 eV determined experimentally.

For the sake of completeness, we have also explored the
nature of the ligand orbital, mainly responsible for the peak in
Figure 6. We have verified that it is mainly built from px orbitals
of chlorine ions Cl(X) and Cl(Z) placed at X and Z directions,
lying in the plane perpendicular to the long axis Y (Figure 3). In
addition, there is a small admixture of px orbitals of two Cl(Y)
ions. Thus, that orbital resembles the shape of the eu(σ+π)
ligand orbital (Figure 5) responsible for the lowest charge
transfer transition in square-planar CuCl4

2� complexes.
The present results shed light on the different pressure

response of the lowest charge transfer transition in
(C2H5NH3)2CdCl4:Cu

2+ and compounds with CuCl4
2� anions. In

the first case a pressure up to 3 GPa only moves the longest
Cu2+-Cl� distance, RY, while the electronic density of both initial
and final orbitals, involved in the charge transfer transition, is
essentially lying in the perpendicular plane XZ. Accordingly, it
can be expected that the motion of the two farthest ligands
affect in similar way to the energy of both orbitals. This
situation is thus quite different from that for CuCl4

2� where all
ligands are equivalent and the energy of molecular orbitals jx2-
y2i and, to a minor extent, jeu(σ+π)i, is strongly influenced by
the simultaneous motion of the four Cl� ions of the complex.
According to this simple reasoning, we can understand why
dECT/dRY=0.60 eV/ Å derived for (C2H5NH3)2CdCl4: Cu

2+ is much
smaller than jdECT/dR j =9.5 eV/Å corresponding to square-
planar CuCl4

2� units.
The red shift of ECT under pressure in (C2H5NH3)2CdCl4:Cu

2+

is helped by the local orthorhombic symmetry displayed by
CuCl6

4� complexes. We have verified that when the long metal-
ligand distance is reduced it enhances the admixture of the
HOMO (mainly x2� z2 character) with the orbital lying below
(mainly 3y2� r2 character), a fact that is symmetry avoided for
tetragonal CuCl4

2� units. Such an admixture decreases the
energy of the HOMO. In the same way upon reduction of RY the
mixing of px(ClY) orbitals into the charge transfer orbital also

increases favoring an increase of the energy and thus a
decrease of ECT.

The influence of the lower symmetry in (C2H5NH3)2CdCl4:
Cu2+ on the shift of ECT under pressure is reflected in the
comparison with the calculated value of dECT/dP for the JT
systems CdCl2:Cu

2+ or NaCl:Cu2+. In these cases, we have found
dECT/dP�0.01 eV/GPa thus implying a tiny blue shift. This
figure, when compared to dECT/dP�� 0.04 eV/GPa found for
(C2H5NH3)2CdCl4:Cu

2+, reflects again the different sensitivity to
pressure of the longest metal-ligand distance in both cases, a
matter already discussed in the second subsection.

Final Remarks

The present results prove that the energies of the lowest d-d
transition and the first allowed CT transition in (C2H5NH3)2CdCl4:
Cu2+ are both red shifted under pressure, dE/dP being equal to
� 0.10 eV/GPa and � 0.04 eV/GPa, respectively. As this sensitivity
to pressure is three times higher than that found for JT systems,
like CdCl2:Cu

2+ or NaCl:Cu2+, involving tetragonal CuCl6
4� units,

this fact already emphasizes the key role played by the
orthorhombic instability in layered compounds like
(C2H5NH3)2CdCl4:Cu

2+ leading to a bond between Cu2+ and the
farthest ligands extremely soft.

Structural instabilities arise from a negative vibronic con-
tribution, -KV, to the total force constant, K, of a given distortion
mode,[33,75,76,7] written as

K ¼ K0� KV (10)

Here the K0 contribution only considers the electronic
density frozen at the equilibrium geometry. By contrast, KV
basically reflects the change of the ground state electronic
density due to the coupling between the electronic density and
the distortion vibrational mode. Thus, the KV contribution tends
to soften the force constant of a given distortion making that
even K becomes negative and then the instability develops.
This situation is obviously favored for weak rather than for
stronger bonds.[7,74] For this reason, the orthorhombic instability
takes place in layered compounds like (C2H5NH3)2CdCl4 doped
with Cu2+ while not in K2ZnF4:Cu

2+, involving tetragonal CuF6
4�

units, as fluorine gives rise to stronger bonds than chlorine.[29–32]

Nevertheless, when complexes share common ligands, it is
easier to reach the orthorhombic instability such as it has
previously been discussed.[7] For this reason, it takes place in
the pure compounds K2CuF4

[7,73] and Na2CuF4,
[86] but not in Cu2+

-doped K2ZnF4
[29–32] or Ba2ZnF6.

[36] Supporting this idea, the
orthorhombic distortion increases significantly on passing from
doped systems like (CH3NH3)2CdCl4:Cu

2+ to pure layered
compounds like (CH3NH3)2CuCl4 as seen in Table 4.

Interestingly, a reduction of a bond length tends to increase
K0, a fact that also acts against the development of a structural
instability. By this reason, the orthorhombic instability is
observed in compressed rather than in elongated
complexes[7,73,74] of d9 ions as ligands lying in the perpendicular
plane to the main axes move outwards thus increasing the

Figure 6. Calculated red shift under pressure of the first charge transfer
transition from px orbitals of Cl(X) and Cl(Z) to the mainly jx

2� z2> orbital of
Cu2+.
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value of the corresponding metal-ligand distance and weaken-
ing K0.

It is worth noting now that structural instabilities arising
from K<0 are often described in the scientific literature as a
pseudo-Jahn-Teller effect.[33,75] This term is however confusing in
view of the significant differences between instabilities driven
by a negative force constant and the JT effect discussed in this
work.

The reduction or total suppression of a distortion due to
shortening bond lengths is a general behavior in the realm of
structural instabilities. For instance, Cu2+ impurities in BaF2 and
SrF2 move off-center by 1.3 Å and only 0.30 Å, respectively,
while such instability is suppressed in CaF2 displaying the
smallest lattice parameter.[90–92,17] In the same vein, the destruc-
tion of the ferroelectricity on passing from BaTiO3 to CaTiO3 is
also related to the reduction of lattice parameter as it has
previously been discussed.[93]

The present work stresses the differences between JT and
non-JT systems involving dn (n=4,9) complexes in insulating
lattices. It is worth noting now that for non-JT complexes other
interesting phenomena can also be observed. In particular an
applied pressure can switch the long axis of an orthorhombic
complex such as it has been observed for Na3MnF6 with a
pressure of 2.8 Gpa.[94] Interestingly in that case, recently
analyzed, the value of ΔRLS at zero pressure is equal only to
0.15 Å and thus much smaller than those gathered in Table 4.[95]

In summary, due to the orthorhombic instability, a layered
compound like (CH3NH3)2CdCl4:Cu

2+ shows a highly anisotropic
response to pressure making that in the range 0–3 GPa only the
longest metal-ligand distance is reduced by 0.21 Å. This
contraction would give rise to a significant red shift around
0.30 eV for the lowest d-d transition. Further experimental work
would be necessary to verify that behavior.
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