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Pressure effects on Jahn-Teller distortion in perovskites: The roles of local and bulk compressibilities
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The interplay between the Jahn-Teller (JT) effect and octahedron tilting in transition-metal perovskites
is investigated as a function of pressure. Our focus is on its effects on the exchange and electron-phonon
interactions, both having a strong influence on materials properties. We demonstrate that the JT distortion in
Cu”* and Mn** is reduced upon compression and is eventually suppressed at pressures above 20 GPa. X-ray
diffraction and x-ray absorption measurements in A,CuCly layer perovskites (A: Rb, C,H,,,;NH3; n = 1-3)
show that, although pressure slightly reduces the long Cu-Cl distance in comparison to the Cu-Cu distance in
the layer, the JT distortion is stable in the 0-20 GPa range. The difference between lattice (8§ = 0.14 GPa™!)
and local CuCls (By = 0.016 GPa~!) compressibilities, together with the high stability of the JT distortion,
lead to CuClg tilts upon compression. The evolution of the elongated CuClg octahedron in A,CuCly, as
well as MnFs in CsMnF; and MnOg in LaMnO; and DyMnOs;, toward a nearly regular octahedron takes
place above 20 GPa, in agreement with experimental results and a model analysis based on the JT energy
derived from optical absorption spectroscopy: Ejp = 0.25-0.45 eV/Cu®**, Ejr = 0.45 eV/Mn** (CsMnF;), and
Eyr = 0.25 eV/Mn** (LaMnO3). The proposed model clarifies controversial results about pressure-induced JT
quenching in Cu?* and Mn?** systems, providing an efficient complementary means to predict pressure behavior

in perovskites containing JT transition-metal ions.

DOI: 10.1103/PhysRevB.85.100101

Transition-metal perovskites display an ample vari-
ety of structures with relevant physical phenomena,
having a deep impact in materials science,” applied
physics,>* and geophysics.>® The interplay between the
local structure and the exchange couplings between oc-
tahedral transition-metal ions governs materials properties.
High T, superconductivity,”® colossal magnetoresistance,”!°
ferro-antiferro-nonmagnetic phenomena associated with ex-
otic high-spin to low-spin magnetism,''~!* metal-insulating
transition, 310 rnultifunctionallity,17'18 piezochromism and
piezomagnetism,'®?° or extreme polymorphism such as the
perovskite-postperovskite transition at high pressure,?! are
selected physical phenomena, which are induced by subtle
structural changes around the transition-metal ion (M). The
prediction of whether compression of AM X3 and A, M X4
perovskites yields M X tilting or it favors M-X-M bond align-
ment toward an ideal perovskite still remains a subject of strong
controversy.”>> Nevertheless, this knowledge is crucial in
explaining and eventually predicting high-pressure high-
temperature structures and their associated properties. In ad-
dition, it is worthwhile in tailoring materials whose electronic
properties rely on a delicate balance between the competing
magnetic interactions involving e, and #,, orbitals of M, and p
orbitals of X: O, F, or Cl. The M-X-M bond angle between ad-
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jacent octahedra is a key structural parameter modulating both
crystal structure and electronic properties. Moreover, a per-
ovskite under compression can behave differently if compres-
sion is attained in a compound series (chemical pressure)?®-23
or by applying external pressure.'>?>2? Although ab initio cal-
culations have considerably increased the prediction capability
of structural transformations under pressure to a considerable
extent,’ the problem of how a network of interlinked M X ¢ oc-
tahedra will evolve upon compression is subtle, deserving both
experimental and theoretical feedback, and it still represents a
major challenge in condensed-matter physics.

The system complexity increases if the M X4 octahedra
involve orbitally degenerate transition-metal ions (M: Cu®*,
Cr*t, Fe**, Mn*t, Ni*t, or Co’t). The Jahn-Teller (JT)
coupling induces low-symmetry M X distortions which are
eventually responsible for the striking properties related to
both the orbital ordering and JT distortion.

Based on the high compressibility of chloride layer per-
ovskites, we report a structural study in the A,CuCly series (A:
Rb, C,Hy,+1NH3; n = 1-3) as a function of both chemical
and external pressure. The results will be extrapolated to
other less compressible oxides and fluorides. We carried out
x-ray diffraction (XRD), x-ray absorption (XAS), and optical
absorption in the series. These measurements altogether
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TABLE [ Structural parameters for A,CuCly (A =Rb,
C,Hy,41NH3; n =1-3). Ryjayer and Rcyc, are the interlayer and
the intralayer Cu-Cu distances, respectively. Ry, Req, and Qg (all
distances are given in A) are the axial and equatorial Cu-Cl bond
lengths and the tetragonal normal coordinate, respectively. The crystal
bulk modulus K has been determined by fitting in the low-pressure
range to a Murnaghan’s equation of state from V(P) data obtained
by x-ray diffraction.

3
A V(A ) RCu-Cu Rlayer Rax Req QG K(g (GPa)

Rb 803.5 5.09 7.77 272 235 043 20

CH;NH; 999.0 5.18 9.33 291 228 0.71
C,HsNH; 11629 524 10.59 298 228 0.80 8.4
C;H;NH; 1382.8 530 1233 3.04 229 0.87 7.1

provide the crystal structure, space group, and local structure
of the CuClg octahedron (Cu-ClI bond lengths), and the energy
of the d orbitals (crystal-field strength, e,-t,, splittings, and
JT energy).

The A,CuCly structure at ambient conditions (Table I)
indicates that CuClg shows an elongated distortion of mainly
tetragonal symmetry (Fig. 1). The associated distortion,
expressed in terms of two-long (R.x) and four-short (Req)
Cu-Cl bond distances through the normal coordinate Qg =
%(Rax — Req), decreases with chemical pressure from 0.87 to

0.43 A on passing from (C3H;NH3),CuCly (V = 1382.8 A3)
to Rb,CuCly (V = 803.5 A%). The large volume reduction is
mainly governed by the A-cation size since the corresponding
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interlayer distance Rjayer varies from 12.33 to 7.77 A, whereas
the intralayer Cu-Cu distance Rcy_cy only varies from 5.30 to
5.09 A, respectively.

To a great extent, layers of interconnected CuClg octahedra
are preserved along the series, the interlayer separation being
the most affected. The strong Qy decrease with chemical
pressure in comparison to Rcy ¢y is due to a drastic reduction
of the apical in-plane Cu-Cl bond length R, toward a
nearly O;, symmetry, i.e., shared Cl atoms move into a
midway position on the Cu-CI-Cu bond as Rcy.cy decreases
(Fig. 1). The suppression of the in-plane JT-induced orbital
ordering (antiferrodistortive structure) will occur if Ry &~ Req.
Although this scenario has often been employed to explain the
A,CuCly pressure behavior,*” here we demonstrate that CuClg
compresses differently upon chemical and external pressure
due to the unexpectedly similar compressibility Rcy.c, and
Riayer. XRD and X AS experiments under pressure performed in
(C3H7NH3)2CUC]4, (CH3NH3)2CUC14 and szCuCL; (Figs. 2
and 3), together with XRD data on (C,Hs5NH3),CuCly,*°
support this view. The cell volume reduces almost isotropically
with hydrostatic pressure from 1400 to 1050 A3 (around
25%) in (C3H7NH3),CuCl, [from 1170 to 910 A3 (22%) in
(C,H5NH3),CuCly] in the 0-6 GPa range. Likewise, Rcy.cu
and Riayer only vary from 5.3 to 4.9 A (8%) [from 5.2 to
48 A (8%)] and from 12.3 to 11.0 A (11%) [from 10.6
to 10.0 A (6%)] in the same pressure range, respectively,
(C3H7NH3),CuCly being slightly more compressible and
anisotropic than (C,HsNHj3),CuCly. Nevertheless, the pres-
sure dependence of Ry + Req and Rey.cu is neatly different.
Whereas Rcy.cy reduces -0.4 A from 0 to 6 GPa, Ry + Req

(a) Jahn-Teller quenching
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FIG. 1. (Color online) Left: Crystal structure of layered perovskites A,CuCl, (orthorhombic Pbca), showing the in-plane (a),
(b) antiferrodistortive structure displayed by the Jahn-Teller distorted CuClg octahedra (top), and the interlayer structure along ¢ (bottom). The

CuClg structure is given in terms of the tetragonal normal coordinate: Qy = %(Rax —

Req) (Table I). The rhombic normal coordinate along the

series is Q. ~ 0. Right: Extreme structural scenarios describing crystal transformation under pressure. (a) Ideal perovskite transformation
yielding Jahn-Teller quenching (antiferrodistortive structure disappearance); (b) stability of the CuClg Jahn-Teller distortion leading to

pressure-induced tilts.
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FIG. 2. (Color online) (a) Variation of the Cu-Cl bond lengths
(Rax and Rq) of the Dy, elongated CuCls with pressure in the
A,CuCly layer perovskite series (A = Rb, C,Hy,+1NH3; n = 1-3)
derived from x-ray absorption under pressure. The straight lines show
the extrapolated P for Jahn-Teller quenching (R.q = R,). Note that
P is 27 and 41 GPa for (C3H;NHj3),CuCly, and (CH3NHj3),CuCly
and Rb,CuCly, respectively. Bond lengths for (C,HsNHj3),CuCly
were obtained from x-ray diffraction data (Ref. 30).

decreases only —0.2 A in (C3H;NH;3),CuCly. A similar
variation is also found in Rb,CuCly.

Note that both distances R.x + Req and Rcy.cy and their
pressure variation should coincide on the assumption of
an ideal perovskite (in-layer Cu-Cl-Cu bond angle 180°).
The observed distinct behavior and the fact that |§ Rcy.cu| >
[6(Rax + Req)| clearly reveals pressure-induced CuClg tilting.
Moreover, the analogous variation of R, and R.q with external
pressure in the series means that CuClg compresses similarly
independently of the host crystal (Fig. 2).

The small local CuClg compressibility, an order of mag-
nitude less compressible than the bulk, explains why JT
suppression in CuClg can be barely detected below 20 GPa
in layered perovskites. From R.x(P) and Req(P) variations
in Fig. 2, we conclude that a quasiregular CuClg octahedron
(Rax = Req) would occur at about 30—40 GPa in A,CuCly,
depending on the crystal composition (i.e., A size). This finding
contrasts with previous XRD results in (C;HsNH3),CuCly,*
reporting JT suppression quenching at the orthorhombic-to-
monoclinic structural phase transition: P = 4 GPa. Suppres-
sion of the JT distortion at low pressures (P, < 20 GPa) has
also been reported for Mn** perovskites such as LaMnO3,”’
Ndg 5CagsMnO3,*! and Ga-doped LaMnO;.3? The disparity
of results providing different P, values must be ascribed to
difficulties in obtaining reliable structural information from
powder XRD in JT distortive materials. Structural studies
under pressure in LaMnO; from XRD (P = 18 GPa),® XAS
(Peit ~ 30 GPa),*> Raman spectroscopy (Peie ~ 32 GPa),"
or ab initio calculations (Pgi =~ 40 GPa)** illustrate such a
controversy.

At this point we demonstrate that the knowledge of the JT
energy Ejr associated with the low-symmetry distortion of the
M X ¢ octahedron can be decisive in order to estimate the criti-
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FIG. 3. (Color online) (a) Pressure dependence of V(P) for the
(C3H7NH;),CuCly crystal and CuClg distorted octahedron. The lines
correspond to least-square fits to a Murnaghan equation of state. The
bulk modulus (Kj) and pressure derivative (K') are given for the
crystal and octahedron. (b) Estimate of the in-layer Cu-Cl-Cu tilting
angle with pressure in (C3;H;NHj3),CuCly.

cal pressure for JT quenching. Particularly, it can be achieved
for CuClg since its electronic structure and hence Ejr/ Cutis
known from optical absorption spectroscopy.>> According to
JT theory, the energy of the aj4(3z%) — big(x* — y?) transi-
tion (E; = 1.0-1.5 eV) in A,CuCly (A = Rb, C3H;NH3)%
is directly related to the JT energy as Ejr =~ E|/4 =
0.25-0.38 eV/Cu**. Ejr corresponds to the free energy
associated with the stabilization of the CuClg octahedron from
Oy, to axially elongated Dy in Ap;CuCly. Therefore the P
value, which is required to transform an initially JT-distorted
CuClg back into O;, must overcome the energy mismatch
Ejr. This pressure can be obtained through Ejt following the
scenario described in Fig. 1 from the local equation of state:

Verit
Eyp = —/ P(V)dV
Vi

0

K Vcri( V -K’
= ——0/ —) —1lav
K" Jy, Vo

KoVo (x'7K — K’
- OO(X +x). 1)

K’ K —1

Here we assume quasiadiabatic conditions §Q ~ 0 (AU =~
W) and x = V4/Vp is the local volume reduction ratio, with
Vo = (4/3)R§qRaX being the volume of the CuClg distorted

octahedron at ambient conditions, and V ; = (4/3)qu, the
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final volume of the regular octahedron. K and K’ are the local
CuClg bulk modulus and corresponding pressure derivative,
respectively. Equation (1) was derived on the assumption of a
Murnaghan’s equation of state,*® which accurately describes
the experimental relation between P and V / V) at constant tem-
perature in the 0-6 GPa range using values of V = 20.5 A3,
Ko =63 GPa, K' =17 for (C3H7NH3)2CUC]4 (Flg 3), and
Vo = 18.5 A3, Ky = 140 GPa, K’ = 7 for Rb,CuCl,.*” This
estimate is based on the assumption that the equation of state
applies up to P, what is appropriate if P is much smaller
than Ky. Hence the energy associated with JT quenching
(Veic = 16.0 and 15.4 A3, respectively) must, according to
spectroscopic data, be at least Eyp = 0.35 eV. Taking values of
X = ch/ V() = 0.78 for (C3H7NH3)2CUCI4 and x = 0.83 for
Rb,CuCly, we obtain, from Eq. (1), Eyr = 0.4 eV. Although
this value may be slightly overestimated due to dissipative
energy effects upon compression, it accounts fairly for the
JT energy derived from optical absorption data. It must be
noted that Ejr given by Eq. (1) would drastically decrease
if we neglect tilting and assume the structural scenario of an
ideal layer perovskite [Fig. 1(a)] such as that proposed for
(C,HsNH3),CuCly with P = 4 GPa.3° In such a case, the
local bulk modulus obtained from XRD is Ko = 18 GPa,*®
and, consequently the calculated JT energy Ejyr = 0.12 eV
would be three times smaller than the spectroscopic Eyr.>> This
model, therefore, supports that JT suppression in CuClg takes
place at about 30-40 GPa according to the scenario of Fig. 1(b)
and is consistent with the pressure-induced tilting shown in
Fig. 3. Model predictions also support recent structure and
spectroscopic studies in CuWO,4.3%% Although the strong
CuOg JT distortion decreases with pressure by a factor 2 from
ambient pressure to 9 GPa, it is still stable up to 40 GPa,
in agreement with the spectroscopic JT energy Ejr =
0.3 eV/Cu?t.¥

Pressure-induced JT quenching has also been widely
investigated in Mn>* oxides and fluorides.'>'%23* Some
controversial and often contradictory results now can be
clarified in light of present model. Likewise, from Eq. (1)
we can estimate Py in a general way as Py =~ Eyp/AV,
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provided that AV < Vp, with AV = Vy — V5 being the
JT-related volume reduction. This simpler formulation is
advantageous for systems where the local equation of state
is missing but Ejyy and AV are known from absorption
spectroscopy and XRD, respectively. Following this procedure
in CsMnF, (Eyr = 0.45 eV/Mn”; AV =1.49 A3),19 epidote
Cay(Al,Fe,Mn)Al,Si3012(OH) (Ejr = 0.37eV/Mn*T; AV =
1.20 A%),% and LaMnO; (Ejr = 0.25 eV/Mn*t; AV =
1.05 A3),*! we estimate P.q to be about 40-50 GPa. Mn3*
JT quenching was observed in CsMnF,; through optical
spectroscopy at 37 GPa,'” in agreement with present estimates.
The model also supports the experimental value P =~ 30 GPa
obtained from XAS* and Raman® in LaMnO; and is
consistent with electronic structure*' and density-functional
theory** calculations, reporting Ejr = 0.25 eV/Mn** and
JT-distortion stability for MnOg above 40 GPa, respectively.

In conclusion, pressure reduces the M X¢ JT distortion for
Cu®* and Mn** in perovskite-type structures, although the
critical pressure required to transform back into O;, must be
Pt = 20 GPa, in agreement with structural models based
on the JT energy (Ejr = 0.20 eV/JT ion). In A,CuCly,
the stability of the CuClg octahedral distortion in an ample
pressure range is consistent with the important JT energy per
Cu’*ion, Ejr = 0.25-0.38 eV /Cu?", measured by absorption
spectroscopy. The local CuClg compressibility is about an
order magnitude smaller than the crystal compressibility, mak-
ing it tilt upon compression but preserving the JT distortion
above 20 GPa. A similar conclusion applies to Mn* in oxides
and fluorides regardless of system dimensionality, confirming
the experimental results performed by simultaneous XRD and
XAS and by optical spectroscopy.
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