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The origin of the difference in structure between compounds containing CuCl,X,>~ (X = H,0, NH3) units
is analyzed by means of first-principles calculations. While NHj3-containing compounds display tetragonal
symmetry, H,O-containing ones display an orthorhombic distortion at low temperature where the equatorial C1~
ions are no longer equivalent. Our simulations of optical and vibrational transitions show good agreement with all
available experimental optical absorption and Raman data. As a salient feature, the value of the force constant for
the B, mode, K(Bj,), driving the orthorhombic distortion in the CuCl4(H,0),2~ unit is found to be four times
smaller than that calculated for CuCl,(NH3),>~, stressing that CuCly(H,0),%~ is in the verge of the Dy, — Do,
instability. The analysis of results obtained for different values of the distortion coordinate, Q(Bj,), clearly shows
that the softening undergone by K(Bj,) in CuCl;(H,0),?~ comes mainly from the vibronic admixture of the
antibonding a]*g(~3z2—r2) orbital with the b’l’g bonding (or charge transfer) level. This mechanism is thus similar
to that responsible for distortions observed in some fluoroperovskites and oxoperovskites. The present results,
quantifying the importance of vibronic effects in structural instabilities, clearly demonstrate that, contrary to
what was suggested by several authors, the instability in CuCl4(H,0),% is not related to the Jahn-Teller effect

and that the orthorhombic distortion observed in the pure compound Rb,CuCls(H,0), has a local origin.
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I. INTRODUCTION

Itis well-known that compounds that are rather similar from
a chemical point of view can exhibit a different structure at
low temperatures and thus distinct physicochemical properties.
This situation is found when studying, for example, the series
of oxoperovoskites ATiO3 (A = Ca®*, Sr’*, Ba®*), where
the three crystals display a cubic phase at high temperatures,
but at lower ones their behavior differs considerably. SrTiO3
is cubic down to 105 K, where it becomes slightly tetragonal
due to the rotation along the z axis of the TiOg octahedra.'
On the other hand, CaTiO3 presents much stronger rotations
around all cartesian axes becoming orthorhombic below
1580 K3 and, finally, BaTiO3, while not presenting octahedral
rotations, becomes ferroelectric running through a tetragonal,
an orthorhombic, and a rhombohedral phase as the temperature
lowers.*> Similarly, the different occupations of the 3d-
orbitals in KNiF3; and KMnF; lead KNiF3 to be cubic at all
temperatures, while KMnF3 presents octahedral rotations at
low temperature like in CaTiO3.%” These phase transitions
arise from the existence of a structural instability, a subtle
phenomenon whose microscopic origin is often not well
understood in detail.

In the realm of pure and doped insulators containing Cu**
ions a conspicuous example of structural instability is provided
by the comparison of systems containing the CuCly(NH;3),2~
and CuCly(H,0),%~ units.>?° The CuCl4(NH;3),2~ unit
is involved in the pure CuCly(NHj3), crystal,8 and it is
formed as an impurity center in HgCl,(NH3),:Cu?*!® and
in NH4Cl:Cu®* crystals grown in solution with a pH >
79101213 (Fig, 1). This center is also formed in crystals of
CsCl:Cu** adding ammonia to the growth solution.” The
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water-containing unit CuCly(H,0),>~ is also formed in
NH,CI:Cu?* crystals grown in solution but with an acidic
pH (Fig. 1)>'%12 and is also present in pure compounds
like Rb,CuCly(H,0),.2%%" Tt should be noted that in this
compound two neighboring CuCl,(H,0),>" units are actually
well separated, and no ligand is shared by them.?® This
situation is thus similar to that of NH4Cl crystals containing
isolated CuCly(H,0),%~ impurity centers.

Experimental results on systems containing the
CuCl4(NH3),>~ unit are consistent for all temperatures
with a tetragonal (Dg,) symmetry where the equatorial
Cl” ligands are all lying at the same distance, R.,, from
Cu’**. In vparticular, x-ray diffraction data carried out
for CuCly(NH3), give R., =2.76 A, while the Cu?t-N
distance, R, = 1.96 A, is certainly smaller than R,,.}
Along this line, in the case of the CuCl4(NH3),>~ center
in NH4CLl:Cu?>* the two A, ¢ frequencies related to the
symmetric Cu’t <~ NH; and Cu?>t < Cl~ vibrations
have been measured by Raman spectroscopy.'> The
experimental values fiw(A; Cu?™ < NH3) = 460 cm™!
and ha)(Alg;Cu2+ <« CI7) = 165 cm™' measured at 100 K
support that bonding in the equatorial plane is certainly much
weaker that along the C4 axis. In contrast, the low-temperature
equilibrium geometry for systems with CuCly(H,0),2~ units
is found to be not tetragonal but orthorhombic with two
equatorial CI™ ligands lying at a short distance, R;,, and
the two other lying at a longer distance, Réq. In the case of
Rb,CuCly(H,0),, the values R, = 2.26 A and R!, =3.00 A
have been derived from x-ray diffraction,”>*! while R;, =

225+ 0.15Aand R, =2.85 + 0.15 A come from extended
x-ray absorption fine-structure (EXAFS) measurements.?!
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FIG. 1. (Color online) Scheme of the CuCl;(NH3),%~ (top) and
CuCly(H,0),2~ (bottom) centers. Cu** ion is represented by a red
sphere, while CI~ ions and N, O, and H atoms are represented,
respectively, by blue (medium gray), green (gray), yellow (light gray),
and small pink (light gray) spheres. In the case of the CuCl;(H,0),%~
complex, the arrows represent the B, distortion driving the Dy, —
D, transition at low temperatures.

The value of the Cu?T-O distance is found to be R, =
1.97 A 22! which is practically identical to the axial distance
measured for CuCl,(NH;),.8

Electron paramagnetic resonance (EPR) and electron nu-
clear double resonance (ENDOR) data obtained on the
CuCly(H,0),>~ center formed in NH4Cl:Cu®* are fully con-
sistent with the existence of an orthorhombic (D;;) distortion
at 4.2 K involving the By, mode'® (Fig. 1). Indeed only the
superhyperfine interaction with the two closest Cl1~ ligands
is observed in the spectra. However, when the temperature is
raised only to ~10 K, the local structure seen through EPR
and ENDOR is not orthorhombic but tetragonal, a change
that cannot be related to any structural phase transition of
the NH,Cl host lattice.'® This phenomenon is thus similar
to that observed in BaF,:Mn?t, where a Ty — Oy local
phase transition is observed when the temperature is raised
to about 50 K.?>>* The existence of a Dy, — Dyj, local phase
transition when the temperature increases up to ~10 K for
the CuCl4(H,0),2~ center in NH4Cl:Cu** strongly suggests
that the dependence of the ground-state energy on the Q(B,)
normal coordinate should be extremely flat with two shallow
minima separated by a barrier of about 10-100 cm™".
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Bearing in mind all these experimental facts, it is thus
challenging to shed light on the actual origin of the D4, — D>y,
instability associated with the CuCl4(H,0),%" unit but never
observed when the CuCl4(NH;3),2™ unit is involved. It should
be noticed that in some previous works such instability has
been explained through a phenomenological EQe Jahn-Teller
model, which introduces extra parameters, like an axial strain
to represent the fact that the axial ligands (H,O or NHj3) are
different from the equatorial ones.!>?! This model cannot be
rigorously maintained. In particular, for the existence of the
Jahn-Teller effect, the presence of an orbitally degenerate state
at the high-symmetry initial configuration® is fully necessary.
A cubic initial configuration holds for Cu’>*-doped cubic
halides, but it is hard to imagine that it also happens in the
case of CuCl;X,%~ units (X = NHj, H,O) because axial
and equatorial ligands are certainly very different. Moreover,
in the case of d° impurities (Cu®>*, Ag?*, or NiT) in cubic
halides, there is always a tetragonal distortion,”->° while for
CuCly X% units (X = NH;3, H,0) the orthorhombic distortion
does not appear when X = NHj. Therefore, the Jahn-Teller
effect seems inadequate to account for the absence of the
orthorhombic instability in the CuCl;(NH3),>~ unit, and a
model better adapted to the symmetry of the systems, which is
at most tetragonal, must be sought.

Taking into account these considerations, the instability in
the CuCl4(H,0),2~ unit is likely to be related to a softening
of the force constant corresponding to the B, mode induced
by vibronic coupling with excited electronic states, i.e., the
pseudo-Jahn-Teller effect.?> This mechanism, whose physical
interpretation is completely different to the Jahn-Teller effect,?
and which is much more general than the latter, can induce
distortions for any kind of electronic ground state and has
been shown to be responsible for the O, — Ty instability in
BaF,:Mn*t (Ref. 24) and the Oy, — Cay instability observed
in Fe*-doped SrCl, and KTaO; lattices among many other
examples’*—33 It should be noted now that the distortion driven
by a true Jahn-Teller effect is not related to the softening of a
force constant, although this mechanism is responsible for dis-
tortions when the electronic ground state is an orbital singlet.

Despite this fact, the vibronic admixture of an orbitally
singlet ground state with excited electronic states does not
necessarily lead to the existence of a distorted configuration.?
Indeed the force constant, K, of a distortion mode, Q, involves
two components

K =Ky, — K,. (1)

Here Ky > 0 means the force constant calculated keeping
the electronic density corresponding to Q =0, while K,
accounts for the changes of electronic density of the electronic
ground state due to the admixture with excited electronic
states when the distortion coordinate Q is activated. Thus,
the K, contribution is responsible for the softening of the
force constant corresponding to the electronic ground state.
Obviously, although K, # 0, the instability takes place only if
K v > K().

Bearing these consideration in mind, the present work is
aimed at exploring the two CuClyX,* (X = H,0, NH3)
centers formed in NH4Cl by means of ab initio calculations.
As a main goal, the calculations and subsequent analysis
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are addressed to explain why the orthorhombic distortion is
observed only when X = H,0.

This work is arranged as follows. After explaining the
method of calculation in Sec. II, main results obtained through
the present research are shown in Sec. III. In that section we
first discuss the nature of the ground and first excited states
for both CuClL4X,%~ (X = H,0, NH3) species, calculating
the corresponding equilibrium geometry. Once it is proved
that in the electronic ground state, the unpaired electron
lies in the antibonding afg(fszz-rz) orbital, we examine the
charge distribution in this important orbital and explore the
force constants of Aj, and B, vibrational modes. Next, we
analyze, through the present calculations, the tiny vibronic
admixture of by, orbitals in ai‘g(~322-r2), when Q(Bi,) #0,
and its influence upon the softening contribution K,. Finally,
in Sec. IV some additional comments are presented.

II. COMPUTATIONAL DETAILS

The properties of the CuCly X,%~ (X = H,0, NH3) centers
embedded in NH,ClI have been obtained in this work by means
of ab initio calculations. As shown by EPR and ENDOR
experiments, the active electrons of the impurity are strongly
localized in the CuCl, X >~ complex.”!%!217 This fact and the
strongly ionic nature of the lattice allow us to employ a cluster
approach in our calculations where the complex and its close
surroundings are simulated quantum mechanically and the rest
of the infinite lattice is introduced in the calculation through
an effective electrostatic potential of point charges obtained
by a modified Evjen-Ewald scheme. Keeping in mind that
no superhyperfine EPR signal coming from NH,* ions has
been detected, reducing the number of vibrational degrees of
freedom, and keeping the symmetry of the cluster as high
as possible to facilitate interpretation, these ions outside the
complex were replaced by K™ ions in our simulation. Within
these restrictions our results converge for clusters of 37 and
39 ions in the case of CuCly(H,0),>~ and CuCl4(NH3),%~
centers, respectively.

All calculations have been performed in the standard spin-
restricted and nonrelativistic Kohn-Sham formalism of the
density functional theory (DFT) by means of the Amsterdam
density functional (ADF) code (version 2010.01).3* We have
used the B3LYP* hybrid exchange-correlation functional,
which provides an accurate and computationally balanced
method that is able to correct the excess of covalence
frequently found in Cu®* compounds when using local (LDA)
or semilocal (GGA) density functionals.?® The Kohn-Sham
orbitals were described using a Slater-function basis set of
triple-£ plus polarization quality for all ions and atoms in the
complex and double-£ for all ions outside of it. Geometry
optimizations were carried out, including all degrees of
freedom for the ions in the complex, while the external layers
of the cluster were fixed to match the perfect lattice positions.

III. RESULTS AND DISCUSSION

A. Nature of the ground-state and equilibrium distances

In a first step we have calculated the equilibrium geometry
of CuCl;X,%~ (X = H,0, NH3) species in NH4Cl for two
different electronic states. In the A state the unpaired electron
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TABLE I. Calculated values of the equilibrium distances R,, and
R4 (in A) for both CuCl,X,%~ (X = H,0, NHj;) centers formed in
NH,Cl for the two A, and B, electronic states. In the A;, states the
unpaired electron lies in the antibonding aj,(~3z>-r*) orbital, while
in By, it is placed in b},(~x*-y?). The difference between the energy
of By, and A, states computed at the corresponding equilibrium
geometry, Ay, is also given. A, reflects the same energy difference
but calculated at the equilibrium distance of the ground electronic
state A,. Energies are in cm™! units.

System State R, R, Am Ao
CuCl,(NH;),> Ay, 1.95 2.77 9012 9300
By, 2.04 2.75
CuCl4(H,0),%~ Ajg 1.93 2.70 4180 5500

By, 2.07 2.60

lies in the antibonding ai‘g(~3z2-r2) orbital, while in By, it
resides in the planar b},(~x*-y?) orbital. The equilibrium Ry,
and R,, distances found for both centers are gathered in Table I.
As a salient feature we have found that A, is the ground state
for both CuCl4X,%~ (X = H,0, NH3) centers. It is worth
noting that the g tensor measured for the CuCly(NH3),2~ unit
in NH4Cl is fully consistent with an A, as ground state, thus
supporting the results of the present calculations.””!! Indeed
the experimental g =2 and g; = 2.22*!° values are the
fingerprint of an unpaired electron residing in the a?‘g(~3z2—r2)
orbital and not in the bfg (~x2-y2) orbital.’’

Although there is no experimental information on the equi-
librium R,, and Ry, distances for CuCly(NH3),>~ embedded
in NH4Cl, the calculated figures R,, = 1.95 A and Rey =
2.77 A (Table I) are practically identical to those measured
by x-ray diffraction for the CuCl,(NH3); compound.® These
distances are thus qualitatively consistent with an a},(~3z%-1%)
orbital as the highest-occupied antibonding orbital. Similarly,
the average value [R;, + R! ,1/2=2.63 A derived from x-ray
diffraction data for Rb,CuCl4(H,0),%%2! is not far from
R,y = 2.70 A calculated for the electronic ground state of
CuCl4(H,0),>~ placed in NH4Cl.

The value of the equatorial Cu?t-ClI~ distance, Ry =
2.77 A calculated for CuCly(NH3),2~ is certainly higher
than the figure R, = 2.26 A measured for the square
planar CuCl,>~ unit, where the unpaired electron lies in the
b} g(~x2-y2) orbital.® Therefore, these data together with the

value R,, = 1.96 A (Table I) suggest that the Cu?*-N bonds
in CuCl4(NH;),2~ are clearly stronger than the Cu?t-Cl-
bonds. According to Table I, a similar situation should hold
for the CuCl4(H,0),2~ unit, where the calculated metal-ligand
distances for a Dy, unit are R,, = 1.93 A and R, =210 A.
Further arguments on this important issue are provided in
Sec. 1IL.B.

Finally, in Table I we also present the calculated energy
value for the vertical A, — B, excitation, denoted Ao, which
has been measured by optical absorption spectroscopy in the
case of the CuCl4(NH;3),2~ unit in NH4CL '3 As can be seen,
the calculated value reported in Table I is very close to Ag =
9300 cm~! measured experimentally.

It is worth noting now the differences between the present
results and those corresponding to pure Jahn-Teller systems.
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FIG. 2. (Color online) Representation of the energy surfaces
along a cross-section driving the system from the A, state minimum
to the Bj, minimum using the & parameter as described by Eq. (2).
The solid blue and dashed red lines represent, respectively, the
ground A;, and excited Bj, states. The left plot corresponds with
the water-containing unit, while the one on the right corresponds
with the ammonia-containing one.

Let us designate by E(Bj,) and E(A,) the energies of B,
and Aj, states and by Ay as the difference E(Bg)-E(Al)
when each of the energies is computed at the stable minimum
of each state. Calculated values of Ay are also reported in
Table I, where it can be seen that Ay = 1.15 and 0.5 eV for
CuCl4(NH3),%~ and CuCly(H,0),2", respectively. Both Ay
values are clearly higher than those obtained for d° impurities,
which are initially under strict octahedral coordination but
undergo a Jahn-Teller distortion.?”*° Indeed the Ay values
for true Jahn-Teller systems are in the range 1073-10"! eV
and correspond with the so called Jahn-Teller energy barrier,
whose origin is the small anharmonicity naturally present in all
interatomic bonds.**** To further explore this point, we have
calculated the variation of energy in the A, and B, states in
both species as we move from an equilibrium geometry to the
other varying R,, and R, as follows

R; = Ri(A1g) + §[Ri(Big) — Ri(Ayg)]
(i =eq,ax; 0 <& < 1). )

As it is shown in Fig. 2, there is no crossing of E(B;4) and
E(A\g) curves along this path, although in a true Jahn-Teller
system, it happens for & = 1/2.2540 Therefore, CuClyX,>~
(X = H;0, NH3) can be viewed in principle as tetragonal
species, where the distance, R,,, of H,O or NHj ligands
to Cu®* is certainly smaller than R,,, and the origin of this
geometry presents no clear relation to the Jahn-Teller effect.!!
Moreover, the absence of a conical intersection indicates that
the Berry phase will not be present if these systems performed
apseudorotation.?> Because the Berry phase is a clear indicator
of the presence of the Jahn-Teller effect in a system, this fact
further shows that the latter cannot be used to explain the origin
of the distorted configuration in these systems.

B. Charge distribution in the antibonding a;‘g(~3z2-r2) orbital

In the ground state of both CuClyX,>~ (X = H,0, NH3)
species, the unpaired electron has been shown to lie in the
ai‘g(~3z2-r2) orbital. For this reason the Mulliken charge

PHYSICAL REVIEW B 85, 094110 (2012)

TABLE II. Charge distribution (in %) corresponding to the
antibonding aj,(~3z°-r*) orbital for both CuClsX,*~ (X = H,0,
NHj3) centers formed in NH,Cl. In this orbital, where the unpaired
electron is placed, such an electron can be found on the 3p(Cl) orbitals
of equatorial ligands, the 2p(N) or 2p(O) orbitals of axial ligands, as
well as on the 3d(3z2-r?) and 4s orbitals of the Cu cation.

System 3d(3z2-r*) Cu  4s(Cu) Axial ligands 3 p(Cl)
CuCl,(NH;),%~ 57 8 14 20
CuCl,(H,0),%~ 67 2 6 23

distribution in that orbital calculated for the ground-state
geometry is displayed in Table II. We can observe in Table II
that while the 3d (Cu) charge and the equatorial covalency
are similar in both complexes, the axial covalency is rather
different. For CuCl4(H,0),2~ center, both the mixing with
O(2p) functions (6%) and 3d(3z%-r?)-4s hybridization in
Cu [2% 4s(Cu)] are relatively small when compared to the
corresponding values in CuCly (NH3),%~, where the hybridiza-
tion with axial 2p(N) and the 3d(3z2-r?)-4s hybridization are
twice and four times the ones found in the previous complex.
The origin of this difference lies in the fact that NHj is a
stronger ligand than H,O and, as a consequence, disrupts the
bonding toward the axial direction more efficiently. The higher
covalency induced by NHj3 as ligand when compared to that
of H,O is well reflected in both the optical electronegativity
and nephelauxetic series by Jgrgensen.*!

With regard to the values collected in Table II, it should
be noted that in a previous MS-Xa calculation, the amount of
45(Cu) in the ai"g orbital of CuClys(NH3),2~ was calculated to

be 9%.'° Moreover, the experimental values of the hyperfine
tensor for CuCly X,2~ (X = H,0, NHj3) centers in NH,C1%'017
strongly support a much higher amount of 4s(Cu) in the
aj, orbital for CuCl4(NH3),%> than for CuCly(H,0),>~ in
agreement with results in Table II. In this sense the A,
component of the hyperfine tensor, measured at 4.2 K when
the magnetic field is parallel to the C,4 axis, is A, = 726 MHz
for CuCl;(NH3),>~, while a much smaller value A, =
143 MHz has been recorded for CuCly(H,0),2~.1°

C. Ay, and By, frequencies for CuCL, X,>~ (X = H,0, NH3)

Seeking to provide further insight into the origin of the
different structural properties of CuCly X ,2~ (X = H,0, NH3)
units at low temperature, we now proceed to explore the
characteristics of some representative vibrational modes.

Values of the calculated force constants and associated
frequencies for relevant vibration modes of Dy, CuCly X 42~
(X =H;0, NH3) species in NH4Cl are collected in Table III. In
addition to results for the two symmetric Cu®*-X and Cu?**-Cl
modes, data concerning the force constant of the distortion By,
mode for both CuCl4(NH3),2~ and CuCls(H,0),2~ centers
are also shown in Table III. All these results correspond to the
electronic ground state. For comparison purposes experimental
values of the frequencies and force constants of some relevant
modes of the square planar CuCly?>~ unit*' are given in
Table IV. Aside from the values corresponding to the A, and
B, stretching modes, the frequency of the B, bending mode
is also included in Table I'V together with the figures obtained
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TABLE III. Force constants K (ineV/ A?) and associated frequencies iw (in cm™") corresponding to A ¢ and By,
vibrational modes calculated for the electronic ground state of CuCly X ,>~ (X = H,0, NH;) centers formed in NH,C1
assuming a tetragonal symmetry. Experimental values of A, frequencies measured for CuCly(NH3),2~ in NH4Cl
(taken from Ref. 15) are also given together with the calculated R, and R,, distances (in A) at equilibrium.

hw
System R, Ry Mode K Calculated Experim.
CuCl4(NH3),%~ 1.96 2.78 A,(Cu-NH3) 134 460 460
A,(Cu-Cl) 3.6 165 165
B,(Cu-Cl) 1.3 99 -
CuCl4(H,0),%~ 1.94 2.70 A,(Cu-H,0) 10.9 404 -
A,(Cu-Cl) 3.44 162 -
B,(Cu-Cl) 0.3 49 -

for the Oy, CrClg>~ unit formed in Cs;NaScClg:Cr3t.43* It can
be noted first of all that the calculated values of Zw(Cu-NHj3)
and hw(Cu-Cl) frequencies for the CuCl4(NH3),%~ center in
NH4Cl are in good agreement with the experimental values
derived through Raman spectroscopy.'’

The present calculations lead to a force constant of the
axial A, g(Cu2+-X) mode, which is more than three times
higher than that corresponding to the A;,(Cu*"-Cl) mode
involving equatorial ligands. In particular, the values K = 13.4
and 10.9 eV /A? calculated, respectively, for CuCly(NH3),2~
and CuCly(H,0),2~ in NH,Cl (Table III) are comparable
to the stretching A, force constants derived for systems
like CuCl,%~ or CrClg>~ (Table IV). By contrast, the force
constant K (A g;Cu”-Cl’) = 3.6 eV/A2 calculated for the
Alg(Cu”-Cl’) mode of CuCl4(NHs),2~ is smaller than the
figure K = 4.3 eV/A? measured for the B, bending mode
of CuCl,%>~.3® These results thus stress that in CuCly X%~
(X = H,0, NH3) species the bonds in the equatorial plane are
much softer than the axial Cu?>*-X bonds. This conclusion is
supported by the calculated frequencies of both A;,(Cu*"-N)
and A;,(Cu?*-Cl~) modes for the CuCly(NH3),>~ center.

With regard to the K(A; g;Cu”—Cl’) =3.44 eV/A? value
of the force constant calculated for the CuCls(H,O),%~ center
in NH4Cl (Table III), it is seemingly similar to that obtained
for the CuCl4(NH3),%~ species. However, it should be noted
that the Cu?*-Cl~ distance is not the same for both systems.

TABLE IV. Experimental values of vibrational frequencies 7w
(in cm™!) and force constants K (in eV/Az) corresponding to two
stretching modes (A;, and B,,) and one bending mode (B,,) of
the square planar CuCly>~ unit taken from Ref. 38. Results for the
two stretching modes (A, and E,) corresponding to the octahedral
CrClg>~ unit formed in Cs,NaScClg:Cr’t (Refs. 43 and 44) are also
included together with the equilibrium metal-ligand distance R (in A)
for the two systems.

System Mode R K hw
CuCl,>~ A, 2.26 10 276
B, 2.26 5.7 209
By, 2.26 4.3 182
CrClg*~ A, 2.38 11.7 298
E, 2.38 7.4 236

Therefore, if we accept for the equatorial fragment a Griineisen
law
Aw AR,

o = 3y Rey | 3)
then if K(A4;Cu?*-Cl7) = 3.6 eV/A? for CuCly(NH;),>~
(Reqg = 278 A), we would expect K(Alg;Cuer-Cl’) =
4.8 eV/A? at the calculated value R, = 2.0 A for
CuCl4(H,0),%", using a typical value of y = 2.** However,
the calculated K(A;y;Cu’-Cl7) value for CuCly(H,0),%~
in Table III is 30% smaller. This result thus stresses that in
tetragonal species like CuClLX,* (X = H,0, NH3), it is
not correct to treat the axial and equatorial fragments as being
independent.”® Indeed in an a, ¢ bonding or antibonding orbital,
a change of the covalency in the equatorial plane modifies that
of the axial fragment and vice versa.

The value of the force constant, K (B|y), for the stretching
B, mode for a square planar unit is smaller than K(A,)
corresponding to the symmetric mode (Table IV). If in a
simple model, we accept that the force constant of normal
modes depend on both the metal-ligand distance and the
distances between adjacent ligand, it turns out that K(B,)
only depends on the first variable and for this reason
K(Big) < K(Ajg). A similar situation holds when comparing
the force constants K(E,) and K(A;,) for octahedral units
like CrClg>~.*** Looking at Table IV, it can be seen that the
ratio K(Ay,)/K(Big) is equal to 1.75 for CuCly?~, while in
the case of CrCle*™ K(A1,)/K(E,) = 1.6.

With regard to the calculated force constant for the
CuCl;(NH3),>~ center in NH4CI, K(Bi,) = 1.3 eV/A2
(Table III), it implies a ratio between K(A; g;Cu”-Cl’) and
K(Bjg) equal to 2.8, which is higher than that measured for
CuCl4%~. Moreover, the frequency of this stretching mode is
found to be iw(B1,) = 99 cm™', which is thus comparable to
that of 75, bending modes for octahedral units like CrClg~.%
This fact thus points out that the force constant K (B, ) of the
CuCl4(NH3),%~ unit though positive is certainly small for a
mode that has a stretching character.

Let us now focus on the comparison between the
calculated K(Bj,) force constant for CuCl4(H,0),%~ and
CuCl4(NH3),?~ units. On Fig. 3 the ground-state energy
dependence on the distortion Q(Bj,) coordinate for both
centers is depicted. Remarkable differences appear when
comparing the two curves. Indeed the curve corresponding to
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FIG. 3. (Color online) Cross-section of the energy surface along
the Q(B,) normal coordinate for small distortions mode. The dashed
red and solid blue curves have been calculated, respectively, for
CuCl4(NH3),>~ and CuCl4(H,0),2~. Note that the curve for the
water-containing unit is almost flat around Q = 0.

CuCl4(H,0),% is found to be extremely flat with an associated
K (B,) force constant, which is four times smaller than that
obtained for the CuCl4(NH;3),2~ and thus nearly equal to zero.
Therefore, although the present calculations do not lead to
a slightly negative K(B;,) value for CuCls(H,0),%-, they
strongly support that the orthorhombic distortion in this unit
is much more favorable than for CuCly(NHj3),".

D. Vibronic admixture between a;‘g(~3zz-r2) and b, orbitals

Because the present calculations reproduce the main
experimental facts associated with CuCly(NH3),?>~ and
CuCl,(H,0),% centers, we are now going to focus in studying
why the Dy, — D, instability takes place only in the
second system. In order to proceed, we will analyze the main
contributions to the vibronic part of the force constant [K,,
see Eq. (1)] associated to the Bj, mode.

Let us designate by Hy(r) the adiabatic Hamiltonian, where
all nuclei are fixed at equilibrium positions of the electronic
ground state whose energy is Ej. In the present cases Hy(r)
displays a D4, symmetry. A vibronic interaction, H,_ involving
a nondegenerate distortion mode described by a Q coordinate
has the form?>

H,=V'(rQ, “

where V'(r) and Q belong to the same irreducible represen-
tation so that H, displays the same symmetry as Hy(r). If
|Wy) means the wave function of the electronic ground state
corresponding to the unperturbed Hamiltonian, Hy(r), the
inclusion of the vibronic interaction, H,, induces a change,
AE)j, on the ground-state energy given by

(W, | V(1) [Wo) >,
AE =Y~ 02, 5)
; EO - En

where |W,) represent excited electronic states of Hoy(r).
Accordingly, the vibronic admixture of the electronic ground
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FIG. 4. (Color online) Qualitative orbital scheme for CuCl, X,%~
systems. Mainly Cu(3d), C1(3p), and X(2pz) levels are represented,
respectively, in red (dark gray), green (gray), and blue (medium gray)
colors. In the ground-state configuration, all levels are completely
filled except for the top aj, one. Note that only two b, levels are
present in the scheme, b7, and b{,, and the bj,— aj, and b7, — aj,
excitations leading to the vibronic softening of the B;, vibrational
mode are represented by yellow arrows.

state of Hy(r) with excited states leads to a softening of the
force constant of the Q mode and thus K, is just given by

/ 2
K, = ZZ [(Wn |V (r)[Wo)| . ©)

En_EO

In the present cases both Q and V'(r) transform like Bj,. As
the electronic ground state belongs to A1, this means that only
the excited states transforming like Bj, contribute to K.

The electronic configuration of the present Cu’* systems is
relatively simple because there is only one unpaired electron
in the ground state (Fig. 4). Accordingly, the lowest excited
states of this kind of systems just involve the transition of an
electron from a fully occupied level to the highest-occupied
molecular orbital. This means that we can build By, excited
states transferring the hole in the antibonding a’lkg(~3zz—r2)
orbital to by, orbitals, which are occupied in the ground state.

If we now consider the molecular orbitals of the CuCly X2~
(X = H0, NHj) species arising from 3d(Cu), 4s(Cu),
2p(X), and 3p(Cl) atomic orbitals (Fig. 4), we realize that
there are only rwo orbitals transforming like bj,. One is
the antibonding b},(~x>-y*) orbital, and the other is the

bonding counterpart called b’fg. Bearing these considerations
in mind, the expression of K, for the present systems can be
approximated by

K, = ky(b},) + ko (b7,), (7
where the two k, (lffg) and kv(bll’ ) contributions are given by

(7, IV (Plat,) P

8
E(b},) — Eo ®

k(by) =2
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TABLE V. Values of u(by,)/0, u(b’,’g)/ 0,E(b7,)-Eo, and E(b'l’g)—Eo derived from the present calculations. With these values the
contributions to K, termed k,(b7,) and kv(b’fg) have been estimated through Egs. (8) and (9). The values of u(by,)/Q and u(b’l’g)/ Q are
given in A1, E(b},)-Eo and E(b’l’g)-EO are in eV, while k, (b7,) and ku(bll’g) are both in eV /A2 units.

System u(bi)/Q E(b},)-Eo ko(b7,) n(bi)/Q E®},)-Eo ko (0h,)
CuCly(H,0),? 0.7 0.5 0.5 0.65 2.8 2.4
CuCl4(NH;),%~ 0.5 1.1 0.6 0.15 49 0.2

(8%, |V ()
E(b’fg) — E,

(b)) =2 ©

Here E(b] g)-Eo and E (b'l’ g)-Eo are energies of crystal-field
and charge-transfer excitations, respectively.

It should be remarked now that a key information on the vi-
bronic matrix elements like (bfg|V/(r)|afg) or (b’l’g|V/(r)|afg)
can be derived from the analysis of calculated wave functions
for different values of the Q distortion coordinate. In fact, once
the path along Q is followed, the aj, orbital is transformed into

aﬂlrg that includes the admixtures with ng and b’l’g

lat,) = laf,) + (bl )Ibt,) + n®t)|bh,).  (10)

where (b} ) and u(b? ) do depend linearly on Q and are given
by

(b7, IV ()la},)

wibiy) = © E(b},) — Eo (an
oy BTV @Oar,)

~

Similarly the wave functions of bi“g and b’;{g orbitals when Q #
0 are

~

1b67,) = |b},) — n(btplal,) (13)
|B%,) = |bh,) — n(®)lar,). (14)

Therefore, from the analysis of calculated wave functions for
different values of Q, the quantities u(bfg) /Q and u(bil’ ) /0
can also be derived. Once these quantities are known, then
ky (bfg) and k, (b'l’ g) can be obtained as follows

w(bi,)

2
ky(b},) =2 { } (E(b},) — Eo) (15)

w(by,)
0

ky(b],) = 2{ }Z(E(b’fg) — Ep). (16)

Analyzing the admixture of |afg) into |ng) and |b’f g) orbitals
when the Bj, distortion coordinate, Q, is activated, we have
derived the values of pc(bj‘g) and u,(b’fg) from the present
calculations for different Q values. From them and the
knowledge of E (ng)-EO and E (b'l’ g)-Eo excitations from the
calculations, a reasonable estimation of kv(ng) and kv(b’l’g)

contributions can thus be accomplished. Results for both
CuCl4(NH3),2~ and CuCly(H,0),2~ centers in NH4Cl are

collected in Table V. It can be noticed that for CuCl,(NH3),%~
the calculated value of K, is 0.8 eV/A? and thus smaller than
K(Bi,) =13 eV/A? derived from the ab initio calculations.
This fact thus supports that the K, softening induced by the
vibronic admixture with B, excited states is not enough to
render the total force constant negative.

By contrast, a quite different situation is found in the
CuCl4(H,0),%~ center, where the kv(b,b ) contribution to K,
is found to be about /2 times higher than in the case of
CuCl;(NH3),%~. Thus, in the case of the CuCly(H,0),%>"
center, we can understand now that the total force constant
of the Bj, mode can become slightly negative. It should be
noted that the remarkable difference of behavior between
CuCl4(H,0),>~ and CuCl4(NH3),%~ comes mainly from a
u(bfg)/Q value, which is four times higher for the former
system than for the latter such as it is shown in Table V.
Therefore, this important result underlines that the vibronic
coupling of aj, with the charge transfer orbital b}l’g is the main
source of instability for the CuCly(H,0),>~ unit. It should
be noted now that if we consider a moderate B, distortion
given by O =R/ g — R:y =02 A, then the admixture of
bll’g into af, for CuCl4(H,0),>~ would be only around
1% using u(b},)/Q = 0.65 A~' (Table V). Similarly, this
vibronic coupling decreases the energy of the ground state
Az by only ~0.04 eV, a quantity, which is about 1% of
the energy corresponding to a charge-transfer excitation.!'>!?
These facts underline that calculations are especially useful for
understanding the microscopic origin of phenomena, which
can be very subtle.

Looking at Table V, it appears that under the same Q
distortion the a;“g orbital of CuCl,(NH;3),2~ is more reluctant to
accept an admixture of an orbital with an equatorial character.
This can be related to the axial character of the a’l"g orbital,
which is stronger for CuCl4(NH3),2~ than for CuCly(H,0),%~
as shown in Table II.

It is worth noting now that there is some experimen-
tal information concerning charge-transfer excitations of
CuCl4(NH3),2~ in NH4Cl. In this case the first allowed
charge-transfer excitation corresponds to a e, — aj o> Where
ey 1s built from equatorial 3p(Cl) orbitals. Such a transition is
measured at 4.2 eV,!>!° which is thus not far from the value
E(bﬁ’g)—Eo = 4.9 eV collected in Table V.

E. Estimation of the orthorhombic distortion for
CUC14(H20)22_ in NH4Cl

The present ab initio calculations carried out on the
CuCly(H,0),%~ unit in NH4Cl indicate that this system is in
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the verge of the instability although K(Bj,) is still positive
(Table III). A reasonable estimation on the value of the
distortion coordinate at equilibrium can, however, be obtained
looking at the experimental g tensor and the results embodied
in Table V.

Experimental EPR data obtained at T = 4.2 K give g, =
241 and g,y = 2.18.1 When T>10 K, the spectrum becomes
tetragonal with Ag, = (g« + gy,)/2. For systems with
small or moderate covalency, the g-shift arises mainly from
the admixture with the lowest excited states due to the
spin-orbit coupling.>” With regard to the difference between
gxx and gy, which is a direct reflect of the orthorhombicity,
it can be related to the u(b*l‘g) coefficient through the
expression

 An(bdi,)
8xx — 8yy = \/gg Ag .

a7

Using the experimental values obtained for the CuCly (H,0),%~
unit in NH4CI in the preceding formula, it is estimated
M(b’fg) = 0.3. If, according to Table V, ,u(b’fg)/Q =0.65A"",
then the equilibrium situation for the CuCls(H,0),%" unit in
NH,CI would be given by Q = R., — RS, = 0.45 A. This
significant difference between Riq and R;, is consistent with
the fact that only the superhyperfine interaction with the two
CI™ ions involved in the short bond are observed in ENDOR
spectra.'?

It should be noted now that in the case of Rb, CuCl4(H,0),,
the value of R/ . — K., is found to be strongly reduced by an
applied hydrostatic pressure.’! In fact, while EXAFS measure-
ments at ambient pressure give Réq — R;, =0.60 £0.20 A,

at 15 GPa, the corresponding value is only Réq - R, =
0.40 £0.20 A as a result of the soft character of bonding
in the equatorial plane. The estimated value of Réq — R;, for
the CuCly(H,0),2~ unit in NH4ClI is thus not far from the
measurements carried out on Rb,CuCl4(H,0),.

IV. FINAL REMARKS

The present results underline the relevance of ab initio
calculations for gaining a better insight into the microscopic
origin of a subtle phenomenon. From the study carried out in
this work, it appears that the orthorhombic instability observed
for systems containing the CuCl4(H,0),%" unit comes mainly
from the vibronic admixture of the A, ground state with a By,
charge-transfer state. This state, which is not the lowest one
displaying a B, symmetry, has the unpaired electron in the
bt . orbital made basically of equatorial 3p(Cl) orbitals. Similar
mechanisms have been shown to be responsible for important
structural phase transitions in solids, like ferroelectric and
octahedra tilting distortions:®7-°

As a salient feature, the present calculations lead to a value
of ;L(b? g) / Q for CuCls(H,0),%, which is four times higher

than that for the CuCl4(NH3),2~ species, a fact which is behind
a much stronger softening of the K(Bj,) force constant for
the former system. As this softening arises mainly from the
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vibronic admixture of bf’ p into a’l"g, the CuCl4(H,0),%~ unit can
be viewed as a model system for quantifying the importance
of vibronic coupling in the realm of instabilities.

The present results support that the orthorhombic instability
observed for CuCl,(H,0),%~ has nothing to do with what is
properly denoted as a Jahn-Teller effect. Indeed this effect
requires the existence of an electronic ground state, which
is orbitally degenerate in the undistorted configuration. This
restrictive condition is certainly not fulfilled in the present
system where no crossing between Bj, and Aj, states is
accessible for reasonable distortions and where the axial and
equatorial force constants are totally different. Furthermore,
the distortion due to a true Jahn-Teller effect does not involve
the softening of the corresponding force constant, while the
present calculations strongly support that this phenomenon
takes place in CuCl4(H,0),%". It is worth noting that the
softening of the force constant in cases like CuCly(H,0),%
directly reflects the change of the electronic density due to
the distortion, a characteristic of all instabilities driven by the
so-called pseudo-Jahn-Teller effect.”> By contrast, that change
plays a minor role for understanding the equilibrium geometry
and the stabilization energy of systems under a Jahn-Teller
effect.*!

Asithas already been pointed out the Dy4;, — Dy, instability
is observed in CuCly(H,0),>~ embedded as impurity in
NH,C1'° and also in the Rb,CuCly(H,0), pure compound,
where CuCly(H,0),2" units are also well separated.zo’21 This
fact underlines that in a pure insulating compound like
Rb,CuCly(H,0), the observed orthorhombic distortion has
a local origin. This conclusion is consistent with the nature
of an insulating compound. Indeed, according to Kohn,**® a
ground-state wave function in which electrons are localized
is the fingerprint of every insulating lattice. On the other
hand, a structural phase transition requires the existence
of a local instability with an associated multiwell potential
energy, a point that has been stressed by Bruce.*’ According
to these ideas, the study of instabilities associated with
impurities in insulators can be of help for gaining a better
insight into structural phase transitions of pure compounds.
Supporting this view in cases like CuCl;(H,0),2~ in NH,4Cl
or BaF,:Mn?", a temperature raising changes abruptly the
local symmetry observed experimentally, giving rise to what
is called a local phase transition.'®?>?3 A detailed study
of this phenomenon observed in BaF,:Mn?* is reported
in Ref. 24.

In conclusion while the calculated energy surfaces for the
Aj, state in CuCl4(H,0)*" in NH,CI are certainly flat but
do not display a shallow double well, the present results
shed light on the subtle origin of the instability observed
for this system but not for the CuCl4(NH3),% unit. The
analysis carried out in this work stresses once more that
important variations in the geometrical structure often come
from small changes in the electronic levels. Further work
on the study of the local origin of phase transitions is now
underway.
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