Crystal and local structure changes in Janh-Teller systems of Cu(ll) and Mn(l11) induced by
pressure. Study of the dissappearance of the AFD structure.
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This work investigates the variation of local structure around Cu*" and Mn®* as a function of
pressure in A,CuCl, and AMnF, layered perovskites by means of x-ray absorption, optical
spectroscopy and x-ray diffraction. In both families pressure induces simultaneously reduction
of the Jahn-Teller distortion (JTD) and tilting of the CuCls* and MnF¢’~ octahedra. The JTD
release is attained by decreasing both the equatorial and axial Cu-Cl and Mn-F bond distances
with pressure, AR, being almost an order magnitude bigger than AR.,. We show that the JTD is
stable in a wide pressure range. Estimates based on structural data and JT energy indicate that JT

suppression would occur above 20 GPa.

1. Introduction

The A>CuCl; (A=Rb,C,Ha,:;NHz; n=1-3) " and AMnF,
(A: Rb, Na, TI, Cs) '"'% layered compounds present a large
variety of interesting physical phenomena associated with
antiferrodistortive (AFD) structure displayed by the
Jahn-Teller (JT) axially elongated CuCls" and MnFg"
complexes, respectively. They have attracted interest as
two-dimensional ferromagnets with T.~10 K L3I0 a9
related material to high T¢ superconductors and colossal
magnetoresistors '”, as an organic/inorganic hybrid layered
system, and as piezochromic materials >'¥. In the last years
an intense activity aimed to investigate the behavior of these
materials under hydrostatic pressure, in particular, for
exploring pressure-induced structural transitions associated
with the disappearance of the AFD structure and tilting
phenomena **'. The former effect is noteworthy since it
must lead to a switch in the 2D magnetic behavior from
ferromagnetic to antiferromagnetic.

Recent structural studies devoted to determine the
possible disappearance of the JTD by pressure reported
controversial results in both Cu®’" and Mn’". Firstly,
structural studies by x-ray diffraction (XRD) and x-ray
absorption  (XAS) in  (CsH;NH;),CuCly D and
(C,HsNH;3),CuCly 89 concluded, in the latter case, that the
JTD is suppressed at 4 GPa (R,x =R.y) in agreement with
Raman data ®. However, correlation studies between lattice
parameters from XRD and Cu-Cl bond distances from
EXAFS in (CsH;NH;),CuCly " showed that although the
reduction of the Cu-Cl axial distance with pressure, AR, is
longer than AR, in no way the JTD is suppressed below 10
GPa. A similar situation occurred for LaMnO; '*'”. Neutron
diffraction under pressure indicates that the MnOg JTD is
stable in the 0-6 GPa range '*, whereas XRD reveals that
pressure gradually reduces the JTD yielding suppression at
about 10 GPa '”. This controversy is likely due to
difficulties to perform precise analysis of the diffracted
intensity, providing the M-X bond distances of the MXg
polyhedra. In general, the M-X distances and their variation
with pressure in perovskites can be difficult in cases where
the structural information can not be derived from the cell
parameters but from intensity analysis. The problem is even
harder if as in the present case we deal with AFD structures.
XRD powder diagrams often exhibit intensity deviations due

" Mn®, Cu

Fig. 1. Crystal structure of layered perovskites AMnF,,
showing the antiferrodistortive structure displayed by the
MnFq* complexes, whose local structure is sketched
bottom right. A similar layered structure of interconnected
CuClg* units is found for A,CuCl,.

to preferential orientation, twining, texture and dynamical JT
effects that can hinder analysis of the diffracted intensity
associated with JTD. The use of local probes like EXAFS ”
or optical absorption (OA) spectroscopy ' is crucial for
an appropriate local structural determination. XAS studies
on LaMnO; *® and OA in NaMnF, ¥ are examples
illustrating the usefulness of local probes to detect structural
effects unrevealed by XRD.

The present work deals with structural correlation studies
in JT systems of Cu?" and Mn®" carried out in crystal series
and as a function of pressure. The aim is to explore the
structural variation of crystal and around the JT ion in the
layer perovskites A,CuCl; and AMnF, and how they
influence materials properties. The knowledge of whether
pressure reduces the JTD or induces tilts is necessary to
understand and, eventually predict, magnetic, electrical and
optical properties in these compounds. We present structural
studies on layer-perovskite series carried out by XRD, XAS
and OA spectroscopy. In Mn®" fluorides, we show that OA is
a suitable technique for establishing correlations between the
optical spectra and the local structure around Mn®*. Besides,
optical  spectroscopy provides information on the
electron-ion coupling, JT energy and exchange interaction
between JT ions '*. Interestingly, we use OA to investigate



variations of local structure around Mn’* and elucidate
whether pressure can yield structural changes associated
with the high-spin to low-spin ground-state transition. We
present investigations of this structural effect in CsMnF,.

2. Experimental

Single crystals of (CH;NHj3),CuCl, and CsMnF, examined
in pressure experiments, were grown from solution as
described elsewhere *'®. The OA experiments under
pressure were done using the experimental setups for using
high-pressure techniques reported elsewhere '>. XRD under
pressure in CsMnF,. was performed in the ID09 white beam
station at the European Synchrotron Radiation Facility
(ESRF) in Grenoble. Experiments were done on a membrane
diamond anvil cell (DAC) at room temperature using helium
as pressure transmitter. X-ray powder diffractograms were
obtained as a function of pressure in the 0-16 GPa range
using wavelength, A = 0.4124 A, which is far enough from
the spectral region of the diamond absorption. XAS
experiments under pressure in (CH;NH3),CuCly have been
performed at the absorption setup XAS10 of the DIl
beamline at LURE (Orsay). The XAS spectra were measured
at the Cu k-edge (E,= 8.98 keV) at room temperature using
dispersive EXAFS in the 8.9-9.3 keV range. This
experimental setup has been proved to be very sensitive for
obtaining suitable EXAFS oscillations in a wavelength range
where the diamond anvil absorption is very strong. D11
provides adequate beam coherence and intensity to do
suitable EXAFS under pressure 2". The incident beam
intensity at the sample within the hydrostatic cavity was
about 10'° photons/mm’sec. In order to avoid radiation
damage, each spectrum was taken in about 15 sec. Different
loading cycles were done for each compound. The pressure
was applied with a membrane-type DAC employing paraffin
oil as pressure transmitter. The squeezed powder became
opaque (black) at 10 GPa according to the pressure-induced
band-gap redshift, but transparency was recovered upon
pressure release. EXAFS spectra were analysed on the basis
of a CuCl¢* unit with three different Cu-Cl distances: Reqts
Reqx and Ry, In all pressure experiments, the pressure was
measured from the R-line shift of Ruby chips introduced in
the hydrostatic cavity.

3. Results and discussion

3.1 XAS experiments under pressure in (CH;NH3),CuCl,
Table 1 reports structural data corresponding to the

A,CuCly series at room temperature. It is worthnoting that

the JTD, represented through the normal coordinate,

Q= \/E(R _R,.)» reduces with the cell volume from 0.87
3 ax eq

to 0.51 A on passing from (C;H,NH;),CuCl, (V = 1400 A?)
to Rb,CuCl, (800 A%), respectively. This large volume
change is, however, mainly governed by the size of the
alkyl-ammonium ion, since the corresponding in-layer
Cu-Cu distance varies from 5.30 to 5.05 A. It means that
layers to a great extent maintain its characteristic structure
along the series at ambient pressure. Nevertheless, it does
not occur in pressure experiments because the layer
compressibility is similar to compressibility along C in spite
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Fig. 2. (Top) XAS spectra of (CHsNH;),CuCl, powders
as a function of pressure. The inset shows a magnification
of XANES. (Bottom) Variation of the Cu-Cl bond
distances, R q and R,,, deived from EXAFS with pressure.
The lines and associated equations correspond to
least-square fit. The inset shows extrapolated data for JT

suppression (Req = Ryy).

of the large anisotropy exhibited by these layered
compounds. XRD pressure experiments carried out in
(C3H7NH3)2CUC14 and (C2H5NH3)2CUCI4 show that the
relative variation of the Cu-Cu distance, Rc,.cy, and c is
similar. In particular, the cell volume reduces from 1400 to
1000 A® (78%) in (C3H,NH3),CuCl, [1170 to 910 A® (71%)
in (C,HsNH3),CuCly] in the 0 — 6 GPa range. Likewise,
Reucu and ¢ vary from 5.3 to 4.9 A (92%) [5.2 to 4.8 A
(91%)] and from 24 to 22 A (92%) [21.2 to 20.0 A (94%)],
respectively, in the same range. Note that (C;H;NH;),CuCl,
is more compressible and isotropic than (C,HsNH;),CuCl,.
However, the variation of R, + Reg, derived from EXAFS, is
different from the R¢,.c, variation. Whereas R¢,.c, reduces
-0.4 A from 0 to 6 GPa, R,,+R,, decreases -0.2 A, in both
(C3H7NH3)2CUC14 N and (CH3NH3)2CUC14 (Flg 2) The
distinct behavior must be ascribed to pressure-induced
CuCl* tilting. The rapid decrease of R, between 0 and 2
GPa, compared to the slight variation above 2 GPa, and the
changes in the XANES spectra (inset of Fig. 2) likely
indicates the occurrence of a pressure-induced phase
transition at 2 GPa in (CH;NH;),CuCl,. However, it
deserves confirmation by XRD. Nevertheless no trace of
structural phase transition has been observed in
(C3H;NH;),CuCly from XRD and XAS, although the Cu-Cl
distance variations with pressure are similar in both
compounds. A salient conclusion is the different
compressibility of the bulk and the CuCls" octahedron,
being about an order of magnitude smaller in the latter .
This behavior explains why JT suppression has not been
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Fig. 3. (Left) XRD as a function of pressure in CsMnF,.
A tetragonal to monoclinic phase transition takes place at
2 GPa. (Right) Variation of the corresponding OA
spectrum in the 0-16 GPa range. Peak labels correspond
to axially elongated D, symmetry for MnF¢". The lines
are eye guides to illustrate pressure shifts of the JT-related
three-band structure. Note the decrease of narrow peak
intensity with pressure.

observed below 10 GPa in these two layered compounds
Linear extrapolation of R, and R, indicates that JT
suppression, R, = Req, would be attained above 20 GPa.
This result contrasts to findings in (C,HsNH;),CuCl, from
XRD ?, where JT suppression takes place at the
orthorhombic-to-monoclinic structural phase transition at 4
GPa. Interestingly, the energy of the a,, (3729 —by, (x*-y?)
transition (E;= 1 eV) derived from crystal-field spectroscopy
in A,CuCly 2), which is to the JT energy by E; = 4 Er,
indicates that the free-energy associated with the JTD is
about 0.25 eV. Simple estimates based on the local
compressibility of CuCls" point out that the pressure
required to transform an axially elongated coordination to a

nearly octahedron would be roughly P ~ EJ%V > 20 GPa.

The local bulk modulus derived from EXAFS in
(C3H7NH;),CuCl, D is in agreement with present estimates.

This result together with the structural studies carried out
in layered perovskites of Mn®" support this view.

3.2 XRD and OA under pressure in CsMnF,

The study of Mn*" (3d* in layered structures illustrates
the usefulness of spectroscopy to obtain information on the
local structure and the JT effect. Like A,CuCl, Mn®" in
fluorides exhibits an axially elongated octahedron due to the
JT effect ', In CsMnF, layer ferromagnet, the Mn-F bond
distances are R,,=2.17 A and Re=1.84 A (Qe=0.38A; Q=
0.04 A) at ambient conditions. The structural
characterization of Mn’* systems and their behaviour under
high pressure have been the object of intense investigations
with some controversial results !, The AFD structure of
Mn** in AMnF, (A: Na, TIl, Cs) makes difficult local
structure  determination around Mn’"  from XRD.
Furthermore XAS at the Mn k-edge is very limited on
dealing with DAC due to the strong absorption of diamonds
around 7 keV. Nevertheless, OA spectroscopy under
pressure provides a direct way of measuring the variation
with pressure of the JT energy as well as the corresponding
electron-lattice coupling parameters .

Figure 3 shows the variations of XRD and OA spectrum
of CsMnF, as a function of pressure. Like NaMnF, 9 the
spectrum consists of three broadbands, E; =1.89 eV, E,
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Fig. 4. (Top) Variation of the cell parameters a, b, ¢
and £ with pressure derived from XRD data of Fig. 3.
(Bottom) Variation of E,, E, and E; with pressure in
CsMnF,. The lines correspond to least-square fits. The
slopes are -0.4 (0-2 GPa) and +0.2 (2-16 GPa) meV/GPa
for E, and 14 and 9 meV/GPa for E, and E;, respectively,
in the 0-16 GPa range: A, = 550 - 5 P (meV/GPa).

=224 eV and E; =279 eV, corresponding to
vibronically-induced electric-dipole (ED) transitions within
d* from the °B, ground state to the A, °B, and °E excited
states, respectively. The structure reflects the d-splitting
pattern due to the D4 JT distortion of MnF4>". E,, E, and E;
provide the so-called equatorial CF, 10Dq(eq) = E,, and the
tetragonal splitting of the parent Oy, e and t, orbitals, A, = E;
= 4Ej;, and A, = E; — E,. According to established
correlations ', 10Dq(eq) depends on the equatorial Mn-F
distance, Req, whereas A. and A; vary linearly with the
tetragonal and rhombic normal coordinates, Qp and Q,,
through the electron-ion E®e and T®e coupling coefficients,
respectively ',

Table I.  Variation of the local structure of MnFs* with
pressure in CsMnF,. The Mn-F bond distances were
obtained from E,, E, and E; (Fig.4) following procedure
established elsewhere '”. The phase transition at 2 GPa
involves rhombic distortions around Mn®* (see text).

Crystal structure Tetragonal P4/n  Monoclinic P2,/a
R,Q(A) 0 GPa 2GPa 10 GPa
Rax 2.17 2.15 2.04
Reqi 1.82 1.92
Reg 1.85 1.71
Reg 1.84 1.83 1.81
Qo 0.38 0.36 0.27
Q. 0.04 0.04 0.20
A.=5.1Qo A=14Qy (eV,A) @)

The narrow peaks, Egp; =2.39 eV and Egp, =2.88 eV,
correspond to spin-flip transitions B, — °B; in Dy, whose
ED mechanism is activated by exchange '*'*. Their
intensity decreases with MnF4" tilting, i.e. deviations of the



in-layer Mn-F-Mn bond angle from 180° Therefore, its
intensity can be used as probe for tilting phenomena in
pressure experiments. On the other hand, we can derive the
variation of local structure with pressure from E;, E, and E;
provided that we know the pressure dependence of the linear
electron-phonon coupling with the local modes a;, and e,
and thel fa}g)t that the B, — °B, transition energy depends on
Reg, as 7

ECByy)= o @)

eq

Following the procedure established elsewhere'?, we have
determined the variations of the crystal and local structures
in CsMnF, as a function of pressure using both the XRD and
OA data in the 0 -16 GPa range (Fig. 4 and Table I).

As regards the variation of the OA spectrum of CsMnF,
with pressure we conclude that JTD is stable in the explored
pressure range. Pressure-induced suppression of JTD
yielding a nearly Oy coordination must be ruled out since it
would lead to an OA spectrum consisting of one broad band
associated with the °E — °T, transition. The observation of
three broad bands confirms the JTD stability. Furthermore,
the spin-flip peak intensity decreases with pressure, thus
indicating pressure-induced MnF4* tilts. This noteworthy
result reflects the similarity of volume reduction effects
upon tilting whatever induced by hydrostatic pressure or
along the AMnF, crystal series. It must be noted that the
in-layer Mn-Mn distance varies from 5.63 to 5.31 A in the
0-10 GPa range. Such variation is similar to the Mn-F
distance difference, Ry - Reg= 0.33 A, attained in CsMnF, at
ambient pressure, thus indicating that the JTD would
disappear at 10GPa (R,x = R.g; Q¢= 0) provided that no
tilting occurs. The OA spectrum clearly shows the existence
of JTD up to 16 GPa, and consequently pressure-induced
tilts must be invoked to maintain the MnFs* JTD. The
pressure behaviour of spin-flip peaks supports this view.

The linear variation of the JT splitting, A, = E;, with
pressure is different below and above 2 GPa. The

dA
slope,d—P", changes from -4.2 meV/GPa in the 0 - 2 GPa

range to +0.2 meV/GPa in the 2 -14 GPa range. The slope
jump is related to the tetragonal-to-monoclinic structural
phase transition, which takes place in CsMnF, at 2 GPa. The
splitting of the (022) Bragg peak above 2 GPa in XRD

confirms the monoclinic high-pressure phase in CsMnF, (Fig.

3). It is worth noting that the slope change of A. is not
observed for A Given that A; and A, depends on Qg and

1
(Qé +Q§ )A , respectively, the phase transition should

involve mainly a rhombic distortion in the JTD MnFg".
Table I shows the local structure variation of MnFg"
obtained from the pressure band shifts and cell parameter
variations. Extrapolations suggest that the JTD would be
suppressed at about 50 GPa. A structural phase transition
associated with the simultaneous suppression of the JTD and

high spin to low spin transition has been observed at 37 GPa.

4. Conclusion

The observed structural variations confirm the instability
of the AFD layered structures under pressure in A,CuCl, and
AMnF,. However, pressure induces both a reduction of the
JTD and tilts of the CuClg* and MnFg’ octahedra. The JTD
is stable in the 0 - 10 GPa range, but can be eventually
suppressed above 20 GPa according to the JT energy of Cu
and Mn in their respective layered compounds. Interestingly,
tilts preserve the axially elongated JTD in a wide pressure
range, thus reflecting the strong molecular character of the
JT complex.
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