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Abstract — The control of quantum correlations in solid-state systems by means of material
engineering is a broad avenue to be explored, since it makes possible steps toward the limits of
quantum mechanics and the design of novel materials with applications on emerging quantum
technologies. In this context, this letter explores the potential of molecular magnets to be proto-
types of materials for quantum information technology. More precisely, we engineered a material
and from its geometric quantum discord we found significant quantum correlations up to 9540 K
(even without entanglement); and, in addition, a pure singlet state occupied up to around 80K
(above liquid nitrogen temperature). These results could only be achieved due to the carboxylate
group promoting a metal-to-metal huge magnetic interaction.

Copyright © EPLA, 2016

Quantum entanglement has received a considerable at-
tention as a remarkable resource for quantum information
processing [1-3]. In spite of that, it is fragile and can
easily vanish due to the inevitable interaction of the sys-
tem with its environment [4]; and due to this condition,
it was thought that entanglement could only exist at low
temperatures. However, recently, it has been shown that
entanglement can also exist at higher temperatures, and
can be detected through the measurement of some ther-
modynamic observables [5-17].

Nevertheless, quantum entanglement does not encom-
pass all quantum correlations in a system and recent
studies have greatly expanded the notion of quantum cor-
relations [18-29]; and the measure of quantum excess of
correlations has been named as quantum discord [19-21].
In the last years, it was understood that quantum discord
has an important role in many quantum information pro-
cessing even without entanglement. Notably, this quantity
can also detect quantum phase transitions [25,30,31].

Despite much effort by the scientific community, there
are only a few results on the analytical expression of

() E-mail: clebsonscruz@yahoo.com.br

quantum discord; and only for a certain class of states
an exact solution is known [23-27,32,33]. This fact stimu-
lated alternative measurements of quantum discord, theo-
retically and experimentally [22,24,29,34-36]. The recent
demonstration that quantum discord can be measured by
the thermodynamic properties of solids, such as magnetic
susceptibility, internal energy [35-37], specific heat [35,36]
and even neutron scattering data [22], shows that quan-
tum correlations can be related to significant macroscopic
effects allowing the measurement and the control of quan-
tum correlations in solid-state systems by means of ma-
terial engineering. Thus, the design of novel materials
becomes an actual challenge to overcome.

In this direction, molecular magnets can be an excel-
lent opportunity to achieve this goal as prototypes of
materials for quantum information technology. They com-
bine classical properties, found in any macroscopic mag-
net, with quantum ones, such as quantum interference and
entanglement. The large gap between the ground state
and the first-excited state found in some materials allows
the existence of entangled quantum states at higher tem-
peratures [6,11,13,17]. The study of molecular magnets
opens thus the doors for new research toward the limits of
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quantum mechanics; and several aspects are worthy of a
thorough research, such as (i) how robust are their quan-
tum features against temperature and (ii) how large sys-
tems can support these properties. These results would
lead to promising applications in quantum technologies,
specially devices based on quantum correlations.

In this context, we show in this letter that carboxylate-
based compounds can support quantum correlations
thousands of kelvins above room temperature. We re-
port the crystal structure and magnetic susceptibility
of a carboxylate-based molecular magnet with formula
[Cuz(HCOO)4(HCOOH)(piperazine)]; from which the
entropic and geometric quantum discord, based on the
Schatten 1-norm [38,39], are extensively explored. The an-
alytical formulas for the quantum correlations are derived
as a function of the temperature using the magnetic sus-
ceptibility of the compound and the analysis of the data
suggests the existence of entanglement up to temperatures
of 681 K, while the measure of quantum discord reveals
that this system keeps at the singlet ground state up to
around 80K. In addition, quantum correlations would
remain up to 9540 K, thousands of kelvins above room
temperature, even without entanglement. Thus, we ob-
tain very stable quantum correlations up to 513K, the
limit where this material can exist —hundreds of kelvins
above room temperature'. Due to the material topology,
these results represent the highest temperatures, reported
to date, wherein quantum correlations can be supported.

As pointed out before, to obtain such strongly entan-
gled states at high temperature, we need to maximize the
gap between the ground state and the first-exited state.
Thus, we have designed materials with such features to
enhance their quantum properties, and then study the
entropic and geometric quantum discord. The dinuclear
copper (IT) complex [Cuz(u-HCOO)4(HCOO)z]piperazine
was the successful prototype synthesized, and its molecu-
lar structure is presented in fig. 1.

Single-crystal structure analysis revealed that the com-
pound is composed of a dimeric cupric tetraformate unit,
with a short Cu-Cu internuclear separation of 2.628(2) A
and one piperazine molecule. The dimer is formed by
opposing square pyramidal CuOs; with a very small dis-
tortion —see fig. 1(a). The base oxygen atoms on the
adjoining pyramids are part of the four-connecting car-
boxylate groups in a syn-syn conformation leading to a
strong magnetic interaction between the dimers ions. The
apical oxygen of the pyramid is connected, via the HCOO
group (Cu-O = 2.12(1) A), to the other carboxylate group.
The crystal structure is stabilized by the intermolecular
N-HO hydrogen bonding with N(10)---O(7) = 2.722(2) A
and N(10) - -- O(8)" = 2.745(2) A (ii = 1+x,y, z) forming
an infinite two-dimensional network.

From the magnetic point of view, the designed com-
pound [Cus(u-HCOO),(HCOO)s]piperazine is of highest

1This result was obtained by Thermogravimetric Analysis
(TGA), not shown.

(b)

Fig. 1: (Color online) Crystal structure of [Cuz(u-HCOO)4
(HCOO)z|piperazine compound with (a) local dimer polyhe-
dron representation and (b) dimeric sheet view, where the
arrows represent the reduced magnetic structure of the com-
pound. Color scheme: Cu —green; O —red; N —blue.

interest, since it shows a short interaction path between
the metal centers. From their crystal structure, previously
described, it is possible to extract the magnetic structure,
as shown in fig. 1(b). In this structure, copper dimers,
with an intramolecular separation of 2.628(2) A, are sepa-
rated each other by a distance of 6.776(1) A. These dimers
are arranged in linear chains along the a-axis, and these
chains are separated from each other, along the c-axis, by
a distance of 8.176(1) A, forming thus sheets of copper
dimers —see fig. 1(b). Magnetically speaking, due to the
much higher intra- and inter-chain distances, in compar-
ison to the Cu-Cu intra-dimer distance, we considered a
model of isolated dimers. Considering the Cu(II) ions un-
der consideration have a d” electronic configuration, this
material is an ideal realization of a spin-(1/2) dimer. The
present model has one exchange parameter: J, related
to an intra-dimer interaction corresponding to the syn-
syn conformation, as can be seen in fig. 1(a). Thus, the
Hamiltonian expression of this system is simply written as
’HZ—Jsl-Sz—g/LBB-(Sl-FSz), (1)

where ¢ is the isotropic Lande factor.
The quantum properties of several materials have been
deeply analyzed by means of thermodynamic quanti-
ties [5-17], and the magnetic susceptibility x has been
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Fig. 2: (Color online) Experimental (open circles) and theoret-
ical (solid line) magnetic susceptibility vs. temperature. The
red line represents the fitting of eq. (2) to the experimental
data, where an extrapolation, up to higher temperatures, was
done using the optimized parameters. The dashed line indi-
cates the Curie constant for a Cu-Cu dimer.

a good benchmark [5-8,10-13,17] due to the easy experi-
mental access. For the material under consideration, the
experimental x7 quantity, for the whole range of tem-
perature considered (< 300K), is smaller than the Curie
constant of the dimer C' = 1.34 x 10~* upK/FU-Oe; and
it is a clear signature that at least one exchange interac-
tion into the system is larger than the thermal energy at
room temperature. As a consequence, the paramagnetic
region is not reached for the temperature range in which
the susceptibility is measured and therefore this experi-
mental data cannot be described within the Curie-Weiss
law. These results are shown in fig. 2. From the theoret-
ical point of view, the magnetic susceptibility due to the
Hamiltonian of eq. (4) can be described as [40,41]:

2N (gup)* 1
T =
x(T) kT 3+ e J/ksT

(2)

and a fitting of the above to the experimental data (shown
in fig. 2) were obtained with J = —748.5 K (antiferromag-
netically coupled ions) and g = 2.07. This fitting was
performed using DAVE-MagProp [42], a software that an-
alyzes and processes magnetic data. From these fitting
parameters, it was possible to extrapolate this thermody-
namic quantity to higher temperatures and it is clear that
the system indeed dimerizes at rather elevated tempera-
tures, and these dimers remain isolated down to the lowest
measured temperature.

To go further and analyse the quantum correlations by
means of magnetic susceptibility, firstly, the spin-spin cor-
relation function ¢(T") = (Sy) Sg”), where ¢ = x,y, z, must
be written as a function of the magnetic susceptibility y.
For this prototype material, i.e., an ideal spin-(1/2) dimer,
it reads as

o1y = =BTy -1, 3)

N(gup)

From the above, the quantum discord can now be writ-
ten as a function of the magnetic susceptibility. Quantum
discord can be defined in terms of the von Neumann en-
tropy S(pap) = —Tr[paplogy pap], where pap is the
density matrix of a composite system. The total cor-
relation Z(pa : pp) = S(pa) + S(ps) — S(pap) is
split into the quantum part Q and the classical ones
C(pap) [19,20,23-28,43], where the classical correlation of
the composite system pap is defined as

Clpap) = max | S(pa) — > piS (o) |, (4)
k

where the maximum is taken over all positive operator-
valued measurements (POVMs) {By} performed locally
only on subsystem B, with the conditional state pr =
(T4 ® By)p(I4 ® By)/pr. and the probability to obtain the
outcome k pp = Tr[(Ia ® By)p(la ® By)].

Thus, the amount of genuinely quantum correlations,
called quantum discord can be introduced as an entropic
measure of quantum correlation in a quantum state, de-
fined as the difference between the total and the classical
correlation, Q(pap) = Z(pa : pp) — C(pap). Thus, the
entropic quantum discord depending on the magnetic sus-
ceptibility reads as

Qp(T) = ({4~ 3Tx(T)]log, [4 ~ 3aTx(T)

+3aTX(T) log, [aT'x(T)]}
1
= 5L+ 1aTx(T) — 1[]log, [1 + [aTx(T) - 1]]
+ [L = |aTx(T) — ]log, [1 — [oTx(T") — 1]},
(5)
where o = 2kg /N (gup)?.

On the other hand, the geometric quantum discord,
based on Schatten 1-norm, is a well-defined measure-
ment of the amount of quantum correlations of a state
in terms of its minimal distance from the set w of classical
states [28,43]. Geometric quantum discord reads then as

(6)

Qa(p) = min [p = pcl,

where || X || = Tr [\/XTX} is the 1-norm, p is a given quan-
tum state and p. a closest classical-quantum state [28,43].
It is described in refs. [28,38,39] and [43] for a Bell
diagonal state and can now be written as a function of
the magnetic susceptibility as
1| 2kpT
Qc(T) =5 | w73 X
=35 (g918)?
Furthermore, in order to make a comparison between
the quantum discord and the amount of entanglement in
the system under consideration, we adopt the measure of
entanglement of formation, which is oftenly used as a mea-
surement of entanglement, defined by [44,45)

(1) -1 (7)

E=-E,-E_, (8)
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Fig. 3: (Color online) Temperature dependence of entropic

(solid red line) and geometric (dashed black line) quantum dis-
cords, as well as entanglement of formation (dotted blue line).
Due to tecnhical limitations, experimental data (open circles)
are measured only up to room temperature, but the theoretical
extrapolation (solid lines) goes further. The inset shows the re-
gion where the entanglement is larger than entropic quantum
discord, as well as the pure state up to around 80 K.

where

Ei

IR C v SE S )
- 2 082 2

and C is the concurrence [1,44,45], that can now be written
as a function of the magnetic susceptibility as

1 2%kpT
C=-= 243"
2 N(gug)?

X(T)] , T<T, (10)
and zero otherwise; where T, ~ |J|/kp In(3) ~ 0.91|.J|/kp
is the temperature of entanglement, the maximum tem-
perature below which there is entanglement [3,6,11,12].

Figure 3 shows the entropic (eq. (5)) and geometric
quantum discords (eq. (7)), as well as the entanglement
of formation (eq. (8)), as a function of temperature, ob-
tained from the experimental magnetic susceptibility data
—open circles— and the extrapolated ones —solid lines.
Note that, up to around 80K (above the liquid nitrogen
temperature) the entropic discord and the entanglement
achieve the maximum value of unity, i.e., the system is
absolutely in the singlet ground state (pure state). Above
this temperature, the entanglement is larger than entropic
quantum discord and intercepts back this curve at 221 K.
This phenomenon in which the entanglement is larger than
the quantum correlations can be explained due to the fact
that entanglement is a mixture of purely classical and
purely quantum correlations. In addition, a direct com-
parison may lead to a misunderstanding, since entangle-
ment is a different measurement of quantum correlation,
as already discussed in refs. [26,35] and [36].

From the entanglement of formation we can verify that
these copper dimers are entangled up to temperatures of
T. = 681 K when the entanglement has a sudden death.
However, from the entropic quantum discord we can verify
that this material can support correlated quantum states
up to temperatures as high as 2320 K. However, above
500K the geometric quantum discord is larger than the
entropic one and it can survive up to 9540 K, thousands
of kelvins above room temperature and above the entropic
quantum discord. These are the highest temperatures re-
ported in the literature wherein quantum correlation can
be supported in solid-state systems. This means that the
quantum correlations in this material are very stable and
survives up to the temperatures in which the material
exists: 523K (see footnote !). It is important to em-
phasize that these results are only possible due to the
engineered metal-carboxylate compound and its syn-syn
conformation, that leads to a strong magnetic interaction
(J = —748.5K). Therefore, carboxylate-based molecular
magnets are one path toward achieving stable quantum
correlations at room temperature.

In summary, our main result was to provide to the lit-
erature an engineered material with a high stability of its
quantum correlations against external perturbations. We
found that geometric quantum discord is significantly dif-
ferent from zero up to 9540 K, while the entropic one shows
the existence of quantum correlations up to 2320 K; even
when the entanglement is absent. Also remarkable is the
realization of a pure state up to 83 K. This prototype ma-
terial has been achieved only after a successful material
engineering to ensure the highest exchange interaction be-
tween spin-(1/2) Cu ions into a dimeric structure. The
core element to this realization is the carboxylate group,
that yielded a very short (and direct) metal-to-metal ex-
traordinarily high magnetic interaction and leads the ma-
terial to be immune to decohering mechanisms. The study
of this class of materials can now open a large avenue for
research towards the limits of quantum mechanics, leading
to promising applications in quantum technologies.
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[Cuz (p-HCOO)4(HCOO)z]piperazine, contains the sup-
plementary crystallographic data for this paper. Copy of
the data can be obtained free of charge on application
to CCDC, see contact details at http://www.ccdc.cam.
ac.uk.
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