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The effects of hydrostatic pressure on a structure and the corresponding resonant x-ray scattering �RXS�
spectrum have been investigated for the hole-orbital-ordered compound �C2H5NH3�2CuCl4. We have found a
structural phase transition at Pc�4 GPa, as suggested by the Raman scattering measurement, by observing a
peak splitting resulting from an orthorhombic-to-monoclinic symmetry breaking. The reduction of the Jahn-
Teller distortion �JTD� toward Pc is also ascertained by structural analyses. The gradual change in the color of
the crystal is also observed in connection with the structural change near Pc. The red-colored transparency of
the crystal indicates that the system is still insulative above Pc. The observed RXS and fluorescence spectrum
at ambient pressure were precisely analyzed. We experimentally confirmed that the RXS intensity comes from
the polarization of the density of states of px and py symmetries, which is mainly dominated not by the on-site
3d-4p Coulomb interaction but by the JTD of the CuCl6 octahedron. charged Cl ions neighboring the Cu site.
It is also expected that the RXS intensity is proportional to JTD; however, our RXS study under a high pressure
shows no striking change as JTD is suppressed by the application of pressure. On the other hand, the RXS
intensity becomes zero above Pc. The results indicate that the local environment of the Cu2+ ion markedly
changes. Two possible structures of EA2CuCl4 above Pc are proposed.
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I. INTRODUCTION

It has been recognized that the interplay of the lattice and
the electronic degrees of freedom determines the electronic
and magnetic properties of transition-metal compounds. In
the case of the present subject material, the layer-perovskite
compounds alkyl-ammonium tetrachloro-cuprates
�CnH2n+1NH3�2CuCl4 �n=1,2 ,3 . . . �, intraplane ferromag-
netic �FM� interaction is associated with antiferro
�AF� -hole-orbital ordering on the Cu2+ ions with the AF-
distortive �AFD� arrangement of the elongated octahedra in
the ab plane.

The series of compounds �CnH2n+1NH3�2CuCl4
�n=1,2 ,3 . . . � crystallizes in a layered perovskite structure
consisting of nearly isolated layers of corner-sharing CuCl6
octahedra sandwiched by alkyl-ammonium cations
�CnH2n+1NH3�+, abbreviated MA �methyl-ammonium� for
n=1 and EA �ethyl-ammonium� for n=2. Figure 1�a� shows
a schematic drawing of the reported crystal structure of
EA2CuCl4 at room temperature �RT� and ambient pressure
�AP�. The cavities between the octahedra are occupied by the
NH3 group of the alkyl-ammonium cations strongly coupled
with the apical chlorine of a CuCl6 octahedron through the
NuH¯Cl hydrogen bond as represented by the dotted
lines in Fig. 1�a�. Adjacent layers are stacked upon one an-
other through van der Waals force between the terminal me-
thyl groups. The crystal structure of EA2CuCl4 at RT and AP
is orthorhombic �a=7.47 Å, b=7.35 Å, and c=21.18 Å�
with the space group D2h

15-Pbca,1,2 where all Cu sites are
crystallographically equivalent.

Figure 1�b� shows a top view of the structure of
EA2CuCl4, where the CuCl6 octahedra are color coded for
the discussions in Sec. III D. The CuCl6 octahedra are
strongly deformed due to the cooperative Jahn-Teller �JT�
effects �called JT distortion �JTD�� and are in AFD arrange-
ment. The elongated axis lies in the ab plane and is orthogo-
nal to those in adjacent CuCl6 octahedra, where the shorter
and longer CuuCl distances are 2.28 Å �CuuClshort� and
2.98 Å �CuuCllong�, respectively.1 The JT effect lifts the
degeneracy of the eg orbital in the t2g

6 eg
3 electron configura-

tion of the Cu2+ �3d9� ions, and then the hole in the 3d
shell occupies the d-orbit perpendicular to the local axis
of the elongation resulting in the AF-hole-orbital ordering
−dx2−z2 −dy2−z2 −dx2−z2 −dy2−z2. . . with the AFD arrangement of
the elongated octahedra in the ab plane. The intraplane FM
superexchange interaction J /kB=18.6 K between nearest-
neighbor spins on the Cu sites is caused by the AF-hole-
orbital ordering in EA2CuCl4. Due to the very weak inter-
layer antiferromagnetic �AFM� interaction J� /J�−8�10−4,
EA2CuCl4 transforms into the three-dimensional antiferro-
magnetic ordered states below TN=10.2 K, where the
spins are collinearly aligned in each layer along the a axis.
Such an AF-hole-orbital ordering and associating intraplane
ferromagnetism are directly observed in the prototypical
AF-hole-orbital-ordered compound K2CuF4 by polarized
neutron scattering.3 The difference between EA2CuCl4 and
K2CuF4 is the spin arrangement along the c axis, the former
is AFM and the latter is FM, while both intralayer spin ar-
rangements are FM.
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An application of high pressure is a way to control such a
JT distortion, which strongly interacts with the electronic
degrees of freedom, and in an extreme case, induces a struc-
tural phase transition and significantly changes the electronic
and magnetic properties. Recently, quite interesting phenom-
ena have been observed in EA2CuCl4 under high pressures.
The application of pressure was found to suppress the JT
effect by Raman scattering.4 The reduction of the JT effect is
proven by the deactivation of the CuuCl stretching mode
�Ag� at approximately 180 cm−1 �A mode�, which is Raman
active and JTD sensitive. The charge-transfer �CT� type
optical energy gap is also largely reduced by �0.4 eV with
the suppression of JTD. The intensity of the A mode de-
creases as the pressure increases and eventually vanishes
above Pc�4 GPa. It is inferred that the JT effect associated
with the hole-orbital ordering is suppressed at 4 GPa and
transforms into another phase, where the system is still insu-
lative with a non-JTD arrangement or with another type of
JTD arrangement. Similar phenomena have also been ob-
served in LaMnO3.5 Raman scattering and x-ray structural
analysis clarified that JTD and the corresponding orbital or-
der in LaMnO3 are completely suppressed at 18 GPa. How-
ever, the system remains insulating up to �32 GPa, where it

undergoes an insulator-to-metal transition. In this case, the
insulating state at approximately 18�32 GPa is supposed to
be a Mott-Hubbard insulator without JTD rather than a JTD-
induced insulator.

The system with such an AFD octahedron arrangement
associated with the AF-orbital-ordering gives a resonant
x-ray scattering �RXS� intensity at symmetrically prohibited
reflection spots. In 1998, Murakami et al. successfully ob-
served the RXS intensity at the forbidden reflection spot 300
just at the Mn K-absorption-edge on the typical AF-orbital-
ordered system LaMnO3.6 After that discovery, RXS has
been observed in many perovskite systems such as the FM
cuprate KCuF3.7 The recent first-principle calculation on
LaMnO3 and KCuF3 has demonstrated that the RXS inten-
sity is given by JTD with the modification of the 4p states of
Mn �Cu� via the oxygen �fluorine� potential on the neighbor-
ing sites.8–12 These calculations also show that the RXS in-
tensity smoothly depends on the strength of JTD8–12 That is
to say, the RXS intensity is thought to be a good indicator of
the evolution of the local distortion in such a JT-distorted
system. Turning our attention to EA2CuCl4, it is interesting
how the RXS intensity changes below and above Pc with the
suppression of the JT effect associated with the hole-orbital
ordering. To begin with, is there structural phase transition at
4 GPa as predicted by the Raman scattering?4 In this study,
we have investigated the phase transition at 4 GPa and stud-
ied the effects of hydrostatic pressure on the lattice and the
electronic structure in EA2CuCl4 by making use of the struc-
tural analysis, RXS, the x-ray absorption spectroscopy
�XAS�, and so on. We have experimentally confirmed that
the RXS intensity observed at AP comes from the polariza-
tion of the density of states �DOS� of px and py symmetries
and have particularly noted how the RXS intensity changes
with pressure, i.e., as the JT effect associated with the sup-
pression of the AF-hole-orbital ordering.

The present paper is organized as follows: experimental
details are given in Sec. II. In Secs. III A–III C, we will
present a direct observation of the orthorhombic-to-
monoclinic phase transition at Pc and the tendency for the
reduction of JTD below Pc. Next, we will present the results
and the precise analyses of the RXS study of EA2CuCl4 at
AP in Sec. III D. In Sec. III E, we will describe the pressure
dependence of the RXS study. Finally, we will be able to
mention the characteristic origin and the mechanism of the
RXS spectrum from the present EA2CuCl4 system. Discus-
sions are given in each section.

II. EXPERIMENTAL

Crystals of EA2CuCl4 were grown by a slow evaporation
method from an aqueous solution containing stoichiometric
quantities of C2H5NH2·HCl and CuCl2 ·H2O. The obtained
crystals whose color was transparent yellow were thin and
tender plates. We chose single-domain crystals at all times.

For all high-pressure experiments, a conventional dia-
mond anvil cell �DAC� was used. Pressure was generated in
a DAC using a 1:1 mixture of n-pentane:i-pentane pressure
transmitting media, which guarantee a hydrostatic pressure
of up to 6 GPa. For pressure determination, two pressure

FIG. 1. �a� Schematic drawing of structure of EA2CuCl4 at room
temperature and ambient pressure. The space group belongs to
orthorhombic, D2h

15-Pbca2, and the lattice constants are a=7.47 Å,
b=7.35 Å, and c=21.18 Å �Refs. 1 and 2�. All Cu sites are crystal-
lographically equivalent. Hydrogen, which is not shown in this fig-
ure, connects the apical chlorine with nitrogen. The NuH. . .Cl
hydrogen bond is denoted by a dotted line. �b� The two sublattices
in the ab plane of EA2CuCl4 marked A �dark-colored octahedron�
and B �bright-colored octahedron�, and two local axes �x and y� are
shown. Both of sublattices and axes are defined to explain the RXS
results in Sec. III D.
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markers were chosen to suit the following experiments, i.e.,
ruby fluorescence13 for powder diffraction experiments and
the lattice constant of NaCl14 for single-crystal diffraction
experiments. All high-pressure experiments were performed
while increasing pressure.

The single crystal of EA2CuCl4 with a typical size of
�100�100�20� �m3 �a�b�c� was carefully prepared so
as not to induce a strain on the sample and was mounted on
the DAC. Overall, the behavior of the crystal lattice of
EA2CuCl4 under pressure was studied by conventional
scintillation-counter-methods using a MoK� radiation source
monochromatized by PG�002� reflection at an x-ray power of
55 kV�280 mA.

The trend of the pressure-induced structural change of
EA2CuCl4 was investigated using synchrotron powder x-ray
diffraction techniques at BL10XU of SPring-8. The poly-
crystalline sample of EA2CuCl4 mounted on the DAC was
prepared by precipitation method in order to obtain a fine
powder, which gives a homogeneous intensity distribution in
a Debye-Scherrer ring. Wavelength was tuned to 0.4957 Å
with a Si�111� double-crystal monochromator. A flat imaging
plate �IP� was used as a detector. Debye-Scherrer rings re-
corded on the imaging plate were converted to conventional
one-dimensional intensity vs 2� �deg.� data.

The RXS and XAS measurements were performed at the
synchrotron radiation beam lines BL02B1 �SPring-8� and
BL-4C �Photon Factory�. The incident x-ray was monochro-
matized using a Si�111� double-crystal monochromator and
was in the � polarization. The x-ray energy near the Cu
K-absorption-edge �8.98 keV� was used, which was cali-
brated by the absorption edge of a Cu metal foil. A large
single crystal with a typical size of �5�10�0.1� mm3

�a�b�c� can be used for AP measurements. A solid-state
detector �SSD� was also used to remove the contribution of
higher harmonic x-rays. Polarization analysis was not ap-
plied in the present study. All RXS measurements were per-
formed very carefully so as not to damage the sample by
irradiation �refer to Appendix A�.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structural phase transition at 4 GPa

First of all, we have studied the phase transition of
EA2CuCl4 at Pc�4 GPa, which was predicted by Raman
scattering.4 By measuring some independent Bragg
reflections, we have found that the peaks split along the c
axis at Pc except for h0l �h , l=integer� reflections. Figure 2
shows the pressure dependence of the 02L scan. The
020 Bragg peak starts to split into two peaks along the
c* direction above Pc. After the phase transition, the angle
� between b and c, rapidly increases as shown in Fig. 3�c�.
This is direct evidence of the orthorhombic-to-monoclinic
structural phase transition. As seen from the data taken
at 4.25 GPa, the 020 peak and split twin peaks coexist,
which means the phase transition is of the first order. Since
the transition is weakly of the first order, which will
be discussed later, the possible space group of the high-
pressure phase is C2h

5 − P21/a2 with the unique axis b �cell

choice 3� achieved by the cell transformations a→b�,
b→a�, b+c→2c�, and �→��, which is a subgroup of
Pbca. The space group is the same as that of
�CH3NH3�2CuCl4 �MA2CuCl4�.15

Since the irradiation-damaged crystal of EA2CuCl4 shows
no clear phase transition at Pc, the phase transition at Pc is a
good indicator of the degree of irradiation damage. Details
are mentioned in Appendix A.

B. Pressure dependence of lattice constants and piezochromism

Figures 3�a�–3�c� show the pressure dependence of the
lattice parameters a, b, c; unit cell volume; and �. As
shown in Fig. 3�a�, the compressibility of each direction is
very anisotropic. Unexpectedly, the b axis has the largest
compressibility with �b /b0 �intralayer� �−9.5 �%/4 GPa�,
while other axes have �a /a0 �intralayer� ��c /c0 �interlayer�
�−4.7 �%/4 GPa�. Such an anisotropic property can
be seen in the typical AFD system associated with the AF-
orbital ordering. In the case of LaMnO3,5 where AFD is
formed in the ac plane, �a /a0 indicates a larger compress-
ibility than �c /c0��b /b0. In the case of K2CuF4,16

where JTD is formed in the ab plane �a=b tetragonal�,
�a /a0=�b /b0 indicates a larger compressibility than �c /c0.
In such, the compounds with AFD as shown above, it is a
significant feature that a large contraction takes place in
the plane where the 3d orbitals are two-dimensionally
ordered with the arrangement of the AFD of the elongated
octahedron.

Figure 3�b� shows the pressure dependence of a unit
cell volume. The observed compression property is
continuous below Pc and shows a small change at Pc. This
is completely different from the case of K2CuF4, where
the volume changes markedly at 9.5 GPa.16 The solid
curve drawn through the volume data points in Fig. 3�b�

FIG. 2. Pressure dependence of 02L scan. 020 Bragg peak splits
into two peaks along the c* direction �L� above Pc�4 GPa. This is
direct evidence of the orthorhombic-to-monoclinic structural phase
transition.
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represents the result obtained by the least-squares-fit of
the Birch-Murnaghan relation17 with the bulk modulus
K0=8.43�53� GPa, K0�=10.58�76� GPa. The K0 of EA2CuCl4
is much smaller than those of the typical oxide LaMnO3
�K0=108 GPa�5 and ionic crystal NaCl �K0=23.77 GPa�. We
can expect that the structure of EA2CuCl4 changes markedly
with a small pressure. Since the jump of the volume at Pc is
very small and the evolution of � seems to be continuous,
the phase transition is considered to be weakly of the first
order.

We have also examined the pressure dependence of
the crystal color �piezochromism� with a microscope at up
to 5 GPa. The crystal color gradually changes from transpar-
ent yellow to red via orange. Figure 4 shows the photographs
of the crystal of EA2CuCl4 in the DAC taken at 0.1 MPa
and 5 GPa. Such an observed gradual color change
corresponds to the large and gradual change of lattice

constants as shown in Fig. 3�a�. What we observe is a
complementary color of the absorption band of EA2CuCl4.
The absorption energies corresponding to yellow and red
are approximately 2.7 eV ��459.1 nm�21 776 cm−1� and
2.3 eV ��539 nm�18 550 cm−1�.18 Such an energy shift by
0.4 eV is consistent with the absorption measurements
under pressure.4 The energy gap characterized by the CT
excitation from the ligand Cl 3p to the metal Cu 3d-hole site
locates at approximately 3 eV �1 eV bandwidth� at AP and
shifts to a lower energy by 0.4 eV under high pressure up to
4 GPa.4 As seen from a band picture, the one-electron
bandwidth of the 3d band increases due to the disappearance
of the in-plane JTD.4 Such a band broadening results in
the redshift of the CT excitation.4 The reddish transparency
of the crystal indicates that the system is still insulative
above Pc.

A yellow-to-light-green color change at a low temperature
�thermochromism� is also reported.1 Such a change in
color must be due to the isotropic contraction of the
CuCl6 octahedron or further distortion by cooling.19 Actually
the CT excitation shows a blueshift by �0.1 eV,20 which is
consistent with the yellow-to-light-green color change.21

C. Suppression of JTD below Pc

To study the trend of such a reduction of JTD in
EA2CuCl4 toward Pc, we performed the Rietveld analysis
using powder diffraction patterns at pressures of 0.1 MPa
and 0.68, 1.26, 1.99, 2.86, and 3.68 GPa. The program sys-
tem RIETAN2000 has been used for the analysis.22 We have
assumed the space group D2h

15-Pbca �No. 61� up to 4 GPa.
By following the space group notation,2 Cu is located on
the 4a site, and Cl, C, and N on 8c sites. Cl1 is an apex
chlorine of the CuCl6 octahedron while Cl2 composes
the two-dimensional plane of the CuCl6 octahedron �see
Figs. 1�a� and 1�b��. For the present analysis, isotropic
thermal parameters �Ueq

2 =Beq/8	2 Å2� are fixed to the values
determined at atmospheric pressure using a single crystal;1

Ueq
2 �Cu�=0.0257, Ueq

2 �Cl1�=0.0467, Ueq
2 �Cl2�=0.0386,

Ueq
2 �N�=0.0418, and Ueq

2 �C1�=Ueq
2 �C2�=0.0684 Å2. The

observed and calculated diffraction patterns at 0.1 MPa
are shown in Fig. 5. The discrepancy factor RI of each
analysis converges at approximately 10%. Using these
refined parameters, we have calculated the pressure
dependence of the three parameters CuuCllong, CuuClshort,
and CuuClapex in the CuCl6 octahedron as shown in

FIG. 3. Pressure dependence of lattice parameters. �a� Lattice
constants a, b, and c. �b� Volume and Birch-Murnaghan fitting
result �solid line�. �c� � angle. Data obtained below Pc are shown
by solid circles, while open circles denote data obtained above
Pc. Solid lines drawn through the data in �a� and �c� are visual
guides.

FIG. 4. �Color online� Piezochromizm of EA2CuCl1. Crystal
color gradually changes from �a� yellow �0.1 MPa� to red �5.0 GPa�
with pressure.
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Fig. 6, i.e., the CuuCl distance along the y, x, and z
directions at the A site in Fig. 1�b�, respectively. The struc-
tures of EA2CuCl4 in the ab plane at 0.1 MPa and 3.7 GPa
are also shown in Fig. 6. The CuuCllong distance gradually
contracts, while the other two distances show no change
with experimental resolution. The in-plane JTD is clearly
suppressed by pressure application; however, a large distor-
tion still remains just below Pc. The behavior of the reduc-
tion of JTD is consistent with the deactivation of the A
mode.4

D. RXS study at ambient pressure

As mentioned in the Introduction, RXS intensity on the
in-plane JT-distorted system is thought to well reflect the
local distortion of the neighboring ligand ions.8–12 To date,
since JTD is suppressed, RXS intensity is expected to mark-
edly change with a pressure. Prior to the RXS experiments
conducted under a high pressure, we performed a precise
RXS study at AP to understand the RXS characteristics of
EA2CuCl4.

We have obtained the RXS intensities at the 0k0
�k=odd� forbidden23 spots just at the absorption edge of the
Cu ion of EA2CuCl4, E=8.982 keV. Although we have also
scanned at h00 and 00l �h , l=odd� forbidden spots, we can-
not find any RXS intensities. Figure 7 shows the energy de-
pendence of the 010 reflection with the polarization of
incident x ray as the 
i �a axis and the fluorescence with the

i �a axis and 
i �c axis. Several peaks as seen in the RXS
energy spectra will be discussed later. It is quite obvious
that the fluorescence profile strongly depends on the relation-
ship between 
i and crystal orientations �linear dichroism�.
The observed normalized RXS intensity of EA2CuCl4
�I010/ I020�10−2� is obviously larger than that of manganite
by �10.26

We have also measured the azimuthal angle dependence
of the 010 RXS intensities at E=8.982 keV. Figure 8
shows the results of the measurements and the intensities
that are normalized by the 020 fundamental reflection.
The RXS intensities exhibit a characteristic oscillation with
a twofold symmetry. The intensity reaches zero near
�=0 and 180°, where it corresponds to the configuration in
which the c axis is parallel to the polarization vector of
the incident x ray �
i �c axis�. The same behavior can be
seen at the other energy points in the energy spectrum of
010 RXS.

The results of RXS can be understood on the basis of a
simple model proposed in Refs. 6 and 8, from which we can

FIG. 6. Pressure dependences of three parameters CuuCllong,
CuuClshort, and CuuClapex in CuCl6 octahedron. The ab
plane structures of EA2CuCl4 at 0.1 MPa and 3.7 GPa are also
shown.

FIG. 5. Observed powder XRD pattern and Rietveld profile at
0.1 MPa. The inset shows the Debye-Scherrer rings recorded on an
imaging plate. FIG. 7. Energy dependences of 010 forbidden reflection and

fluorescence. 010 reflection with 
i �a and fluorescence with 
i �a
and 
i �c.
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easily obtain the physical picture of the RXS intensities.
A general formula will be shown in Appendix B. The RXS
is described by a second-order process in which the incident
photon is virtually absorbed due to a transition from the
1s state to the p state at Cu sites, followed by the emission
of a photon due to the transition from the p state to the 1s
state within the dipole approximation. Figure 1�b� shows the
schematic drawing of one layer of EA2CuCl4. There are two
sublattices, A and B sites, in the ab plane of EA2CuCl4 in
Fig. 1�b�. Here, we define the x, y, and z axes as shown in
Fig. 1�b�. We assume the scattering tensor at the A�B� site
fA�B� as

fA�B� = 	Mxx
A�B� 0 0�1�
0 Myy

A�B� 0�2�
0 0 Mzz

A�B� 
 . �1�

The RXS amplitude M�� �� ,�=x ,y ,z� is described as

M����� = �
j

�1sr�pj��pjr�1s�
� − �� j − �1s� + i

, �2�

where � is the energy of the incident and emitted photons,
and  is the lifetime broadening width of the 1s core
hole, �2 eV. The energies �1s and � j correspond to the core
state 1s� and the excited p state pj�, respectively. The
off-diagonal elements of the scattering tensor are negligible
at present. Since all the Cu sites are crystallographically
equivalent in EA2CuCl4, the amplitude at A and B sites
are related as Mxx

A =Myy
B , Myy

A =Mxx
B , and Mzz

A =Mzz
B . For

the present experimental setup, the RXS intensities are
given by

I0k0 = I���
0k0 + I�	�

0k0
� Mxx

A − Mxx
B 2 cos2 � sin2 � , �3�

where I���
0k0 =0, and � and � are the Bragg and azimuthal

angles, respectively. Equation �3� shows that the RXS inten-

sities reflect the difference in the DOS between the px and py
symmetries. The calculation shows that only the 0k0
�k=odd� reflections are observable in EA2CuCl4,
which agrees well with the experimental results. This is due
to the assumption that the scattering tensor is expressed
as Eq. �1�, where the octahedron has no tilt, that is, the ab
plane of EA2CuCl4 is regarded as a pseudo mirror plane.
See Appendix B for a general approach to RXS. It also
well represents the twofold feature of the azimuthal angle
dependence of the RXS intensities as shown in Fig. 8 by the
solid line.

On the other hand, the fine structure of the fluorescence
in the near-edge region can be understood by an analogy
with La2CuO4,24 where core-hole screening is taken into
account. As is well known, fluorescence intensity yields
essentially the same results as more conventional transmis-
sion experiments.25 By comparing with the assignments
performed on La2CuO4,24 which has the same crystal
structure as that of EA2CuCl4, the five peaks labeled 1 to 5
in Fig. 7 can be assigned as c�3d10L� 4py�, c�3d94py�
+ c�3d10L� 4px�, c�3d94px�, c�3d10L� 4pz�, and c�3d94pz�, respec-
tively, where L� is a ligand hole and c� is a core hole. All
peaks are assigned to the A site; such peak assignments
will be used hereafter unless otherwise mentioned. The 3d10L�
configurations have an effect of core-hole screening �well
screened�, while the 3d9 configurations have an effect of
poor screening. It is expected that the weight of the 3d10L�
configurations will decrease when the degree of ionicity
of the ligand increases. In the case of EA2CuCl4, the intensity
of c�3d10L� 4p� is smaller than c�3d94p� as shown in Fig. 7.
While, in the case of La2CuO4, the intensity of c�3d10L� 4p�
is larger than that of c�3d94p�.24 These results indicate
that the ionicity in EA2CuCl4 is stronger than that in
La2CuO4.

Since the DOS of the 4px
A �4py

B� symmetry is thought to be
nearly equal to that of the 4pz

A�B� symmetry because of the
dx2−z2 hole-orbital occupation, we can derive the energy de-
pendence of each component of the absorption spectra with
the 
i �ab plane, that is �xx�E� and �yy�E� as shown in Fig.
9�a�. �xx�E� and �yy�E� are derivable as follows. First, we fit
the edge jump of the two fluorescence spectrum in Fig. 7 by
comparing the calculated absorption spectrum of EA2CuCl4.
Then, some corrections are made for a self-absorption
effect of the incident and the scattered x ray. At this stage, we
have the absorption spectrum 1/2��xx�E�+�yy�E�� from the
fluorescence with the 
i �ab plane and �zz from the fluores-
cence with the 
i �c axis. Although, the DOS of the 4px

A �4py
B�

symmetry is thought to be nearly equal to the 4pz
A�B� symme-

try, the �zz�E� is regarded as �zz�E���xx�E�. Therefore,
�yy�E� is finally derived as �yy�E����xx�E�+�yy�E��
− ��zz�E��.

Here, note that the difference between �xx�E� and �yy�E�
can provide the 010 RXS spectra as seen in Fig. 7. So, we
first assume the following equation and then compare with
the RXS spectra:

Ical.�E� � �xx�E� − �yy�E�2�̄ . �4�

Here, �̄ is the absorption coefficient of the present sample
EA2CuCl4, which is equal to �xx�E�+�yy�E� with the 
i �a

FIG. 8. Azimuthal angle dependence of RXS intensity of for-
bidden 010 reflection normalized by fundamental reflection 020 at
E=8.982 keV. The solid curve denotes sin2 �.
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axis incident x ray. Figure 9�b� shows a comparison between
the calculated �solid line� and observed �solid circles� spec-
tra. It is clear that the calculated spectrum reproduces the
observed 010 RXS spectrum very well. The sharp peak struc-
ture between E=8.98 and 9.00 keV and the broad peak struc-
ture between E=9.00 and 9.05 keV are almost perfectly re-
produced by Eq. �4�. The present calculation results obtained
using Eq. �4� led us to consider that the imaginary part of the
scattering amplitude Mxx

A −Mxx
B  in Eq. �3� is dominant over

the present RXS spectra of EA2CuCl4. The difference be-
tween the observed and calculated profiles seen at the base of
the sharp peaks at E=8.982 keV may be due to a contribu-
tion of the real part of the scattering amplitude. Generally,
the absorption coefficient ��E� is proportional to the imagi-
nary part of the anomalous scattering factor f��E� and is
directly related to the DOS of the p symmetry. That is to say,
the present RXS spectrum well reflects the difference in
DOS between the px and py symmetries of the Cu ion. At this
stage, we can clearly reassign the four peaks labeled 1 to 4 in
Fig. 9�a� as c�3d10L� 4py�, c�3d94py�, c�3d10L� 4px�, and
c�3d94px�, respectively. It is clear that the strongest peak at
E=8.982 keV is dominated by the c�3d10L� 4py� intermediate
state. By an analogy with LaMnO3,8–11 it is thought that the
difference in the DOS of the EA2CuCl4 system mainly comes
from the JTD of the CuCl6 octahedron, which is termed JT
mechanism hereafter. The JT mechanism contains two types
of mechanisms that provide the difference in the DOS. One
is the hybridization between the Cu 4p and the Cl 2p orbitals
and the other is the repulsive potential of the negatively
charged Cl ions neighboring the Cu site. However the
present experimental results cannot select either. If the on-

site 3d-4p Coulomb interaction,26,27 which is termed Cou-
lomb mechanism hereafter, is dominant in this system, the
energy scheme will be reversed between �xx and �yy in Fig.
9�a�.

E. RXS study under high pressure

Up to this point, we have investigated the effects of hy-
drostatic pressure on the lattice and structure of EA2CuCl4
and the precise RXS characteristics of EA2CuCl4 at AP. The
suppression of the JT effects, which is predicted by the Ra-
man scattering measurement4 is ascertained by the structural
analyses below the transition pressure Pc as shown in Secs.
III A–III C. The observed 010 RXS spectrum well reflects
the difference in DOS between the px and py symmetries of
the Cu ion, which is mainly dominated not by the Coulomb
mechanism but by the JT mechanism. If so, the RXS inten-
sity changes as the pressure increases, i.e, with the suppres-
sion of the JT effects. Next, we performed the RXS study
under a high pressure.

We particularly focused on the strongest peak at E
=8.982 keV, which is dominated by the c�3d10L� 4py� inter-
mediate state. Figure 10�a� shows the pressure dependence of
the normalized RXS intensity I010/ I020. As the pressure in-
creases, unexpectedly, the 010 RXS intensity shows no
marked change below Pc, while the intensity becomes zero
above Pc down to the detection limit �2�10−3 of the 020
intensity. Incidentally, the existence of the phase transition at
Pc guarantees that no irradiation damage is induced, as dis-
cussed in Appendix A.

Figure 10�b� shows the 020 peak profile observed
just above the transition pressure, P=4.3 GPa. We investi-
gated RXS intensity around the 010 and 100 spots with
sufficient statistics just above Pc �P=4.3 GPa�, where
the orthorhombic-low-pressure phase and the monoclinic-

FIG. 9. �a� Two derived components of fluorescence
�=absorption� spectra with 
i �ab plane, �xx and �yy. �b� Compari-
son of the spectrum calculated from Eq. �4� with the observed
spectrum.

FIG. 10. �a� Pressure dependence of the normalized RXS inten-
sity I010/ I020 observed at E=8.982 keV. �b� 020 peak profile ob-
served just above the transition pressure P=4.3 GPa. Two-phase
coexistence �020o and twin 020m� is still seen. The corresponding
010 RXS signal was not observed down to the detection limit of
�2�10−3 of the 020 intensity. The 010 profile is magnified by a
factor of 10.
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high-pressure phase coexist, and far above Pc �P=5.1 GPa�
�see two arrows in Fig. 10�a��. However, we could not
determine any RXS intensity down to the detection limit
of �2�10−3 of 020 intensity �see solid line in Fig. 10�a��.
The peak width broadening above Pc results in the change of
the detection limit at the phase boundary and lowers the
efficiency of the detection of the 010 peak.

To confirm the invariability of RXS intensity below Pc
and the sudden suppression of this intensity above Pc, we
measured the x-ray absorption spectrum of EA2CuCl4, which
directly reflects DOS �px and py symmetries�, at 0.1 MPa,
1.0 GPa, 2.0 GPa, 3.0 GPa, and 4.4 GPa ��Pc� as shown in
Fig. 11. A slight blueshift of the peaks labeled 1 and 2 in
Fig. 7 and a redshift of the peak labeled 3 in Fig. 7 can be
seen. The weak blueshift and redshift of the absorption
spectrum are due to the suppression of the JTD of the CuCl6
octahedron. However, no significant change in the overall
structure near the absorption edge has been observed.
The shoulder, which originates from c�3d10L� 4py� and gives
the main RXS intensity at E=8.982 keV, can still be clearly
seen at 3 GPa. This is consistent with the behavior of
the RXS intensity under a high pressure. These results
indicate that the DOS of the px and py symmetries of
EA2CuCl4 does not significantly change with pressure appli-
cation below Pc.

From the first-principle calculation for LaMnO3 and
KCuF3, the RXS intensities increase as the DOS of the px
and py symmetries polarizes.8–12 The calculation also
indicates that the polarization depends on the q value,28

which is directly related to the degree of JTD. In the case
of EA2CuCl4, the q value �q�0.7 Å� is much larger than
those of LaMnO3 �q�0.27 Å�29 and KCuF3 �q�0.36 Å�.12

It is expected that the polarization of the DOS of the px and
py symmetries of EA2CuCl4 saturates and hardly shows fur-
ther changes, so that the DOS shows a slight change as
shown in Fig. 11 even as the CuuCllong distance markedly
decreases as seen in Fig. 6. After the large JTD suppression,
the RXS intensity will start to be sensitive to the suppression
of JTD.

The RXS behavior near Pc is discussed. First, we compare
the high-pressure phase of EA2CuCl4 with the AP phase of
MA2CuCl4, both of which have the same space group P21/a.
Although it is not shown in this paper, MA2CuCl4 has the
same types of JT-distorted CuCl6 octahedron and provides a
large RXS intensity �the same order as that in the present
EA2CuCl4 case� at AP at the 100 spot, which is equivalent to
the 010 spot with the Pbca setting as observed in EA2CuCl4
at AP. On the other hand, the RXS intensity of EA2CuCl4
above Pc becomes zero. Namely, the local structure around
the Cu site of the high-pressure phase of EA2CuCl4 is con-
siderably different from that of the AP phase of MA2CuCl4.
In MA2CuCl4, the intensities of the Raman-active modes
from JTD continuously decrease with increasing pressure be-
low 3 GPa similar to the case of EA2CuCl4. However, these
intensities suddenly recover above �3.6 GPa accompanied
by shifts in their mode frequencies toward the low-energy
side.4 Contrary to EA2CuCl4, this indicates an onset of an-
other type of structural transition and that the high-pressure
non-JT-distorted phase is unstable in MA2CuCl4. Present re-
sults that the RXS intensity becomes zero beyond the detec-
tion limit, indicate that the scattering amplitude Mxx

A −Mxx
B  in

Eq. �3� significantly decreases or reaches zero. The decrease
in amplitude means that the in-plane CuuCl distances,
which are related to the polarization of DOS on the Cu site,
are equal to each other. From these results, we can speculate
that the DOSs of the px and py symmetries become nearly
equal to each other above Pc. However, the XAS spectrum
taken at 4.4 GPa shows no significant change. The relation-
ship between the structure and the XAS spectrum above Pc
remains open to be solved.

The present experimental results and the reported Raman
scattering results4 provide at least three possible conditions
for the formation of the structure of EA2CuCl4 above Pc. The
first one is that JTD is completely suppressed. The second
one is that La2CuO4-like JTD is induced, where CuuOlong
stands ferrodistortively perpendicular to the ab plane �dx2−y2

hole-orbital ordering�. The former case is the same as the
intermediate Mott-Hubbard insulating state of the LaMnO3
under pressure.5 In each case, the nearest-neighbor CuCl6
octahedron tilts alternately along the b direction to conserve
all CuuCl distances equal in the CuCl4 plane under the
condition a�b under a high pressure. The two significantly
different lengths between a and b will produce a zigzag ar-
rangement of octahedra in the ab plane as shown in Fig. 12.
The tilting behavior will propagate to the nearest layer via
the C2H5NH3

+ molecular section �see Fig. 1� and finally
makes the system monoclinic as experimentally determined.
This is the same as that of the AP phase of MA2CuCl4. The
tilting behavior also provides the antiphase domains as clari-
fied by the twin peaks above Pc in Fig. 2. The third possi-
bility, high-pressure K2CuF4-type JTD where Cu Flong lies
ferrodistortively in the ab plane16 �dx2−z2�y2−z2� hole-orbital
ordering�, is ruled out by the determined unit cell as pre-
sented in Sec. III A.

IV. CONCLUSIONS

The effects of hydrostatic pressure on the structure and
the corresponding RXS spectra have been investigated for

FIG. 11. X-ray absorption spectra of EA2CuCl4 measured at
0.1 MPa, 1.0 GPa, 2.0 GPa, 3 GPa, and 4.4 GPa ��Pc�.
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the AF-hole-orbital-ordered system EA2CuCl4.
The structural phase transition at Pc�4 GPa, which is

suggested by the Raman scattering measurement,4 is con-
firmed by observing a peak splitting resulting from an
orthorhombic-to-monoclinic phase transition. The possible
space group of the high-pressure phase is P21/a, which is
the same as that of MA2CuCl4. The suppression of JTD be-
low Pc

4 is also ascertained by structural analyses. Piezo-
chromism is also observed in connection with the structural
change below and above Pc. The red-colored transparency of
the crystal indicates that the system is still insulative
above Pc.

The observed RXS and fluorescence spectra at AP
were precisely analyzed. We experimentally confirmed
that the RXS comes from the polarization of the DOS of the
px and py symmetries, which is mainly dominated not by
the Coulomb mechanism but by the JT mechanism. Such a
mechanism of the RXS was already given by the first-
principles calculation.8–12 The calculation shows that RXS
intensity increases as the JTD evolves, while our RXS
study under a high pressure shows no striking change with
the suppression of JTD by pressure application. The present
invariable behavior of RXS intensity is thought to be a
particular characteristic of largely distorted JT systems
such as EA2CuCl4, i.e., the modification of DOS, which
provides RXS intensity, already saturates in such markedly
distorted JT systems. In such systems, RXS intensity
will not be sensitive at the beginning of the suppression
of JTD.

On the other hand, the RXS intensity becomes zero above
Pc. The results indicate that the local environment of the
Cu2+ ion markedly changes. In the present study, we pro-
posed two possible electronic states of EA2CuCl4 above Pc.
One is, completely suppressed JTD associated with hole-
orbital-ordering melt, the other is the La2CuO4-like JTD as-
sociated with F-orbital-ordering induction. The former case
is the same as the intermediate Mott-Hubbard insulating state
of LaMnO3 under pressure.5

Finally, the relationship between the structure and XAS
spectrum of EA2CuCl4 above Pc is yet to be determined.

As presented in the introduction, the ordering pattern of
the hole orbital determines the magnetic interaction between
Cu sites. Therefore, it is interesting what type of magnetic
interaction is generated and what type of magnetic order

takes place above Pc in EA2CuCl4. Further experimental in-
vestigations focusing on magnetic properties such as neutron
scattering and magnetic susceptibility measurements are re-
quired to solve these questions.
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APPENDIX A: IRRADIATION EFFECTS

At the beginning of the RXS experiments, we faced
the problem of irradiation effects. A large number of photons
are absorbed just above the Cu K-absorption edge and
samples are seriously damaged. This can be clearly seen by
monitoring fundamental Bragg intensities such as that for
020. Under x-ray irradiation, Bragg intensity decreases by a
factor of 10−1 ��3 min� with the incident
1011 �photons/mm2 s� at BL02B1/SPring-8. The crystal im-
mediately becomes black after the irradiation. So, we have
performed all RXS experiments very carefully by reducing
the number of photons by a factor of 10−3 with an aluminum
absorber for elongation of the lifetime of the crystal. Since
the damaged crystal shows no clear phase transition at Pc,
we can easily know how much the crystal is damaged by
observing the phase transition. For the present experiment,
the phase transition is observed at Pc as shown in Fig. 10�b�.
Such irradiation effects are generally measured for the alkyl-
ammonium tetrachloro-transition metal �CnH2n+1NH3�2MCl4
�n=1,2 ,3 ;M =Mn,Cu,Cd�.30–32

APPENDIX B: ANOTHER APPROACH TO THE
STRUCTURAL FACTOR TENSOR OF RXS

We present the general formula of the structural factor
tensor of RXS of EA2CuCl4 for the indices 100, 010, and
001. We define the principal axis of the unit cell as the axis
of the coordinates of the scattering amplitude �see Fig. 1�b��
and introduce the following scattering tensor at a Cu site �4a
site of space group D2h

15-Pbca�:

fCu = 	Maa Mab Mac

Mab Mbb Mbc

Mac Mbc Mcc

 �B1�

By summing up the four symmetrically operated tensors
of the four equivalent Cu sites in a unit cell, we can obtain
the structural factor tensor of the 100, 010, and 001 reflec-
tions, as follows:

FIG. 12. Schematic drawing of the zigzag arrangement of CuCl6
octahedra in the ab plane. The marked difference between the lat-
tice constants a and b results in the structure.

STRUCTURAL PROPERTIES AND PHASE TRANSITION… PHYSICAL REVIEW B 72, 014123 �2005�

014123-9



F100 = 4	 0 0 Mac

0 0 0

Mac 0 0

 , �B2�

F010 = 4	 0 Mab 0

Mab 0 0

0 0 0

 , �B3�

F001 = 4	0 0 0

0 0 Mbc

0 Mbc 0

 . �B4�

Since the 100 and 001 reflections have not been observed
in EA2CuCl4, the scattering amplitudes Mac and Mbc are
nearly equal to zero. This result indicates that the ab plane of
EA2CuCl4 is regarded as a pseudomirror plane. That is, the
tilting angle of the CuCl6 octahedron is very small.
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