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We have studied the magnetic properties and the underlying type of orbital ordering in the layered hybrid
organic-inorganic compound (C6H5CH2CH2NH3)2CuCl4 by using ac-magnetic susceptibility and polarization-
dependent soft-x-ray absorption spectroscopy at the Cu-L2 and Cu-L3 edges. We have established that the
compound has a long-range ferromagnetic ordering both in plane and out of plane and we found from the
analysis of the absorption spectra that the orbital ordering of the Cu2+ holes involves the cross-type dx2−z2/dy2−z2

arrangement which is different from the dx2−y2 arrangement found in the parent compounds of the high-Tc cuprate
superconductors.
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I. INTRODUCTION

Hybrid organic-inorganic materials have attracted increas-
ing research attention due to their potential applications
in spintronic, catalysis, and optical switching [1–11]. They
provide a wide range of possibilities for tailoring the desired
electrical, optical, and magnetic properties, which are related
to the charge, spin, and orbital degrees of freedom in the
inorganic network. In addition to the physical linkage between
the organic components, the organic blocks also offer the
possibility of varying the structure and its dimensionality,
thereby providing additional degrees of freedom to optimize
the transport properties and the types of magnetic orderings
[10]. The group of hybrid organic-inorganic crystals consid-
ered in this study is composed of the perovskite-like layered
structure having the chemical formula A2CuX4 with the A site
filled by the organic block of CnH2n+1NH3, NH3(CH2)nNH3,
or C6H5(CH2)nNH3 and the X site occupied by halide ions
such as F−, Cl−, or Br−. The inorganic layer is formed by a
corner-sharing CuX6 octahedron network. The general crystal
structure of A2CuX4 is therefore very similar to the parent
compounds of the high-Tc cuprate superconductors RE2CuO4

(RE = rare earth). Instead of the organic block, the A site can
also be occupied by an alkali ion [12–15].

The magnetism of A2CuX4 is governed by the layered
CuX6 network and the organic block in between. The two-
dimensional intralayer magnetic coupling is found to be
ferromagnetic (FM). The interlayer magnetic coupling is
weaker and can be ferro- or antiferromagnetic (AF) depending
on the organic block and the tilting angle of the octahedra.
For example, the coupling between the layers is AF in
(NH4)2CuCl4, but FM in (CH3NH3)2CuCl4 [10].

It is worth recalling that an antiferromagnetic ordering was
found in other hybrid compounds of A2MnX4 and A2FeX4

[16]. In the former, the high spin Mn2+ ion with the 3d5

configuration is a Jahn–Teller (JT) nonactive ion, but in the
latter the high spin Fe2+ ion with the 3d6 configuration is
t2g JT active. In the A2CuX4 hybrid, many special electronic
and magnetic properties are directly related to the eg JT
distortion of the Cu2+ ion in the local CuX6 coordination.

The JT distortion forms an ordered structure within the layers.
This is similar to A2CuF4 [12–15] but very different from
the parent compound of the high-Tc cuprate superconductors
RE2CuO4, in which the JT effect of the Cu2+ ion gives rise
to mainly an elongated distortion perpendicular to the layers.
The consequences on the magnetic interactions are evident.
For the RE2CuO4 compound, the in-plane dx2−y2 orbital hole
character of all Cu ions [17,18] leads to a very strong AFM
coupling within the layers [19,20]. The crystal and especially
the local Cu2+ coordination strongly suggest that the orbital
ordering in (C6H5CH2CH2NH3)2CuCl4 (also called Cu-PEA)
is different from that of RE2CuO4 but analogous to A2CuF4

[12–15]. For the A2CuX4 hybrids, an orbital ordering of
either the cross-type dx2−z2/dy2−z2 or rod-type d3x2−r2/d3y2−r2

holes are expected to favor an FM coupling within the layers
according to the Goodenough–Kanamori rules [19,20]. The
orbital ordering has been suggested based on a single-crystal
x-ray diffraction experiment [7]. It is now important to
determine the orbital occupation in the A2CuX4 hybrids, and
in particular whether it is of the cross type dx2−z2/dy2−z2 or of
the rod type d3x2−r2/d3y2−r2 by using polarization-dependent
x-ray absorption at the Cu-L2 and Cu-L3 edges.

Figure 1(a) shows the low-temperature crystal structure of
Cu-PEA, which crystallizes in an orthorhombic structure with
space group Pbca [7]. The local coordination of the CuCl6 in
Cu-PEA consists of two short and two long in-plane Cu–Cl
bonds and two short out-of-plane Cu–Cl bonds [7,21]. This
suggests cross-type dx2−z2/dy2−z2 orbital ordering [12–15].

However, long-range Coulomb interactions may alter con-
siderably the realized orbital occupation. For example, in the
case of La0.5Sr1.5MnO4, the MnO6 octahedron has two short
and two long in-plane Mn–O bonds and two long out-of-plane
bonds. From the standard local-distortion approach, the cross-
type dx2−z2/dy2−z2 orbital ordering of the Mn3+ JT ions was
proposed [22]. Yet it was found by the combined experimental
and theoretical soft-x-ray absorption spectroscopy (XAS)
experiments that the Mn3+ ions were ordered with the rod-type
d3x2−r2/d3y2−r2 orbital [23].

Our first objective here is to use ac-susceptibility measure-
ments to verify the FM interlayer and intralayer magnetic
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FIG. 1. The crystallographic structure of Cu-PEA-based on the
single-crystal diffraction described in Ref. [7]. Panels (a) and (c)-(d)
show the bc and ab plane, respectively. The dash lines are the size of
the unit cell. Typical Cu-PEA single crystal used for the experiments
is shown in panel (b).

couplings in Cu-PEA identified by Polyakov et al. [7]. In
view of the large separation of the CuCl4 planes (of about
20 Å), the nature of the coupling between them is not obvious.
Our second objective is then to determine experimentally
by using polarization-dependent soft-x-ray absorption spec-
troscopy (XAS) the underlying orbital occupation in the CuCl6
network. Until now, it seems that this spectroscopic technique
has not been applied on these layered hybrid organic-inorganic
compounds.

II. EXPERIMENTS

Single crystals of Cu-PEA were grown by means of the
solution technique. The starting materials were phenylethyl-
aminhydrochloride, C8H11N. HCl and CuCl2 · 2H2O were
mixed in deionized water with 37% HCl added. The solution
was stirred and heated to 70 ◦C to achieve a homogeneous
solution. It was thereafter slowly cooled to room temperature
after which the crystals started to grow. This process was
repeated until good-quality single crystals were obtained. The
as-grown crystals have a plate-like shape. The ac-susceptibility
was measured by using a Quantum Design MPMS XL-7 with
the applied ac magnetic field aligned parallel and perpendicular
to the c axis. The polarization-dependent XAS spectra at the
Cu-L2 and Cu-L3 edges were measured in the fluorescence
yield mode at the 08B beamline of the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of ac-
susceptibilities of Cu-PEA with the ac magnetic field applied

FIG. 2. The real χ ′ (left) and imaginary χ ′′ (right) parts of
magnetic susceptibilities for Cu-PEA with the ac magnetic field of
0.2 mT applied perpendicular (top) and parallel (bottom) to the c axis.

perpendicular (top) and parallel (bottom) to the c axis. Both
the real (left) and imaginary (right) parts of the susceptibility
exhibit a sharp jump at around Tc = 9.5 K demonstrating
a long-range FM ordering both in plane and out of plane.
The in-plane susceptibility is one order of magnitude larger
than that measured out of plane. The frequency-dependent
real components show very small temperature shifts (less than
2%) for both applied-field directions. This indicates a static
and robust magnetic ordering in both directions.

For H || ab at 1 kHz (Fig. 2 top row), we observe
that χ ′′ is about 10% of χ ′. Such a large value of the
imaginary component indicates ferromagnetic spin alignment
within the crystallographic ab plane according to a systematic
ac-susceptibility study on magnetic materials by Balanda [24].
Below the sharp magnetic transition at about 9.5 K, χ ′ remains
temperature independent, which can be explained by spin
freezing where the small ac magnetic field has no significant
effect. For H || c (Fig. 2 below), χ ′′ is two orders of magnitude
weaker than that of H || ab. However, χ ′′ is about 30% of χ ′ for
H || c, suggesting also a minor out-of-plane spin component,
i.e., a small spin canting along c, although the main spin
direction is in the ab plane. The anisotropic ferromagnetism
is further confirmed by magnetization measured at 5 K, as
shown in Fig. 3. The sample was easily magnetized having a
saturated Cu2+ moment of 0.97μB at fields less than 0.03 T,
which is even closer to the theoretical 1μB than in the previous
work (0.8μB ) [7]. Any AFM coupling between the layers
would prevent an easy achievable parallel alignment of spins
in neighboring layers. This is different from another member
of the hybrid perovskite A2CuX4 family, (C2H5NH3)2CuCl4,
which was found to have an AF interlayer coupling [25].

The Cu-L2 and Cu-L3 XAS spectra for two geometries
(E || ab, E || c) were measured with the surface perpendicular
to the Poynting vector of the incident light. To change the
polarization, the sample was rotated around the Poynting
vector as depicted in Fig. 4. Since the sample area (5 mm ×
2 mm) is larger than the beam-spot size (0.5 mm × 0.5 mm),
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FIG. 3. Magnetic-field dependence of the dc magnetization of
Cu-PEA measured at 5 K.

this experimental geometry guarantees that the spectra for the
two polarizations can be reliably compared with each other.

Figure 5(a) shows the experimental Cu-L2 and Cu-L3 XAS
spectra measured at 11.5 K with the electric-field vector of
the incident light, E, parallel to c (black line) and parallel to
the ab plane (red line). The spectra were only normalized to the
intensity of the incident light, i.e., no subtraction nor relative
scaling were applied. The fact that the intensities of the two
spectra below the L3 edge and also above the L2 edge are
identical demonstrates the reliability of the measurement of
the polarization dependence by using the experimental ge-
ometry as sketched in Fig. 4. Correction for self-absorption
effects were made following Pellegrin et al. [18]. Figure 5(a)
also shows the linear dichroism (XLD) spectrum defined as
the difference between E || c and E || ab spectra (blue
line). Figures 5(b) and 5(c) display the simulated XAS spectra
and the associated XLD for the scenarios with a cross-type
dx2−z2/dy2−z2 and a rod-type d3x2−r2/d3y2−r2 hole occupation,
respectively. The cluster calculations were carried out by the
program QUANTY developed by Haverkort [26–28]. Here, z is
along the crystal c direction, while x (y) is 45◦ away from the
a (b) axis, as shown in the bottom of Fig. 6.

We would like to remark that the experimental polarization-
dependent XAS of Cu-PEA is very different from that of
RE2CuO4 [17,18]. In these high-Tc cuprates, the Cu-L2 and
Cu-L3 XAS only show significant signal when measured with
E || ab, while the intensity of the E || c spectrum is almost
zero. This leads to the finding that the hole occupation is of the

FIG. 4. The experimental geometry of the polarization-dependent
Cu-L2 and Cu-L3 XAS spectra of single-crystal Cu-PEA.

FIG. 5. (a) Experimental polarization-dependent Cu-L2 and
L3 XAS spectra of Cu-PEA and the simulated (b) cross-type
dx2−z2/dy2−z2 and (c) rod-like d3x2−r2/d3y2−r2 hole occupation. The
spectra were measured at 11.5 K.

dx2−y2 type [17,18], consistent with the in-plane spin ordering
being antiferromagnetic and the JT distortion for every Cu
site being elongation along the c axis. The situation in the
Cu-PEA is clearly very different which we can link to the
different in-plane spin ordering; namely, ferromagnetic, and
the different JT distortions.

Looking at the simulations, we can unambiguously observe
that the cross-type dx2−z2/dy2−z2 hole occupation shown in
Fig. 5(b) gives the same sign and relative intensity of the
XLD as the experiments, while the rod-like d3x2−r2/d3y2−r2

hole occupation shown in Fig. 5(c) leads to the opposite sign
of the XLD, in complete disagreement with the experimental
results. We would like to point out that the simulated Cu-L2

and Cu-L3 XAS spectra and their polarization dependence,
i.e., the intensity and the sign of the XLD do not rely on the
size of the eg splitting. The only important parameter here is
that the eg hole resides in the cross-type orbital and not in the
rod-like orbital. The corresponding order of the energy levels
is displayed in the diagram of Fig. 6 (top). We can therefore
safely conclude for Cu-PEA the presence of the cross-type
dx2−z2/dy2−z2 hole occupation. A sketch of this orbital ordering
is given in Fig. 6 (bottom). Our findings also provide support
for the predictions from band-structure calculations [29] where
the calculated hole state with the mixed dx2−y2 and d3z2−r2 can
be traced back to an orbitally ordered state of dx2−z2/dy2−z2
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FIG. 6. Schematic energy-level diagram of the CuCl6 octahedron
in Cu-PEA (top) and hole ordering of dx2−z2/dy2−z2 in the ab plane
found from the Cu-L2 and Cu-L3 XAS (bottom). The schematic figure
does not include the tiltings of the CuCl6 octahedra.

holes. This result is similar to type of orbital ordering reported
for the K2CuF4 single crystal [12–15].

IV. CONCLUSIONS

In conclusion, we have established that the organic-
inorganic hybrid compound (C6H5CH2CH2NH3)2CuCl4 (Cu-
PEA) is a ferromagnet with Tc of 9.5 K. The ferromagnetic
coupling within the layers consisting of CuCl6 distorted
octahedral can be well explained by an orbital ordering of Cu2+

holes which involves the cross-type dx2−z2/dy2−z2 orbitals
as found from polarization-dependent soft-x-ray absorption
measurements at the Cu-L2 and Cu-L3 edges. The orbital
occupation is very different from that found in the high-Tc

cuprates. It is now interesting to investigate in detail the
interlayer magnetic exchange interactions across the large
organic (C6H5CH2CH2NH3)2 blocks in order to explain why
Cu-PEA is ferromagnetic since the long interlayer distance is
expected to favor antiferromagnetic interlayer coupling.
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