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In the present work we show that a particular family of materials, the metal carboxylates, may have
entangled states up to very high temperatures. From magnetic-susceptibility measurements, we have estimated
the critical temperature below which entanglement exists in the copper carboxylate
�Cu2�O2CH�4��Cu�O2CH�2�2-methylpyridine�2�, and we have found this to be above room temperature �Te

�630 K�. Furthermore, the results show that the system remains maximally entangled until close to �100 K
and the Bell’s inequality is violated up to nearly room temperature ��290 K�.
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I. INTRODUCTION

Entanglement is the key resource for the majority of ap-
plications of the recent growing field of quantum information
and quantum computation.1,2 This unique quantum phenom-
enon was until a few years ago thought to exist only in
systems with small number of particles at very low tempera-
tures. However, recently it has been discovered that en-
tanglement can also be present in systems containing a large
number of particles at finite temperatures.3–5 The presence of
entangled states in thermal systems has been studied in a few
experiments involving magnetic materials.6–10

Vedral11 has stated three basic motivations for studying
entanglement in many body systems: �i� the need to know
the limits of the entanglement, i.e., how large systems can
support entanglement and how robust entanglement can be
against temperature, �ii� the question whether entanglement
can be used as an order parameter for quantum phase transi-
tion, and �iii� the need for novel materials which can be used
for practical applications in quantum computation and quan-
tum communication. Materials in which stable and useful
entangled states can be found naturally could be of great
relevance to design quantum solid-state devices or as a
source of entanglement.12 By useful entanglement we mean
entangled states that can be used to implement quantum pro-
tocols, which are more efficient than their classical counter-
part. For instance, in quantum cryptography applications and
quantum communication complexity tasks, the useful en-
tangled states are those which violate Bell’s inequalities.13,14

Molecular magnets15 can be an excellent physical realiza-
tion of spin chains, providing good opportunities for study-
ing the above topics. In this class of materials, the intermo-
lecular magnetic interactions are extremely weak compared
to those within individual molecules. A bulk sample, com-
prised of a set of noninteracting molecular clusters, is there-
fore completely described in terms of independent clusters.
From a physical point of view, a molecular magnet can com-
bine classical properties found in any macroscopic magnet15

and quantum properties, such as quantum interference16 and
entanglement.7–10 Recently, molecular magnets have been
pointed out as good systems to be used in high-density in-
formation memories and also, due to their long coherence

times,17 in spin-based quantum computing devices.18–22

The existence of entangled states in molecular magnets is
due to the fact that some molecular spin chains can have an
entangled ground state. The separation between the ground
state and the excited state energies is an important parameter
which determines the temperature of entanglement �Te�, i.e.,
the temperature where the thermal state of the molecular
magnet becomes separable. In the simplest chain, dimers,
one can state that the stronger the exchange interaction en-
ergy is, the higher Te will be.

In this paper we show that a particular family of molecu-
lar magnets �metal carboxylates� can support entangle-
ment above room temperature. We have found in the com-
pound �Cu2�O2CH�4��Cu�O2CH�2�2-methylpyridine�2� that
Te�630 K. We could also conclude that the system remains
in a pure maximally entangled state up to �100 K and the
Bell’s inequality can be violated up to room temperature
��290 K�. Furthermore, we also relate the existence of en-
tanglement to the material structure. This paper is organized
as follows. In Sec. II we give a brief description of the sys-
tem studied here. Section III contains a study of the entangle-
ment in the compound and in Sec. IV, some comments and
conclusions are drawn.

II. COMPOUND

Metal carboxylates23–26 are compounds that can present a
wide variety of topologies, compositions, and also allow
multiple conformation environments �Fig. 1�. A particularly
interesting case of conformation in these compounds is the
syn-syn. In this structure, a metal polycarboxylate cluster,
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FIG. 1. Metal carboxylate conformation types. Magnetic behav-
ior of this class of materials strongly depends on the conformation
type. M means metal and L stands for ligand.
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usually called paddle wheel �see Fig. 2�a��, is formed. These
clusters are characterized by a four-bridged M-M unit �i.e., a
dimer�, where M ions are in a square pyramidal coordination
with parallel basal planes. The available superexchange path-
ways observed in these compounds, instead of direct ex-
change, allows an antiferromagnetic �AF� magnetic ex-
change �J /kB� of magnitude on the order of hundreds of
degrees. This can be understood by recognizing that the un-
paired electron occupies the dx2−y2 orbital pointing to the
bridging oxygen, while the overlap between dz2 orbitals is
small.27 The magnetic interaction within the paddle-wheel
dimer is therefore consistently both strong and antiferromag-
netic, features that allow high entanglement temperatures.
Despite their strong intradimer interaction, these paddle-
wheel compounds may still retain their low-dimensional
character due to the large distances between the magnetic
centers. Conversely, the syn-anti and anti-anti conformations
exhibit a rather weak magnetic interaction that can be either
ferromagnetic �FM� or antiferromagnetic, depending mainly
on the nature of the ligand �L� and the planarity of the car-
boxylate group.

Therefore, we have chosen a specific compound,
the metal carboxylate �Cu2�O2CH�4��Cu�O2CH�2�2-
methylpyridine�2�, which consists of copper dimers and cop-
per monomers. The dimer is formed by opposing square py-
ramidal CuO5. The base oxygen atoms on the adjoining pyra-
mids are part of the four-connecting carboxylate groups in a
syn-syn conformation which leads to a strong magnetic in-
teraction between the dimer’s atoms. The Cu-Cu distance in
this ensemble is 2.63 Å. This square pyramid is slightly dis-
torted from the tetrahedral shape, with an average
Oap-Cu-Oeq angle of about 95°. The apical oxygen of the
pyramid is connected, via another carboxylate group, to the
Cu�2-methylpyridine� in a syn-anti configuration. This cop-
per, the monomer, is in a pseudo-octahedral coordination
with four oxygen atoms—two from each carboxylate group
along the chain and two opposing nitrogen ions from the
methylpyridine group. These alternating dimers and mono-
mers extend in one direction forming a chain of alternating
dimers and monomers �or a syn-syn-anti progression� where
the magnetic interaction between the dimer’s atoms is strong,
and weak between the dimer and the monomer, as may be
deduced from the structural characterization. The
2-methylpyridine groups coordinating the monomeric copper
ion act as spacers which are placed alternating along the
chain. This large methylpyridine group, as well as the ab-
sence of any exchange path between chains, prevents any

significant interchain magnetic interaction, making this sys-
tem magnetically one dimensional down to the lowest mea-
sured temperature. Table I lists some selected structural pa-
rameters for this compound.

Since the syn-anti magnetic interaction is typically
weaker than syn-syn,28,29 the magnetic properties of the com-
pound can be modeled considering a superposition of a
dimer susceptibility with a Curie-Weiss-type susceptibility,

� = �d + �m. �1�

The first term corresponds to the dimer magnetic susceptibil-
ity, and for low magnetic fields it is given by30

�d =
�g�B�2

kBT

2

3 + e−J/kBT , �2�

where g is the Landé factor, �B is the Bohr magneton, and kB
is the Boltzmann constant. The second term in Eq. �1� rep-
resents the magnetic susceptibility of the monomer, and since
it only interacts with a static magnetic field its susceptibility
just follows the Curie law �m=C /T. The experimental results
were then fitted according to this model and the parameters
were found to be J /kB=−693.15 K, g=2.21, and C=7.02
�10−5�B K f.u.−1 Oe−1. In Fig. 3 we show a comparison
between the model and experimental data.

III. ENTANGLEMENT

The task of entanglement quantification is still an open
problem in general case �for a recent review see Ref. 31�.

TABLE I. Selected bond lengths and angles relevant
for the magnetic properties observed for compound
�Cu2�O2CH�4��Cu�O2CH�2�2-methylpyridine�2�. Cud is dimer cop-
per, Cum is monomer copper, Oap is apical oxygen, and Oeq is equa-
torial oxygen.

Cud-Cud 2.631 Å

Cud-Cum 4.689 Å

Cud-Oap 2.120°

�Cud-Oeq	 1.978 Å

Cud-O-Cum 160°

Cu-Om 1.976 Å

O-C-Od 127.9°

O-C-Om 123.6°

Cu-Cu �interchain� 8.1055 Å

(b)(a) (c)

FIG. 2. �Color online� Detailed view of the structural motifs of �Cu2�O2CH�4��Cu�O2CH�2�2-methylpyridine�2�. �a� Dicopper tetracar-
boxylate dimer unit, �b� copper dimethylpyridine monomeric unit, and �c� view of the chain formed by alternating dimers and monomers.
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Hence, usually the detection of entanglement is done using a
quantity called entanglement witness �EW�. The concept of
entanglement witness was first introduced by Horodecki et
al.32 An EW is an observable which is capable of identifying
whether a system is in an entangled state. Fortunately, for a
spin chain, such a witness is simply directly proportional to
the magnetic susceptibility,33

EW�N� =
3kBT�̄�T�
�g�B�2NS

− 1, �3�

where N is the number of spin-S particles and �̄ is the aver-
age of the magnetic susceptibility measured along the three
orthogonal directions. For this witness, there will be en-
tanglement in the system if EW�N��0. In Fig. 4, the en-
tanglement witness obtained from the measured magnetic
susceptibility is shown as a function of the temperature. The
witness is negative up to nearly room temperature, showing
the presence of entanglement in the system.

To quantify the amount of entanglement in the dimer, we
can use a quantity called concurrence.34 For two qubits de-
scribed by the quantum state �, the concurrence C is defined
as34

C = max�0,
�1 − 
�2 − 
�3 − 
�4� , �4�

where �’s are the eigenvalues of R=��y � �y�
��y � �y la-

beled in decreasing order. The degree of entanglement, ob-
tained from this quantity, varies from 0 to 1, and a pair of
spins is considered to be in a maximally entangled state if
C=1 and separable when C=0. For any other values the state
of the spins is said to be partially entangled. Using the dimer
density matrix �d, it is possible to show that

C = max�0,−
6

3 + e−J/kBT + 1� , �5�

=max�0,−
3kBT�� − C/T�

�g�B�2 + 1� . �6�

Equation �6� shows that the concurrence of the dimer is
also related to the magnetic susceptibility, which can be ob-
tained experimentally. In Fig. 5 the concurrence calculated
according to Eq. �6� is shown, and the solid line is the theo-
retical prediction of Eq. �5� with parameters g, J, and C
obtained from the fit to the experimental susceptibility �see
Fig. 3�. An interesting result is that the spins of the dimer
remain maximally entangled up to �100 K. From Eq. �5�,
we can estimate the critical temperature below which en-
tanglement exists as Te=−J /kB ln�3��630 K, which is well
above room temperature. It is important to emphasize that
the high value of the exchange integral J is due to the syn-
syn conformation and thus any material with such kind of
conformation is a strong candidate to contain entanglement
at high temperatures.

The violation of Bell’s inequalities is of great importance
to quantum information science. These inequalities are
closely related to the usefulness of entangled states.13,14 In
particular, Bell’s inequality violations are related to the secu-
rity of cryptography protocols14 and are a necessary and suf-
ficient condition to the usefulness of quantum states in com-
munication complexity protocols.13 A Bell’s inequality test
for two qubits involves measurements of a set of correlation
functions, which for a magnetic system are the correlations
of the magnetic moments along specific directions.35 For a
system with two spin 1/2, the test involves the measurement
of the mean value of the Bell operator given by
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FIG. 3. �Color online� Magnetic susceptibility as a function of
temperature with an applied field of 100 Oe. The points are the
experimental results and the solid line is the theoretical prediction
based on the dimer-monomer model, as discussed in the text.
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FIG. 4. �Color online� Experimental entanglement witness de-
rived from the magnetic-susceptibility measurements. The points
are the experimental results and the solid line is the theoretical
prediction, based on the dimer-monomer model, as discussed in the
text.
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FIG. 5. �Color online� Concurrence as a function of temperature.
The points are the experimental results and the solid line is the
theoretical prediction based on Eq. �5�.
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B = n�1 · �� � �n�2 · �� − n�4 · �� � + n�3 · �� � �n�2 · �� + n�4 · �� � .

�7�

In the above equation, n� ·�� is the projection of the spin in
the direction n� . For any separable state, the mean value of
Eq. �7� satisfies the relation �B	� +2, and whenever this
inequality is violated, the system is in an entangled state.36

There is a particular set of directions for which the violation
reaches its maximum. The ground state of an antiferromag-
netic dimer violates maximally the Bell’s inequality if we
choose n�1, n�2, n�3, and n�4 as �0,0 ,−1�, �−1,0 ,−1� /
2,
�−1,0 ,0�, and �−1,0 ,1� /
2, respectively. Then, using this
set of directions, the Bell operator becomes B=
2��z � �z
+�x � �x�. Using the dimer density matrix �d to calculate the
correlations ��z � �z	 and ��x � �x	, it is easy to show that

�B	 = 4
2� 2

3 + e−J/kBT −
1

2
� , �8�

=4
2� kBT�� − C/T�
�g�B�2 −

1

2
� . �9�

From Eq. �9�, it is possible to verify experimentally
whether the entangled state of the system violates the Bell’s
inequality or not. In Fig. 6, the mean value of the Bell op-

erator as a function of the temperature is shown along with
its theoretical prediction. From Fig. 6, we see that the Bell’s
inequality is violated below �290 K and maximum viola-
tion is observed for temperatures below �100 K, which is
compatible to the previous result obtained from the concur-
rence, i.e., the system remains maximally entangled up to
�100 K.

IV. CONCLUSION

In summary, we studied a family of magnetic materials
that can support entanglement at very high tempera-
tures, namely, metal carboxylates with syn-syn conforma-
tion. For the compound �Cu2�O2CH�4��Cu�O2CH�2�2-
methylpyridine�2�, we determined that the critical tempera-
ture for bipartite entanglement is Te�630 K. Furthermore,
we could also conclude that the system remains maximally
entangled up to �100 K and the Bell’s inequality can be
violated up to close room temperature ��290 K�, which is
an interesting feature of this material since Bell’s inequalities
are of great importance to quantum information science.13,14

It is important to emphasize that any other family of materi-
als that has large J coupling, and there are other examples in
the literature,37 is also a strong candidate to support entangle-
ment above room temperature. We believe that the study of
such class of materials can open the doors for new research
toward the realization of solid-state quantum devices since
molecular magnets have been studied for some time by the
solid-state community.
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