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Pressure-induced Jahn-Teller suppression in RECuUCl,(H,0),: Pseudo-Jahn-Teller effect
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In this work we investigate the variation of the local structure arountt @si well as the crystal structure in
Rb,CuCl,(H,0), through x-ray absorption spectroscop§AS) and x-ray diffraction(XRD) as a function of
pressure. We show that the application of pressure induces a local structural change in the JalhFyeller
CuCl,(H,0),%>~ complex from an axially elongated complex to a compressed one, yielding disappearance of
the JT distortion related to the four in-plane~Cigands, which are responsible for the antiferrodistortive
structure displayed by the crystal at ambient pressure. According to the Pseudo-JahiiPOaletheory
(electron-phonon coupling® e), the presence of water ligands enhances the JT release at pressures well
below the metallization pressure. The results are compared with recent pressure experimep@uGh A
layered perovskites and heteronuclear Guglcomplex series|. :Cl—H,O0—NHj, and explained on the
basis of the PJT model.
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[. INTRODUCTION formations are mainly related to tilts of the Cy€loctahe-
dra rather than to the JT suppressféAlso recent structural
The presence of Cti(3d°),'?Mn3*(3d*),**or CP*(3d*)  studies under pressure in LaMg@sing XRD (Ref. 24 or
(Refs. 15-1Yions either as a constituent or impurity in in- neutron diffraction(ND) (Ref. 25 report controversial re-
sulating materials gives rise to a great variety of coordinatiorsults on pressure effects of the JT distortion.
geometries, even if the impurity is placed in cubic sites. This In general, pressure results give evidence of the tendency
is a direct consequence of the Jahn-Te(lEn effect related  of CuCl or MnO; to preserve theimolecular characteas-
to theey hole or electron ground staté:'8-2%In hexacoordi-  sociated with the JT distortion. In Cuglit is due to the
nated systems of either homonucleatMXg (M higher compressibility of the crystal with respect to the local
=Cu,Cr,MnX=H,0,NH;,0,F,CI,By or heteronuclear compressibility, whose molecular stiffness is enhanced by
MX,L, (X=0,F,Cl,BriL=H,0,NH,), the observed coordi- the additional JT binding energy of about 0.25 &Recent
nation geometries mostly correspond to low-symmetry elontesults on NaMnf-under pressure also support this idéa.
gated octahedra. The occurrence of an elongated geometry In this work, we investigate the local structure of homo-
can be explained on the basis of electron-phonon couplingnd heteronuclear CugLl, (L:CI,H,0O,NH;) systems on the
between octahedrdl, electronic states ane, vibrations:E  basis of the pseudo-Jahn-Tell@JT) model?® the electron-
®e JT model. The knowledge of a given symmetry aroundphonon coupling is treated in the same manner as homo-
the JT ion is important since both the nuclear octahedral complefE®e), but introducing addi-
distortion and the packing of JT complexes strongly in-tional strain terms to describe both the effect of the akial
fluence the optical, electrical, and magnetic properties ofigands and the crystal anisotropy. Interestingly, the PJT
these materials. Hence the establishment of structurahodel can explain the observed coordination geometry of
correlations is crucial for a microscopic materials homo- and heteronuclear €usystems, as well as its
characterizatiod:257:11-15.21 changes induced by stress, hydrostatic pressure or placing
The E® e model predicts coordination geometry varia- the JT ion in low-symmetry sites in impurity systems. In this
tions in homonucleaMXg JT complexes from elongated to way, the elongated-octahedron geometry observed for LuCl
compressed passing through different rhombic intermediates) the Ci#*-doped NaC{Ref. 27 and CsCaGl(Ref.28 (3D
or even suppression of the JT distortion, applying axial stressubic) crystals and the ACuCl, (Refs. 7,8 or Cu/**-doped
or hydrostatic pressure. However no clear evidence of thi®\,CdCl, (Refs. 7,29,3D (2D layer perovskites crystals
effect was reported so far using local probes, in spite of thdorming antiferrodistortive (AFD) structures can be ex-
intense activity to achieve this phenomenon using highplained on the basis of the PJT model taking into account the
pressure techniquéd?3In fact, pressure-induced phase tran- axial-stress field is due to the crystal anisotropy. On the other
sitions observed ifiC,HsNH;],CuCl, by Raman and optical hand, the heteronuclear CuGH,0),>~ complex, which
spectroscopy was initially ascribed to structural changes aserm intraplane ferrodistortivg FD) and interplane AFD
sociated with the suppression of the JT distorfidrBut  structure associated with the axially-elongated of one
structural studies performed by x-ray absorptidS) and  CI-Cu-Cl axis in the RECuCl,(H,0), crystal (Fig. 1),°! ap-
x-ray diffraction (XRD) techniques in the isostructral pears to be stabilized within this model by the ligand-field
[C3H;NH;],CuCl, compound showed that indeed such transstress of the water molecules. However the axially-
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range. The presence of two water ligands exerts an axial
% compression favoring release of the JT distortion at moderate

pressures, i.e., below the metallization pressure. This aspect
is important in order to establish correlations between the
crystal structure and, the electronic and vibrational structures
from optical spectroscopy. Our aim is to elucidate whether
the application of pressure mainly induces rotation of the
CuCl,(H,0),%>~ D,,-distorted octahedra or it is able to sup-
press the AFD structure. This latter case would modify the
local structure from an elongated geometry to a compressed

situation with four identical Cu-Cl bonds and the shortest
J2T Cu-O bond as fourfold axis. The searched transformation

{E

3 & implies a modification of the electronic ground state with the
Rb,CuCL(H,0), Rb,CuCl, unpaired electron changing from mairdy._2 to dg,2_2.32-3
FIG. 1. (Color onling Crystal structure of RICuCl(H,0), II. EXPERIMENT

(P4,/mnm and RBCuUCl, (Cmca. Only the Cu complexes dis-

playing an AFD structure are depicted. Note the different AFD  Single crystals of RICuCl,(H,0), were grown by slow

structure displayed by each crystal: intralayer-FD and interlayerevaporation from alcoholic solutions following the procedure

AFD for Rb,CuCl,(H,0), whereas intralayer-AFD for REuCl,. given elsewheré.

The arrow indicates the complex elongation. The XAS experiments under pressure were performed at
the absorption setup XAS10 of the D11 beamline at LURE

compressed geometry in the Cy@IH3),=~ complex occurs  (Orsay. The extended x-ray absorption fine structure

by the stronger ligand field of the ammonia molecife® (EXAFS) spectra of the investigated RbuCl,(H,0), were

The two-dimensional RI€UCl,(H,0), compound offers  measured at the Cki-edge(E,=8.98 ke\J at room tempera-

the possibility of exploring structural change from the ture using dispersive EXAFS in the 8.9-9.3 keV range. This

rhombic-elongated geometry to the tetragonal-compressegkperimental setup has been proved to be very sensitive for

one by applying pressure. The PJT model foresees the occushtaining suitable EXAFS oscillations in a wavelength range

rence of such a transition in the CuC,0),?" complex ata where the diamond anvil absorption is very strong. XRD

weaker axial stress than the transition stress required fasxperiments under pressure were done in the energy disper-

homonuclear CuGt™ complexes. The presence of water sive setup WDIS of the DW11A beamline at LURE. The

molecules substantially reduces the energy barrier betweeXRD and XAS data were analyzed by means of HueL-

the two mutually-orthogonal elongated geometiigse Sec. pror (Ref. 3§ and thewiNxAas package programs, respec-

l11B). The suppression of this energy barrier yields stabili-tively.

zation of the Dgy-compressed coordination. The In both experiments the pressure was applied with a

Rb,CuCl,(H,0), structure involves isolated JT-elongated membrane-type diamond anvil cell employing silicon oil as

CuCl,(H,0),%~ complexes, whose equatorial plaghort- pressure transmitter. The pressure was measured from the

bonded ligandsis formed by two in-plane Cu-Cl bonds and R-line shift of Ruby.

the two out-of-plane Cu-Okbonds(Fig. 1). As a result, the

2

AFD structure can be easilzyj suppressed due to the isolated IIl. RESULTS AND DISCUSSION

character of the Cu@H,0),“~ complex and the presence of

water ligands. According to the PJT model, the strong axial- A. Local and crystal structure

ligand field from water molecules favors the structural re- of Rb,CuCly(H20),

qgirements to achieve the local structure changes from the 1. EXAFS and XRD analysis

initial D,,-elongated geometry to thg,,-compressed one. In )

the latter case, the two-shortest Cu-J¥dnds form the four- Figure 1 shows the crystal structure of the

fold axis, whereas the four Cu-Cl bonds define a new GuCIRb.CuCl(H,0), and the corresponding anhydrous
equatorial plane. This elongated-to-compressed structur&tb.CuCl. Note the different coordination geometry of Cu
change yields disappearance of the AFD structure and, cor? €ach structure as well as the distinct character of the AFD
sequently, the electronic ground-state related propertiestructure. In RBCuCly(H,0),, the Cd* complexes are iso-
Such a structural change can be achieved through either dated and do not share any common ligand in contrast to
increase of the axial ligand field or an increase of theRb,CuCl,.
electron-phonon coupling constant. In the former case, the The XRD and XAS data of Ri€uCl,(H,0), at room
replacement of KD ligands for the stronger axial-field NH temperature are given in Fig. 2 and Tables | and Il. The
ligands leads directly to the tetragonal compressedesults are compared with those of RiCl,. Apart from
CuCl,(NH5),2~ complex3233|nterestingly, both structural re- differences in XRD, which are associated with the tetrago-
quirements can be achieved by applying pressure. nal P4;/mnm[Rb,CuCl(H;0),] and the orthorhombic
This work investigates the effect of pressure onCmca(Rb,CuCly) structures, a salient feature is the different
Rb,CuCl,(H,0), through XRD and XAS in the 0—25 GPa XANES signal observed for each compound, which is re-
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r {0.2.2)
Rb,CuCl, o Rb,CuCl,
= F g
k- £ Rb,CuCl,(H,0 .
é g s 2CuCLH,0), FIG. 2. XRD and XAS results obtained for
= .§ CuCl(H,0),>~ and CuC§*- in Rb,CuCl(H,0),
2 g Rb,CuCL(H,0), g (I_342/mnrr)_ :_:md RBCuCl, (Cmca, respectively, at am-
2 bient conditions.
1 0 {2.0,0) < -__J
24 2.8 32 36 4.0 9.0 0.2 9.4 9.6
d@d) Photon Energy (keV)

lated to the different local structure around“CyFig. 2, analysis. Within the experimental accuracy, the energy-
right).34 dispersive XRD diagrams of RGBuCl,(H,0), were ex-
Figure 3 shows the variation of XAS and XRD of plained according to th@4,/mnm crystal structure in the
Rb,CuCl,(H,0), as a function of pressure. The correspond-0—15 GPa range. Above 15 GPa, the splitting of (A20)
ing variations of CuCl and CuO bond lengths derived from Bragg peak evidences a structural phase transition. On the
XAS and the lattice parameters from XRD are plotted inoOther hand, reliable variations of the local bond distances
Figs. 4a) and 4c). In Fig. 4b), the variation of the complex With pressure were obtained from the EXAFS oscillations
volume with pressure is compared with the variation of thedccording to the following procedure. First, we derive the

cell volume in order to analyze the local and crystal com-Pebye-Waller factors, the electron mean-free path parameter

T together with the Ci«Cl and CuO bond lengths of the
ressibility in RBCuCl,(H,0)s. - ;
P The ar?alysisgof thL:e( )?RI)D2 data has been limited to theCUCl““_'ZO)22 complex at ambient pressure from the accu-

lattice cell parameters, i.e., the Bragg angles, since the meéate ambient-pressure XAS using three neighbor siel

sured peak intensity is inadequate for a proper Rietvel

and Table I). Secondly, we use the so-obtained parameters
as input parameters for the next pressure XAS analysis. Due

TABLE I. Structural data of RECUCL(H,0), at ambient con- to _the few EXAFS oscnlatpns attal_ned in diamond anvil cell
ditions. The lattice parameters and cell volume correspond to théF,'g' 3), an ac_curate XAS_ fitata given pressure was accom-
tetragonalP4,/mnmspace group. The reduced atomic coordinatesPlished allowing bond-distance variation but keeping the

and the metal-ligand bond distances around*Gue included. Debyte—WaIIer and the electron mean-free path as fixed pa-
rameters.
abl/A c/A V/A3 Ref. Interestingly, the pressure behavior of complex and crys-
: tal shown in Fig. 4b) is rather different. This phenomenon
7.5962) 8.0213) 463.23) 31 reflects the stiffness of the @0l and CuO bonds of the JT
7.59719) 8.03219) 464(3) This work distorted complex, whose local compressibility is an order of
Atomic coordinates X y z magnitude smaller than the crystal compressibility. This con-
clusion is based on the different bulk modulus obtained by
Cu 0 0 0 fitting the volume variationsVcomd P) and Veys(P), with
Rb 0 0.5 0.25 pressure to a Murnaghan equation of sfdiig. 4(b)]. Note
c11 0.7207 -0.7207 0 that the error bar o¥/c,m, corresponds to the absolute error,
C12 0.2101 0.2101 0 which is an order of magnitude higher than the error
o) 0 0 0.2454 of the volume change induced by pressur@V

=VcomdP)—Veomd0), i.e., EXAFS provides accurate dis-

Cu-L bond distances .
tance variationg~0.01 A) although the absolute errors for

Cu-C11: 3.000 A distance determinations may be significantly bigger. There-
Cu-C12: 2.257 A fore we obtain a local bulk moduluB,,.=240 GPa, with an
Cu-O: 1.969 A accuracy of about 10% taking thé;,md0) value derived

from x-ray data.

A similar result was found for Cugl™ in
[C3H,NH;],CuCl,.?> However, the abrupt change experi-
enced by the long Cu-ClI distance at 15 GPa is noteworthy

TABLE Il. EXAFS fit parameters corresponding to the Cu
K-edge (E=8.98 keV} in Rb,CuCl,(H,0), at ambient conditions

(see Fig. 2 [Fig. 4c)]. The XAS analysis reveals that the short Cu-Cl
. 2 distance slightly increases with pressurédR/ P
Bond distance N RIA oIA =0.0003 A GPal) whereas the long Cu-Cl bondR/dP=
Cu-C11 2 2.85+0.15 A 0.04+0.03 -0.008 A GPal) reduces to a common distandé&s2.27 A.
Cu-C12 2 2.25+0.05 A 0.002+0.02  This abrupt variation was evidenced by the divergence of the
Cu-0 2 2.00+0.05 A 0.003+0.02  XAS fit using the Dy,-elongated CuGIH,0),%~ complex
£=0.66 distances as input parameters above 15 GPa. The fit provides

axial Cu-ClI distances, which are physically meaningless
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a) b)
— 25GPa @ 149 GPa
) ‘5’ 13.8 GPa
g M 2 103 GPa
£ k) %5 6ra
& M S 49GPa
g S
é \- 5GPa 5‘-2 0GPa
= v 0GPa
¥ ¥
: : : : . . ) . . . , FIG. 3. Variation of XRD(a) and XAS(b) for
2025 30 " 35 40 90 9.1 92 Rb,CuCl,(H,0), as a function of pressure. Ar-
4@ Photon Energy (keV) rows in(a) indicate the Bragg peaks used for ob-
taining the lattice parameters given in Figay
) ) (c) Fourier transforn(FT) of the EXAFS oscilla-
tions as a function of pressure. The corresponding
3 bond distances, GGl and CuO, derived from
~ I the FT data are plotted in Fig(@).
€t 27.0 GPa
S 23.6 GPa
& F 20.7 GPa
P 17.6 GPa
= F 8.9 GPa
3 4.5GPa
] 0GPa
0 0.8 1.6 24 32

R(A)

(R>3 A). However, a fairly good convergence is obtained<15 GPa, where only the elongated geometry with two dif-
taking the compressed Cu(#H,0),>~ geometry as starting ferent Cu-Cl distances and one Cu-O distance, provides
fit parameters. It must be noted that the compressed coordsuitable convergence.

nation geometry, which involves only two fit parameters, i.e., We therefore associate the pressure-induced structural
the Cu-Cl distance and the Cu-O distance, accounts fatransformation at 15 GPa with the disappearance of the AFD
XAS in the 15-30 GPa range. Nevertheless, it fails Ror structure, which is related to the suppression of the in-plane

a) 84l T - T mnag

] J OM ] c)

Ae /AP =23x10° GPa* |

FIG. 4. (a) Variation of the lat-
tice parametersa, b, andc, and

bag
=)

<
g
S 004 ] 30 . . r . r .
g 26 T e ) the strain parameterg,,=Ac/c
& —Aal/a, with pressure(see text
;3 ] 2 %"ﬁ- The point size contains the error
8 12 3 > 2st 3' ] bars. (b) Complex volume (Vg
E 5 “a =4/3R;XRyXRy) and crystal cell
68k + m ™ g I | ,{ | volume (V=a%c) variation as a
Pressure (GPa) 2 function of pressure. The solid
ey . - 20 ] lines correspond to the least-
b) 60 1 . E +—+++ square fits to the Murnaghan’s
16 Ro,g TTmnsiﬁon equation-of-state  using By
—~ F V=167 A3 < Pressure =240(30) GPa, andBj,.=6 for
g a20f By =240 GPa g 150 1 1 1 1 1 the complex, and By
ot Br=6 £y 0 5 1015 20 25 30 =20.5(8) GPa andB’ =5.8(2) for
> # % Pressure (GPa) the crystal.(c) Distance variation
3B0F of Cu-Cl (R; andR,) and Cu-0O
o as (Ry) derived from XAS with
340 bt 12 pressure.
0 5 10 15
Pressure (GPa)
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JT distortion. The C& coordination changes with pressure E, symmetry and ligand-field distortiorisither static or dy-
from an rhombic-elongated structure to a tetragonalnamig related tog, normal coordinate6)T E® e mode). On
compressed situation. The associated bond distances charthe assumption that the complex distortion is either tetrago-
from 2.72 A and 2.26 A for Cu-Cl, and 1.97 A for Cu-0, in nal (Dg4,) or rhombic(D,,), what is the usual case for the JT
the low-pressure phase, to 2.25 A and 1.96 A for Cu-Cl andiiXgs complex, then the cubic-perturbed Hamiltonian can be
Cu-O, respectively, in the high-pressure JT-suppressedescribed as a function of the octahedzgland a;q normal
phase. This change is also accompanied by a crystal phasesordinates of th& ligands within the harmonic approxima-
transition. It must be noted that we were not able to resolveion ad:13
the crystal space group above 16 GPa due to the poor XRD
resolution, thus no structural data could be included in Fig. 44 =, + AH=Hg + (ﬁ) Q,+ (ﬁ)

in this pressure range. However, the complex volume expe- h " \dQp/q=q,=0 9Qs/ q=q,0
riences an abrupt jump of 16%; i.eVgem, reduces from

16 A3 to 13.5 & at 16 GPa, thus approaching the variation 4 }k Q2 + }ke(Qz"' ®d (1)
of the crystal volume with pressure, in agreement what is 2 M07%g 2 o e

expected in the high-pressure limit.

It is worth noting that pressure induces an increase o
Cu-O distance above 16 GPa as 0.015 A GPahis slight
lengthening of the G bond together with the almost un-
quified CuCl bonds,R,.c=2.25 A, likely reflect an intra- Qalg = V’E[%(Rax+ Req1+ Req2 — Ro],
to intermolecular charge-transfer electron, whose main effect
is to soften the GO bond.

Q.

¥vhere HOh is the cubic Hamiltonian at the equilibrium ge-
ometry,R=R,, andAH is the Hamiltonian perturbation. The
normal coordinates are defined as follows:

2
Qp= T=(Rax— Reg),
V3

2. Structural correlations and equation of state

The bulk modulusBy, and corresponding derivativs;, Q. = Regz— Requ
were obtained by fitting the measured complex and cell vol-
umes to a Murnaghan's equation-of-stdfég. 4(b)]. The whereR,, is the axialM - X distance of an elongated octadron
comparison between variations of the crystal volume and theomplex,Re,=3(Reqi+ Req? is the average of the two equa-
complex volume indicates that the complex is much lesgorial distances an®, is the averagéM - X distance. Within
compressible (B,=240 GPaB’=6) than the crystal(B, theE®e JT theory, the parameter= V"Q§+Q§ describes the
=20.5 GPaB’'=5.8). Furthermore, the lattice parameters radius of distortion in(Q,,Q,)-space in the six-coordinate
vary differently with pressure. Parameters defining the FDcomplex:2713
plane,a andb, reduce with pressure slightly shorter thgn The representation matrices &H for the parent octahe-
which is proportional to the interplanar distance. This behavdral To4(xy,xz,y2) and Eg(322—r2,x2—y2) states are then
ior, which is shown in Fig. &), reflects weakly pressure- given by
induced crystal anisotropy. According to the PJT theory, the

associated strain together with the isostatic reduction of the 1 2Qs 0 — 0

crystal volume can influence significantly the occurrence of (AHy=-=A]| 0 -Q,+\3Q, 0

the structural transition associated with the in-plane JT sup- V6 0 0 -Q,- \EQ
pression and, therefore, the interplane AFD structure. In fact, o ¢
crystal anisotropy and isostatic compression increase the efor To4 and,

fective axial stress along the O-Cu-O fourfold axis, yielding 1 (-Q, Q

destabilization of the mainly?>~y? hole state in favor of the (AH) = —Aﬁ( v “’) 2)
37-r? state. The associated structural change is accompa- 2 Qs Qo

nied by a reduction of the long axial Cu-Cl bonds towards &g, g

. . . . . g .
compressed complex. This behavior is precisely described The parametefl (i =e,t) is the linear JT electron-ion cou-
within the PJT model, where the effects of the water mol-p"ng coefficient, which is quite different for the, and t,

ecules and crystal anisotropy are treated simultaneously,a electron wave functior®r analogously thd,, and E,

through external axial-stress terms. state3.!4 Note thatA® as defined in Eq(2) is one-half the
corresponding linear coupling constant employed
2
B. The pseudo-Jahn-Teller effect in theMX 4L, complex: eIseWher(—_ff. _ _
Electron-phonon coupling E®e, axial stress, and isostatic If we limit our analysis to thek, state(E® e mode),
compression and we introduce the polar coordinatgs,and a defined
as Qy=pcoda) and Q,=psin(a), then the energy
1. Jahn-Teller model E® e in homonuclear MX systems becomes
The local coordination geometry of an octahedXg E.=+ %A§p+ %kepz-

complex involving JT iongM:Cu?*,CrP*,Mn*,Ni®* [low-
spin configuratioh) can be effectively treated on the basis of The + refers to theB;y(x*~y?) and A4(37~r?) states
the electron-ion coupling, i.e., between the electronic state dh elongated D,,, and an appropriate combination of
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C=3A%p sin(a) + Ayp? sin(2a). (4)

The presence of only anharmonic teri#&=0;A3#0), is
enough to account for the usual elongated-octahedron geom-
etries ofDy,y,, or nearlyD,;,, usually found in JT systems. The
ground-state energy-surface is then given by

Egs=- AT + 5kep® + Agp® cog(3a). ®

Equation(5) corresponds to a warped Mexican hat surface
with three equivalent minima atQ,=po,Q,=0), (Qy
:_%PO,QSZ(\B/Z)PO), and (Qez_%PovQs:‘(\*"3/2)Po), re-
spectively, whose solutions fulfills the condition: @r)=0
[Fig. 5b)], and

FIG. 5. (Color onling (a) Ground-state energy surface and
projection in(Qg, Q,)-space, corresponding to the? e Jahn-Teller
(JT) effect forMXg octahedral complex in the linear approximation
(A3=A,=0): Mexican hat surfaceb) Ground-state energy-surface o e\ 2 )
and corresponding projection including JT second-or@er+ 0) _ ﬂ _ A_\s Ny _ m
and anharmonic(A;<0) terms. Note the formation of three- Pm= 2ke AT\ 2k, '
equivalent potential wellswarped Mexican hat surface: Tricgrn
The parameters involved in tle® e JT model are indicated. which is similar top, when A§>A3pg.

It is worth mentioning that although each minimum rep-
both states inD,,. The By, stabilization energy is just resents a locaD,,-symmetry complex, the system keeps the
the JT energy, which is given within this scheme byoverall cubic symmetry. In dynamical JT systems, the time-
E;r= —iAﬁpo_ Where po=AS/ 2k, with k.=uw? (Refs. 7 and averaged symmetry is cubic, while for static JT systems, the
13) corresponds to the equilibrium geometry of te  cubic symmetry is related to the averaged symmetry of the
surface [Fig. 5@]. In first-order electron-ion terms, three-equivalent statically-distorted JT complexes abang
the ground-state energy-surfacg@y, Q,)-space is the well- andz (topological degeneragyThus the criterion for static
known Mexican hat potential energy surface. In this approxi-and dynamic JT regimes relies on the experiment time scale.
mation, it corresponds to any point around theWithin this model, the mean jumping time of the system
(Qy,Q.)-space circumference of radigg. This means that among the three equivalent minima is proportional to
structures going from the axially elongated octahedi@p the overlap between vibronic wave functions centered in
=p0,Q.=0) to the axially compressed octahedr¢®,= the'three minima. Therefore, the occurrence of a give.n' JT
-p0,Q.=0), passing through different tetragonal and rhom-régime strongly depends on the separation of the minima
bic intermediate structure$Q,#0,Q,#0), are equally N (QsQ.)-Space, the vibrationaleymode energy and
probable provided that th&l-X; distance deviationsAR, the energy barrier between wells, i.e., the energy difference

=R -R, (i=1-6), verify between minima and saddle points. This latter energy is
according to Eq.(5 given approximately byAE,.=28
6 , with
p=po=\/ 2 AR
=~ |Aglpg = |Asll =— | - 6
Obviously the linear approximation does not reflect any real B=IAslpo=~ |Ad 2uw? ©

situation. Actual coordination geometries are accounted for
within this model including second-order JT terms and andNote that only anharmonic terms have been considered in
harmonicity in Eq.(1). These terms are given, respectively, this equation.
by JT distortions of rnombic or compressed octahedron sym-
> o o , metry can also be explained on the basis of present model,
Ao(Qy— Qp) + 2AQQ, = Agp[cod2a) + sin(2a)], but including second-order JT terms in the Hamiltonjign.
(4]: A,#0. The competition betweefy, and A; parameters
A3[Q§— 3Q0Q§] = Agp° cos(3a) with A; < 0. (3 finally determines the JT complex distortion. In this context,
it must be noted that whereas both elongated and compressed
geometries have been observed for guRRefs.
{—A+ B C } 3-6,26,35,3y and CuQ,*3® a compressed coordination has

The energy is thus given by diagonalizing the matffs

c A+B never been so far observed in CgQlhose coordination
geometries correspond to elongated ne&@x}y- Unfortu-

with nately, the criterion to predict whether a complex will exhibit
e 1, o 5 a given coordination geometry is still unsolved in spite of the
A= 3A1p coda) + 3kep” + Agp® €OS2a), efforts carried out to explain the microscopic dependence of
A, and A; with the complex structure through density func-
B =Agp® cog3a), tional theory(DFT) calculations®®
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b 4

7

duced by the axial ligands in homo- and hetero-
nuclear MX4L o systems (X=CI;L
=ClI,H,0,NHjy) is indicated with the associated
coordination geometries. TheQ,,Q,)-space

I Rb,CuCL(H0), 5y JT ground-state energy surface is shown on the left.

FIG. 6. (Color onling Effect of the axial
stress in the ground-state energy in
(Qp,Q,.)-space. The effective axial stress pro-

Stress

i~

Note the evolution from elongated-to-compressed
3f ,*. coordination geometry upon increasing the axial
o Rb,CuCl, (Layered compound) stress. The collapse into the compressed.geom-

0.0 etry takes place a&,;=98. The CuClL, series
'\/§<: (L=Cl—=H,O—NHy) illustrates the effect of
'90 & 1D JT axial stress induced by crystal anisotrgjmpmo-
6 (deg) CuCI,(NH nucleay or axial ligand-field(heteronuclegrin
Compressed complex real complexes at ambient conditions.
2. Pseudo-Jahn-Teller model in heteronuclear MK, for S=98 (compressed octahedron coordinajion

The presenE®e model can also be applied for hetero-  The AFD structure displayed by layered perovskites
nuclear complexesMX,L,, on the basis that the-ligand ~ A2CUCl (Ref. 8 and AMnF, (Ref. 14 (A: monovalent ion
effects with respect to the homonuclediXs complex, are ~ are examples of two-dimensional JT reginié®s. 1 and 6.
described by an effective axial-stress term whose tetragondp these systems, the layered-crystal anisotropy provides the
and rhombic components are%A‘fps codey and axial-stress field. Interestingly, further increase of the axial

%Atleps sin(ag) 12637 The addition of the axial-stress termAn stress around @ causes a progressive approach of the two

and C [Eq. (4)] leads to the so-called PJT modefs The ground-state wells in(Qy,Q,)-space forS=95 (Fig. 6.
achievement of PJT theory has been checked in dif(\bove this critical value, the two wells collapse into a single

erent C@* complexes like CuGl, CuClL(H,0),2" well at p=py and a=m, which corresponds tp _the
CUCL(NHo) - for: explaining thQé variati<|)4r(1 2022 the Compressed®,, complex, whose fourfoldX-M-X axis is

romagnetic-tensor components with temperadfifd Fur- along the stress. In terms of electron-ion interaction, the
9y 9 . oMp ) P . stress increases the electronic repulsion in tifer3 orbital
thermore, the introduction of an axial-stress term in E4g.

. ) a making the electronic ground state to be mixed between
is useful to deal simultaneously with either homo- or hetero- g g

: . -y? and 3?-r2. Further increase o reduces the stressed
nuclear complexes under external axial compression, hydr(}\-/l_x bond distance, yielding destabilization of the?3r2

static pressure or Iow-s_ymmetry crystal-field strains assoClyitn respect to the®—y? along the transition from elongated
ated with the crystal anisotropy. Thus E§) transforms to to compresse®,,
4 .

Eqs=— Ejr— B co943a) - Scoda - ay), (7) In general, the structural-change sequence shown in Fig. 6
can be adapted for Cugll, (L=CI,H,0,NHz) complex. The
Th daw indi h induced def L-ligands exert an axial stress, whose value increases along

?. paractimetterptshan Olstlnl |cgtett € stres;}-m uce " ﬁoorl_ e sequenck=Cl— H,0— NH;. Consequently, the associ-
lr_na '%n];. lge. ﬁ i € crysl al aniso Iropy OIrE € _nonotcla el r%ted coordination geometries correspond to 3D elongated-JT
|?an 1€ fm eteronuc ezfar c%gﬁn%exe(sj. Mx;())erlgwelnoa va{/ue ctahedron along either CI-Cu-Cl directiofD,,),%"%8
0 Bvaiy rom near zero for u-doped Vg, o= MeV. op elongated-JT along either two CI-Cu-Cl directions
for Cu*-doped Znk, and 35-75 meV for Cugl™ and (D)

ot . 4 o (Refs. 7,23,29,38 and, 1D compressed-JT along

Cu(H,0)¢“" (Refs. 35,40,41L The linear electron-ion cou- HaN-Cu-NH (D.4) 223 respectively(Fig. 6)
pling parameterAS, was also determined experimentally for * 3 anh P g- 9

CuCk* (Aj=2.25eV Al (Ref. 8 and MnR* (A] -
=5.2ev A1 3. Elongated-to-compressed transition in MKX,: Pressure

estimates

whereEr is the JT energyB=~ Ayp3+|Aglps and S=3ASp,

Figure 6 shows the effect of applying a compressive stress
along theX-M-X axis (as= ) starting from an elongate.y, The external stress, either axial or hydrostatic, within a
situation (S=0) for the homonucleaMXg complex. The given complex can lead to similar coordination-geometry
stress gradually destabilizes the potential well, which is asvariations. However, there is no evidence of such structural
sociated with the axially elongated-X bond pointing along changes at a local level using external stress, in spite of the
the stress, with respect to the other two wells. The stresiitense work devoted to achieve such a goal. In the case of
range, 6< S< 98, corresponds to the two-dimensional JT re-homonuclear complexes, it is likely due to the high-pressure
gime (2D). As Fig. 6 shows, the potential-well destabiliza- requirements to attain the critical stres};=98. In
tion is accompanied by a decrease of the energy barrieA,CuCl, the critical pressure was estimated above
AE,, connecting the two equivalent ground-state wells,30 GPa2? Nevertheless, the elongated-to-compressed struc-
from AE,.=2p for S=0 (elongated octahedrpho AE,,=0 tural change can be easier tackled in hydrostatic pressure
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experiments provided that we start from an axially-stressethoughS(P) is difficult to calculaté since then and y expo-
complex like CuCJ(H,0),. Moreover, the parameters asso- nents are not known for BBuCl,(H,0),, we can roughly
ciated with the potential energy surfape of this complex arestimate it taking the equation-of-stafeig. 4), and the ex-
known from electron paramagnetic resonan¢EPR  ponents usually found in other JT systenms=1 (Refs.
experiment$! They areS, =25 meV andg=12 meV for 1340 and y~141444 So that we obtain 8(15)
CuCl,(Hx0), at ambient condition§S,,0=70 meV for the = 3(0)[465/350 3=5.1 meV and, consequently, the critical
deuterated complgx? It implies that an external axial stress stress reduces t8,;=98=46 meV at 15 GPa.

localizes the surface minimum at a compressed tetragonal precisely, we can obtain the critical pressiRgy, on the
ge(_)metry(_a:w) whether the cgnditiorsext> 93 _is fulfilled. “basis of Eqs(8) and (9). At Py, ¢ andV must verify the
This requirement can be achieved by applying hydrostatigryctural constraintcy/c(Pey)=1.63V/V,). According to
pressure due to either an enhancement of the axial Stregs equation-of-state of RBUC,(H,0), (Fig. 4), that con-
induced by pressure in anisotropic crystals, or by decreasmgi,[ion yields a critical pressuré®,; ~ 20 GPa. Although this

the energy barrier, 2 in nearly isotropic systems. The alue strongly depends on the particular choiceaind ,

pressure-induced axial stress is inversely proportional to th . . ) )
Cu-O distance provided that the pressure produces a near e present estimate provides a fair agreement with the ex-
erimental critical pressur®=16 GPa(Fig. 4).

isostatic strain in the complex. In fact, this is the case sinc i ; X i .
the relative decrease of the and c lattice parameters is: It is worth noting that the experimental critical pressure in

Ac/c~Aala [inset of Fig. 4a)]. Consequently, the water RP2CUCL(H;0); is one-half the estimated critical pressure
molecules provide an axial stress that can be estimated d&r CuCk*~ in A,CuCl,.22 Within PJT model this difference
the basis of the stress value at ambient condititRs, o, IS likely due to the largerg value (=50 meV) and the
=1.97 A and the pressure-induced axial-stress, through ~ weaker axial stress attained in homononuclear complexes,
even in anisotropic crystals. Both effects yield larger strain
- < Co )m d higher pressure conditions to achieve the change of co-
Sext(P) =Seud =57/ (8) an . Ig. P . 9
c(P) ordination geometry in Cugl™.
wherec, andc(P) are the lattice parameter at ambient pres- A Complete structural study on the pressure-induced
sure andP, respectively, and, =25 meV is the effective variation of the coordination geometry in Igyered perov§kltes
axial stress due to JO at ambient pressufé.Note that this A2CUCL (A=RDb, R-NH3:R-alkyl groupg is currently in
expression is valid on the assumption that the water stress {§09ress.
proportional to the interatomic distance reduction along the
Cu-O bond direction, thus the crystal strain alang\ccord-
ing to XRD data (Fig. 4 and crystal-field theory
(m=3-5),%346 we estimate an axial stress at 15 GPa of
S.{(15)=31-36 meV. This value is still far from the critical . _
stress:S.;=95=108 meV, provided tha does not change Throughout this work, we demonstrate that the JT distor-
appreciably with pressure. However, the latter condition igion in Ci#* can be efficiently suppressed in axially-stressed
hard to concile in high-pressure experiments since, accordingomplexes. In the present case, this situation is attained
to Eq.(6), the energy barrier mainly depends on the equilib-through the heteronuclear CuQ#i,0),>~ complex, whose
rium coordinatep,, hence on the complex volume. In fact, a water ligands favor the elongated-to-compressed local-
main effect of hydrostatic pressure on Ci@&,0),>” is to  structure transformation at moderate pressures. In fact, water
reduce the energy barrier. We can roughly estimate its presnolecules provide an intermediate axial ligand-field between
sure dependence following E¢6). The B parameter relies that attained in the homonuclear Cytlcomplex, associ-
mainly on the electron-ion couplingy, and theeg-vibration  ated with anx?-y? unpaired electron, and the heteronuclear
frequency,w. Both parameters depend on the crystal-volumeetragonal-compressed Cu@iH,),?~ complex with %?-r?
as A;=A1(0)(Vo/V)" and w=wq(Vo/V)?, where Af(0), Vo, ground state. The ammonium axial ligand-field leads directly
and w, are the electron-ion coupling parameter, the volumeyo a D,,-compressed coordination beyond 2D JT elongated-
and the phonon frequency at zero pressure, respectively, apfktortion associated with the ClI ligands. High hydrostatic
nis an exponent close to (see below, andy is the Gri-  pressure on RICUCL(H,0), favors an increase of the axial
neisen parameter. Therefore, we obtain strain along the G bond, yielding stabilization of the
s (A AVl D n-compressed Cu@H,0),%~ coordination geometry. The
B pg > w2 observed structural change can be explained within the PJT
model, assuming that the hydrostatic pressure exerts an in-

IV. CONCLUSIONS

\Y,

or, analogously, creasingly axial strain along favored by the crystal aniso-
VAL tropy. Finally, this work clearly demonstrates the adequacy
B(P) :’8(0)<V> (9)  of the PJT model to explain the structural variation found

through XAS and XRD techniques, and highlights the use-
with 8(0)=12 meV at ambient pressure. Therefore, the criti-fulness of heteronuclear complexes to achieve the foreseen
cal stressS. =98, decreases with pressurenk2y. Al- elongated-to-compressed structural changes.
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