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Materials that combine magnetic and electrical ordering, that
is, multiferroics,[1] are highly desirable for technological
applications.[2] Most of the many new multiferroics that
have been discovered in the last few years are transition-metal
oxides. Very recently, however, the search for new multi-
ferroics and ferroelectrics has been extended to include
organic compounds.[3, 4] Materials known as metal–organic
frameworks (MOFs), crystalline compounds consisting of
networks of metal ions connected by coordinating organic
linkers, are attracting increasing attention.[5, 6] Particularly
interesting are MOFs with the perovskite ABX3 architecture,
some of which exhibit multiferroic behavior.[7–10] Because they
are hybrid systems, they may benefit from the properties of
both the inorganic and organic building blocks from which
they are constructed and can therefore show new and
interesting properties with novel applications.[11,12] One of
the main advantages of magnetic MOFs, compared to
inorganic compounds, is the possibility of tuning or control-
ling the nature of the magnetic coupling that is provided by
the variety of possible starting building blocks (metal ions,

short ligands, co-ligands, templates, etc.) that can be chosen
and assembled into solid-state structures.[13] It is then hoped
that in multiferroic MOFs the high tunability can be extended
to the control of ferroelectric properties, thus opening up new
routes to lead-free compounds exhibiting strong polarization.

Recently, Hu et al. synthesized a series of novel perov-
skite-like metal formates, that is, [C(NH2)3]M(HCOO)3 (M =

divalent Mn, Fe, Co, Ni, Cu, and Zn).[6] Among them, the
copper-based compound is particularly interesting. It has a
polar space group Pna21 and exhibits spin-canted antiferro-
magnetism with a N�el temperature of 4.6 K. Hu et al.
suggested that this compound should exhibit multiferroic
behavior.[6] Recently, some of us reported four metal–organic
frameworks, [(CH3)2NH2]M(HCOO)3 (M = Mn, Fe, Co and
Ni) that exhibited multiferroic behavior associated with an
order–disorder phase transition.[7] Since this discovery, there
has been a lot of interest in the field of multiferroic MOFs.[9]

However, there have not been any theoretical or computa-
tional studies on these systems.

We have carried out ab initio simulations on
[C(NH2)3]Cu[(HCOO)3] with the perovskite-like structure
ABX3, where A is [C(NH2)3]

+, B is the Jahn–Teller-active
Cu2+ ion, and X is the HCOO� group. This compound is
expected to exhibit ferroelectric behavior and a topology
similar to the multiferroic systems some of us reported in the
past.[7, 8] The unit cell contains four formula units. Hereafter
we refer to this compound as Cu-MOF.

The octahedrally coordinated Cu ions are connected by
HCOO bridges, forming the ReO3-type anionic
[Cu(HCOO)3] framework, with the C(NH2)3 groups in the
nearly cubic cavities (Figure 1). The Cu2+ ion (d9 with t2

6e3

electronic configuration) lies approximately at the center of a
distorted octahedron with two short (s) and two long (l)
equatorial Cu�Oeq bonds (1.97, 1.99 � and 2.37, 2.39 �,
respectively) and two medium (m) apical Cu�Oap bonds (2.01
and 2.02 �). The octahedra are tilted about the c axis by
approximately 208 (Figure 1c). The Cu-MOF can then be
viewed as being composed of chains running along the c axis;
within the chains, the square-planar Cu units are connected by
apical HCOapOap groups. Parallel chains are connected by
equatorial HCOeqOeq groups. The square-planar Cu�Oeq units
display an antiferro-distortive pattern[14] within the ab planes:
the elongated axes (defined by the long Cu�Oeq bonds) of
neighboring square-planar units are almost perpendicular to
each other (see Figure 1d), corresponding to an antiferro-
orbital ordering[15] on Cu sites, that is, the antiparallel
ordering of electronic orbitals.[16] On the other hand, along
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the chain, the crystal shows a ferro-orbital ordering. This
situation is analogous to the behavior of well-studied KCuF3

perovskite.[17] In turn, the orbital order is directly coupled to
magnetic exchange interactions. The Goodenough–Kana-
mori–Anderson (GKA) rules[18] suggest that there is a
strong antiferromagnetic coupling if singly occupied orbitals
on corresponding sites are directed towards each other. If,
however, an occupied orbital is directed towards an empty (or
doubly occupied) one, there will be a weaker ferromagnetic
coupling. Thus, in our case, the antiferro-orbital ordered
planes are coupled ferromagnetically, while they order
antiferromagnetically (AFM) in the perpendicular direction,
that is, the ground state displays an A-type AFM spin
configuration.[19, 20] Indeed, the exchange couplings estimated
by mapping onto a Heisenberg model (H =��ij Jij Si Sj)
indicates an AFM intrachain coupling Jc��44 cm�1 and
FM (ferromagnetic) interchain coupling Ja� 8 cm�1. The
stronger AFM intrachain interaction (j Jc j@ Ja) is in agree-
ment with experiments.[6] Note that a small weak ferromag-
netic component allowed by symmetry in this compound is
supported by SQUID measurements.[6] We discuss this key
point below.

To calculate the degree of polarization, we consider a
virtual parent high-symmetry structure as a paraelectric
phase.[21, 22] The presence of the organic groups together with
the tilting of the octahedra reduces the likely parent
symmetry to the centrosymmetric space group Pnan (no.
52). In Figure 2, we correlate the paraelectric structure (l = 0)
with the ferroelectric structure in polar space group Pna21

(jlj=1) by a linear interpolation of atomic positions as a
function of l. Therefore, the parameter l is proportional to
the amplitude of the polar distortion at a given geometry. The
maximum atomic displacement between l = 0 and j l j= 1 is
approximately 0.24 �, and the polar phase is calculated to be
more stable than the nonpolar phase by 0.08 eVmolecule�1, a

result comparable with the case of BaTiO3. The calculated
total energy as a function of l produces the expected double-
well profile characteristic of a switchable ferroelectric system.
In Figure 2b, we show the plot of the polarization Ptot along
the polar axis c as a function of l. The polarization is
0.37 mC cm�2 for l = 1.

It is interesting to follow the evolution of the antiferro-
distortive pattern from the centrosymmetric to the polar
phase. The Jahn–Teller coordinate vector with components
Q2,Q3 is introduced, where Q2 = (l�s)/

ffiffiffi

2
p

, Q3 = (2m�l�s)/
ffiffiffi

6
p

, where l, and s refer to the lengths of the long and short
bonds, respectively, in the ab planes and m to the lengths of
the Cu�Oap bonds. Clearly, a larger modulus 1 of this vector
results in a larger distortion from octahedral symmetry. In the
antiferro-distortive pattern at l = + 1, two sublattices can be
distinguished (Figure 2 c): one with elongated axis along
[1,1,0] (blue), the other along �11; 1; 0

� �

(red). By introducing
the polar coordinates[14] as Q2 = 1sinf, Q3 = 1cosf, where f=

tan�1Q2/Q3 is the so-called Jahn–Teller phase,[15, 14] the anti-
ferro-distortive pattern can be monitored by the changes in f.
For l = 1 (positive polarization), f� 4p/3 for the octahedra
elongated along [1,1,0] (blue) and f� 2p/3 for octahedra
elongated along �11; 1; 0

� �

(red). For l =�1 (negative polar-
ization), the two octahedral sublattices interchange the
direction of the elongated axis (Figure 2c) and, at the same
time, the value of the Jahn–Teller phase. The antiferro-
distortive pattern disappears in the l = 0 (centrosymmetric)
phase, that is, f= p, Q2 = 0, and l = s. The parallel behavior of
f and of the polarization as a function of l clearly indicate
that ferroelectricity and antiferro-distortive modes (and
related orbital order) are correlated. Note that the two
antiferro-distortive patterns are centrosymmetric (Figure 2c).

Figure 2. Path connecting the virtual nonpolar and the two polar
phases with opposite polarizations. a) Total energy difference with
respect to the paraelectric phase. b) The polarization Ptot as a function
of l. c) Evolution of the Jahn–Teller phases f= tan�1Q2/Q3 as a
function of l. Blue and red color refer to the two Cu sublattices with
different direction of the elongation axis (l) in the ab plane.

Figure 1. Crystal structure of [C(NH2)3]Cu(HCOO)3. a,b) Side views.
The octahedra are linked by HCOO groups, while the A sites of the
perovskite network are occupied by C(NH2)3 groups. The spin config-
uration is represented by arrows at Cu sites. c) A single linear chain
(see text) along the c polar axis. d) ab plane and corresponding long
(l), short (s), and medium (m) bond lengths. e) Perspective view of the
C(NH2)3 unit and the octahedra with HCOO groups.
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It is remarkable that although the Jahn–Teller local modes are
nonpolar, the correlated antiferro-distortive Jahn–Teller
effect is sufficient to break the inversion symmetry by
coupling through hydrogen bonding to additional atomic
displacements of the A group, responsible for the polar-
ization, as explained below. Here, the Jahn–Teller effect and
related orbital order drive the ferroelectric properties of this
phase.

Our study has revealed an important property of the Cu-
MOF. Depending on the direction of the spins of the A-type
AFM ordering, a weak ferromagnetic component should be
induced by the polar distortion. Furthermore, the magnetic
space groups resulting from the AFM ordering are Pna’21’ and
Pn’a’21 for AFM spins directed along the c and a axes,
respectively. These symmetries allow ferromagnetic ordering
along the a and c axes, respectively, and indeed, a weak
ferromagnetic component in these directions, induced by
symmetry couplings of type MaPcLAc and McPcLAa, respec-
tively, is to be expected. Here, LA is the magnitude of the
AFM-A ordered spin. Therefore, for a constant AFM order-
ing, a secondary FM component is induced approximately
proportional to the polarization and, most importantly,
switchable with it. For a fixed orientation of the AFM
ordering of, for example, spins lying along the c direction, the
variation of the magnetic ordering was calculated as a
function of the amplitude of the polar distortion. Cu magnetic
moments were found to have a secondary FM component
along the a direction. Figure 3 shows the variation of this
component with the amplitude of the polar distortion and the
resulting correlation with the electric polarization. Calcula-
tion indicates approximately linear dependence of the FM
component on the electric polarization and the expected
switch of sign for the two equivalent ferroelectric domains.
Hence, an electric field along the c axis, which would switch
the spontaneous polarization, would, at the same time, switch
the sign of Ma. This behavior indicates that Cu-MOF should
exhibit control of magnetization by an electric field, a long-
sought property with exciting technological applications.

In Figure 4, we show the hydrogen bond (dashed line)
connecting the H atoms of the A group with the nearest Oeq

atom of the Cu octahedra in the paraelectric (Figure 4a) and
ferroelectric (Figure 4b) phase. In Figure 4d, the arrows
represent the atomic displacements of the octahedra and
neighboring A cations from the paraelectric to the polar
structure. The characteristic pattern of Jahn–Teller displace-
ments of the HCOeqOeq groups is readily recognizable. The
largest displacements in the A cation correspond to H(1) and
H(2), which clearly “follow” the Q2 Jahn–Teller mode (Fig-
ure 4d). Note that in the centrosymmetric phase, the dis-
tances H···Oeq, that is, d(O�H(1)) and d(O�H(2)), are equal
(Figure 4c). For positive l, the former decreases and the latter
increases (and vice versa for negative l). Therefore, the
correlated in-plane Jahn–Teller modes are linearly coupled to
the NH2 atoms of A-group atoms through hydrogen bonds.
The displacements of the NH2 group of the A cation give rise
to small induced dipole moments, which, in turn, sum up to a
net component along the c axis, resulting in an out-of-plane
ferroelectric polarization. To confirm this mechanism, we
have displaced only the atoms of the A group from the
centrosymmetric to the polar phase. The resulting polar-
ization is estimated to be approximately 0.21 mC cm�2, more
than half of the total polarization previously reported. On the
other hand, if we displace only the atoms of the BX3 groups
and keep the A-group atoms at their centrosymmetric
positions, the polarization is almost zero. This result shows
unambiguously that, as expected, the Jahn–Teller distortion
modes do not contribute to the polarization and that the
A-group atoms are the main source of polarization. If the
A-group atoms are allowed to relax, the true polar state is
recovered, that is, all the atoms return to their position in the
l = 1 structure. The mechanism of polarization also suggests
that using a different A cation with more polarizable electron
density would increase the polarization.

In summary, our study shows that the Cu-MOF should be
a new multiferroic metal–organic framework, in which the
Jahn–Teller and antiferro-distortions cooperate to induce a

Figure 3. Electrical control of magnetization. a) Weak FM component
as a function of the polar distortion and b) as a function of the
polarization.

Figure 4. Coupling of the Jahn–Teller modes to A-group atoms through
hydrogen bonding. a) Side view: hydrogen bonding in the centrosym-
metric phase. b) Side view: hydrogen bonding in the polar phase.
Dashed ellipses highlight the asymmetry of the environment of the
NH2 of the A cation. c) Evolution of the H···Oeq distances as a function
of the polar distortion (see text for details). d) Top view: characteristic
displacements of the Q2 Jahn Teller mode.
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switchable ferroelectric polarization by coupling to the
A-group atoms through hydrogen bonding. Most importantly,
a weak ferromagnetic component (Ma) is coupled to the
spontaneous polarization (Pc), and they are mutually rever-
sible. Thus, our results show that Cu-MOF should exhibit
weak ferromagnetism coupled with ferroelectricity, a rare
phenomenon. It should be a true magnetoelectric multi-
ferroic, first proposed by Fox and Scott,[23] thus making this
material very attractive for advanced memory devices.
Although the predicted polarization is small, the rich variety
of modifications possible in this class of MOFs, for example,
by alteration of organic ligand, template, and strain, opens up
new avenues in the exciting field of multiferroics.

Methods
All calculations were performed with the Vienna Ab initio Simulation
Package (VASP),[24] using the projector augmented-wave (PAW)
method[25] with the Perdew–Burke–Ernzerhof (PBE) GGA func-
tional.[26] The energy cutoff was set to 400 eV and a 2 � 4 � 4
Monkhorst-Pack grid of k points was used. The Berry phase
approach[27] was employed to calculate the ferroelectric polarization
P. We also used the Heyd–Scuseria–Ernzerhof hybrid functional
(HSE),[28] which mixes a fraction of Fock exchange with the exchange
density functional. This method improves the theoretical description
of solids.[29–31] As we are dealing with weak bonds, we also
benchmarked our calculations with an empirical method to account
for van der Waals interactions in density functional theory calcu-
lations, called Grimme�s corrections[32] and implemented in VASP by
T. Bucko.[33] Figures were plotted using the VESTA package.[34]
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