ARTICLES
PUBLISHED ONLINE: 2 FEBRUARY 2015 | DOI: 10.1038/NPHYS3186

Experimental realization of long-distance
entanglement between spins in
antiferromagnetic quantum spin chains
S. Sahling1,2,3, G. Remenyi1,2, C. Paulsen1,2, P. Monceau1,2, V. Saligrama4, C. Marin4, A. Revcolevschi5,
L. P. Regnault6, S. Raymond6 and J. E. Lorenzo1,2*
Entanglement is a concept that has defied common sense since the discovery of quantum mechanics. Two particles are said
to be entangled when the quantum state of each particle cannot be described independently, no matter how far apart in space
and time the two particles are. We demonstrate experimentally that unpaired spins separated by several hundred ångström
entangle through a collection of spin singlets made up of antiferromagnetic spin-1/2 chains in a bulk material. Low-temperature
magnetization and specific heat studies as a function of magnetic field reveal the occurrence of very dilute spin dimers and
at least two quantum phase transitions related to the breaking of excited local triplets. The mechanism at the origin of the
unpaired spins inside the quantum chains is the inter-modulation potential between two sublattices, and may be replicated
using well-designed synthetic multilayers.
ntanglement is an essential feature of the macroscopic world1 ,
despite the fact that human perception has difficulty accepting
such strange predictions. A very fruitful area of research
today is quantum computing technology, where entanglement
is being harnessed for eventual use in quantum computation
and communications2,3 . Scientists are also developing new areas
of research where entanglement could lie at the origin of the
interactions in ever larger objects, ranging from photons to clusters
of atoms to molecules—and even to cosmological objects.
Most of the protocols for quantum communication rely on
entangled photons4 , as they are weakly interacting and can be easily
manipulated using existing optical fibre technology. However, it is
not always convenient to use photons to exchange information as, in
particular, it is not straightforward to convert information between
physically different qubits. Another approach described in seminal
papers by Bose5,6 suggested the use of spin chains as quantum
channels for short- or mid-range communication, showing that, by
means of the magnetic interaction between the spins that compose
the chain, the transfer of information arises naturally as the system
evolves dynamically, without the requirement for any external
control. Transferring quantum information between distant qubits
through spin chains would be highly desirable. However, this
procedure often requires the repeated application of swapping gates
and is, consequently, very demanding experimentally. Moreover, the
features that characterize the transmission, such as teleportation,
fidelity, transfer quality and speed, depend on the properties of the
underlying quantum system2,3 .
Other developments have explored the conditions for longdistance entanglement without the need to perform operations and
measurements. Among the many possible spin configurations it
seems that antiferromagnetic spin arrays characterized by spin gaps
above the ground state can exhibit true entanglement over long

E

distances7 . Furthermore, the entanglement is a slowly decreasing
function of distance, allowing robust teleportation across finite
distances8 . Figure 1 sketches the components required to give longdistance entanglement of unpaired spins SA and SB in a gapped spinchain system. (Note that long-distance entanglement in gapless spin
chains has also been predicted and studied in detail, and its features
are captured well by two-impurity Kondo physics5,9,10 .)
In this paper we present the first example of a bulk material, made
up of dimerized spin-1/2 chains, where single spins approximately
220–250 Å apart become entangled through a chain of spin dimers
below ≈2.1 K. The key feature of Sr14 Cu24 O41 is that it is a composite
layered structure made up of alternating spin-ladder sublattice
layers and spin-chain sublattice layers, in such a way that, along
the chain (and ladder) axis of both subsystems, the structure
is near commensurate in the ratio cc /cl ≈ 10/7 (Supplementary
Methods for more details)11 . As discussed by Gellé and Lepetit12 ,
the variation of the modulation potential of the ladders onto
the chains singles out special sites in the chain that favour the
occurrence of unpaired spins into an otherwise uniform spindimer chain. The number of unpaired spins calculated using this
model is of the order of 1 in 20 Cu atoms in the chain. Results
from inelastic neutron scattering13,14 are compatible with an almost
uniform arrangement of spin dimers (Supplementary Methods),
and previous low-temperature magnetization studies15 have stressed
the presence of at most 1% of unpaired spins.
Figure 1a shows how the transmission protocol between spins
at sites A and B takes place by way of a spin channel. Although
SA and SB do not interact directly they experience an effective
interaction through the spin chain. The Hamiltonian that describes
the entanglement between SA and SB can be written as
H = Jp (SA · S1 + SB · SN ) + HC

(1)
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Figure 1 | Sketch of a quantum communication channel and properties of
spins entangled through antiferromagnetic interactions. a, Spins SA and
SB are entangled through a spin chain C of length L. Jp is the spin exchange
between spins at SA and SB and the chain. HC is the Hamiltonian of the spin
chains. b, Sketch of the variation of the energy gap, ∆, as a function of the
length L in a log–log plot. ∆ is proportional to the effective spin exchange
between SA and SB and to the spin exchange constant of HC renormalized
by the length L (or the number of sites in L). As a result, SA and SB form an
antiferromagnetic entangled state with a ground state (singlet) that is
expressed as |SA↑ SB↓ i − |SA↓ SB↑ i. c, The spin triplet splits on application of
a magnetic field following the Zeeman relation: ∆(H) = ∆(0) ± gµB H for
|SA↑ SB↑ i and |SA↓ SB↓ i; ∆(H) = ∆(0) for |SA↑ SB↓ i + |SA↓ SB↑ i.

Jp is the exchange constant between spins SA (and SB ) and the
chain, S1 and SN are the end spins of the spin chain and HC is the
spin-chain Hamiltonian,
HC =

N
X

(J1 S2i · S2i+1 + J2 S2i · S2i−1 )

(2)

i=1

where the sum in i is over the N active Cu-sites, (which is four in a
formula unit of a length of 27.5 Å, see filled blue circles in Fig. 2). It
has been established that J1 ≈ 115 K and J2 ≈ −13 K (ferromagnetic)
in Sr14 Cu24 O41 (refs 13,14), which gives rise to a pattern of up–up–
down–down spins along the chain. The magnitude of Jp is difficult to
calculate from first principles in view of the large variation of Cu–O
bond distances and Cu–O–Cu bond angles in the incommensurate
chain. To a first approximation, and whenever the scheme in
Fig. 2c is valid12 , Jp ≈ J2 . The interchain interaction, J⊥ < J1 /5 is
antiferromagnetic, can be neglected in the formation of next-nearest
neighbour spin dimers along the chain axis. However, it can not be
neglected in the formation of long-distance dimers as it gives rise to
extra paths for spin entanglement.
Because of the rotational invariance, and assuming that Jp /J1  1,
equation (2) can be effectively mapped onto an SU(2)-symmetric
Hamiltonian for the sites A and B:
Heff = Jeff SA · SB

(3)

Jeff is just the spin singlet-to-triplet gap, ∆, which according to
conformal field theory16 scales as ≈ (J1 + J2 )/2N (Fig. 1b). In other
words if the spin chain includes 10(J1 − J2 ) units the effective
exchange will become of the order of a few kelvin. Quite generally
it has been seen that the magnitude (and sign) of Jp also plays a
role by renormalizing the exponent: Jeff ∝ N −α (ref. 8). α = 1 for
256

Jp /J1 = −0.2 (and Jp ferromagnetic) and α = 0.2 for Jp /J1 = 0.2 (and
Jp antiferromagnetic).
If spins SA and SB are to be used for quantum information
in the spin channel, it is necessary to show that both spin states
are entangled. Alternating antiferromagnetic spin 1/2 chains and
ladders exhibit spin dimers as the ground state. In particular,
Cu(NO3 )2 · 2.5D2 O and NH4 CuPO4 · H2 O have been used to
quantify entanglement by using magnetic susceptibility17–21 and
heat capacity19,22–24 as entanglement witnesses. Another way to
detect entanglement is to induce a quantum phase transition by,
for instance, the application of a magnetic field, as sketched in
Fig. 1c. One of the components of the triplet mixes with the ground
state singlet, the entangled state de-coheres and the entanglement
decays analytically on approaching the critical magnetic field21,25,26 .
Beyond that critical field the magnetization and specific heat
dependences with temperature follow the known laws for unpaired
spins (Supplementary Methods).
With this objective, ultralow-temperature magnetization and
specific heat experiments under a magnetic field were performed.
Experiments using inelastic neutron scattering at 60 mK have also
been carried out, but no trace of the spin structure or associated
excitations was observed. This is not surprising in view of the small
number of unpaired spins and, therefore, of the very small scattering
cross-section of these excitations.
Magnetization experiments as a function of temperature and
magnetic field were performed on two samples of Sr14 Cu24 O41 of
different origin and are shown in Fig. 3, where the field direction
was along the c-axis. In a small field of 0.1 T the magnetization
as a function of temperature reaches a maximum at around 1.3 K,
and then diverges as ≈1/T as T → 0. In Fig. 3a the ultralowtemperature magnetization data have been fitted with a Curie law
which accounts for the low-temperature divergence of a small
population of unpaired free spins. More interestingly, the broad
maxima is fitted with the formula for antiferromagnetic spin dimers,
yielding a gap ∆ = 2.3 K. This represents a fourth category of spin
dimer present in Sr14 Cu24 O41 , and is distinguished from the others
by its small energy gap. In contrast, the other three types of dimers
form at temperatures orders of magnitude higher and are essentially
frozen at low temperature. Specifically they are the Zhang–Rice
singlet (white circles in Fig. 2), with ∆ZR ≈ 5,000–15,000 K (ref. 27),
the spin-ladder sublattice, with ∆ladder ≈ 350 K (refs 28,29), and the
spin-chain sublattice, with ∆chain ≈ 115 K (refs 13,14).
Magnetization experiments as a function of the magnetic field
(Fig. 3b for sample 2 and Fig. 3c for sample 1) show the occurrence
of three magnetization plateaux developing below 500 mK: one
due to the unpaired free spins at Mp0 = 0.00123(5)µB /Cu and two
others developing above 2 and 3 T, at Mp1 = 0.0054(1)µB /Cu and
Mp2 = 0.0020(1)µB /Cu, respectively. Similar behaviour was found
when the field was applied along the b-axis. (Supplementary
Methods). The M(H ) data were analysed using the Brillouin
function for the unpaired free spins which describes the first plateau.
The other plateaux are fitted with the dimer model, using a fielddependent gap according to the Zeeman splitting for a triplet,
∆(H ) = ∆ − g µB H /kB . Therefore, the critical field is proportional
to the spin singlet-to-triplet gap. For the first group of dimers
we found µ0 Hc1 = 1.53 T (k c), which according to the Zeeman
splitting for S = 1/2 dimers, gives a value for the gap of ∆1 = 2.27 K,
in excellent agreement with the value deduced from the fit of
the magnetization versus temperature data shown in Fig. 3a. If
we assume that the second group of spins at the origin of Mp2
are also dimers, we found µ0 Hc2 ≈ 2.4 T and the extracted gap is
∆2 ≈ 3.6 K. The first gap is reproducible between the two samples,
with very similar Mp1 values for each sample. Unfortunately, this is
not the case for the second gap, with very different critical field and
magnetization values. Magnetization experiments as a function of
temperature were carried out for sample 1 (Fig. 3c) and agree with
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Figure 2 | Detailed description of the structure and magnetic properties of the chain subsystem. a, Pattern of spin dimers and Zhang–Rice singlets
(representing an effective Cu3+ ) in the chain sublattice as deduced from inelastic neutron scattering14 . Filled circles are Cu2+ with spin S = 1/2. Open
circles are Zhang–Rice singlets with a total spin S = 0, arising from the coupling between the spin of an extra-hole and a Cu2+ S = 1/2. It is assumed that
there are no holes in the ladder sublattice. It should be noted that all these spins dimers (either the Zhang–Rice or the next-nearest neighbour Cu2+ ) are
entangled states with a ground state represented by |S1↑ S2↓ i − |S1↓ S2↑ i. b, Sr14 Cu24 O41 unit cell in the ac-plane, showing the chains sublattice. Included are
the lattice parameters, and the magnetic exchange constants deduced from inelastic neutron scattering13,14 . c, Spin-dimer chains with single spins (in red),
as proposed by ab initio calculations12 . The effective spin exchange, Jeff , between isolated spins (separated by a distance L) is of the order of a few kelvin.

the temperature dependence that can be extracted from the abovementioned model (Fig. 3d).
Specific heat experiments were carried out as a function of
temperature (down to 80 mK) and magnetic field (up to 10 T). The
same sample as in the magnetization studies in Fig. 3, sample 2,
was used in these experiments and the applied magnetic field was
along the c-direction. The results are shown in Fig. 4. Details
of the experimental method can be found in the Supplementary
Methods. Two features appear above the baseline of non-magnetic
excitations (dash-dotted line in Fig. 4a). First, a hump centred at
around 1 K and, second, an upturn that strongly depends on the
value of the magnetic field. A fit of the data shows again that the
hump can be attributed to gapped excitations of magnetic origin.
The fit shown in the figure uses an equation for a chain of spin
dimers with a single gap22,30,31 , CP (β) ≈ (∆β)1.5 exp(−∆β), where
β = 1/kB T , and not surprisingly becomes even better using two or
three gaps. The ultralow-temperature upturns for all three magnetic
fields in Fig. 4b are well accounted for by a Schottky contribution,
CP (θ, β) ≈ Nfs (θβ)2 e−θβ /(1 + e−θβ )2 , and θ = 2µB H , where the
global amplitude, Nfs , is the only fitting parameter for all three
curves. This Schottky contribution is analogous to the contribution
of unpaired free spins seen in magnetization experiments that was
characterized by the Curie and Brillouin laws. The intermediate

magnetic fields, between 0.6 and 3 T, exhibit a great complexity,
which is beyond the scope of this paper. Indeed, in addition to the
magnetic part there are further contributions from a charge density
wave, making a complete and accurate analysis of the specific heat
as a function of the magnetic field rather challenging.
Both low-temperature magnetization and specific heat
experiments have revealed the same features for two different
samples: the presence of a very dilute population of unpaired
free spins (≈10−3 /Cu), which remain free down to the lowest
temperature measured, and a slightly larger population of unpaired
spins (≈2–2.5 × 10−3 /Cu), which couple antiferromagnetically to
form dimers at low temperature with spin singlet-to-triplet gaps of
2.3 and 3.6 K, respectively. Where do these dimers come from? We
can eliminate an extrinsic impurity origin as: no traces belonging
to any other phase have been found in the powder X-ray diffraction
experiments and all the diffraction peaks can be indexed within the
Sr14 Cu24 O41 structure; experiments have been carried out on two
samples of different origin and our results regarding the number
of unpaired spins above 1 K (Fig. 3b) are in good agreement with
published data32,33 ; and the characteristic spin exchange energies, a
few kelvin, are very small compared to those of analogous exchange
constants in spin systems exhibiting CuO2 chains34 . Moreover
the observed features correspond to well-defined energies and
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Figure 3 | Magnetization data at low temperature and under magnetic fields. a, Magnetization as a function of temperature for temperatures below 5 K.
Two features are evident: a maximum at 1.3 K, which we interpret as arising from the formation of spin dimers between distant unpaired spins with a spin
singlet-to-triplet gap of ∆1 ≈ 2.3 K (red point), and a rapid uprise below 1 K, which we interpret as being due to a small concentration of unpaired spins that
remain free down to our lowest temperature. Dash and dash-dotted lines represent the fit with the corresponding equations (Supplementary Methods).
b, Magnetic field dependence of the magnetization at the lowest measured temperature, 90 mK. Data were analysed with three components: a Brillouin
function describing the magnetization of unpaired spins and two dimer contributions with the gap linearly depending on the magnetization (Zeeman
effect). The gaps deduced for the two spin-1/2 dimers, following the Zeeman splitting (∆ = gµB HC /kB ), are ∆1 ≈ 2.3 K and ∆2 ≈ 3.6 K. c, Magnetic field
dependence of the magnetization for nine temperatures below 1 K for sample 1. d, Simulation of the data in c using the data analysis described in the
Supplementary Methods. The simulation was performed by fitting the low-temperature data, then fixing the parameters and applying only the temperature
variation of equations.

magnetic fields and not to a distribution of energies, as one would
expect for an extrinsic origin. By using analogous arguments we can
rule out impurities in the form of trimers or, in general, multimers
being formed. Or, if there are any, they are very few in number and
their characteristic energies will certainly lie well above those found
here. Trimers are characterized by magnetization plateaux, similar
to those of Fig. 3b. However, because of the finite number of spins,
they should be in a commensurate relationship with the saturation
magnetization and should occur at one-third of this value35 , which
is clearly not the case here. Multimers are predicted to occur if there
are less than six holes on the chain sublattice12 , as seems to be case
(see also Fig. 2c and the Supplementary Methods and discussion
therein). However, in the absence of a spectroscopic technique that
258

enables us to reveal the actual form of these excitations we postulate
here that the dimers originate from the entanglement of unpaired
spins through a chain of local dimers characterized by energy gaps
of 100 K, as depicted in Fig. 2c.
The interpretation of our results stems from the natural
occurrence of unpaired spins which are periodically arranged
in the Sr14 Cu24 O41 lattice. The distance between unpaired spins
is calculated to be around L ≈ 8–9 c-lattice parameters (or,
alternatively, L ≈ 220–250 Å). We could readily calculate the
effective exchange between spins, finding Jeff ≈ 2.7–3.1 K, in very
good agreement with the value of the spin gap extracted from
Fig. 3a,b. By applying an external magnetic field we observe a
steep rise of the magnetization and the appearance of up to two
NATURE PHYSICS | VOL 11 | MARCH 2015 | www.nature.com/naturephysics

© 2015 Macmillan Publishers Limited. All rights reserved

NATURE PHYSICS DOI: 10.1038/NPHYS3186
a

ARTICLES
1.2

105

1.0

103

102

H=0T
H = 0.2 T
101

100

b

Cp−Cp (phonons) (mJ mol−1 K−1)

0.8

0.6

0.4

0.2

0.1

1.0
Temperature (K)

10.0

103

0.0
0.0

0.5

1.0
1.5
Temperature (K)

2.0

2.5

Figure 5 | Quantum correlations. Concurrence (red), entanglement (blue)
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spin-dimer model21,42 .
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Figure 4 | Low-temperature specific heat experiments at different applied
magnetic fields. a, Raw data at nominally 0 T and 0.2 T. Points are the
experimental results and the dashed–dotted line is the field-independent
component extracted from the results at larger magnetic fields.
b, Temperature dependence of the magnetic part of the low-temperature
specific heat at three magnetic fields. The fit (solid line) was performed
with two components. First, a Schottky component (dashed line),
CP (θ , β) ≈ Nfs (θβ)2 e−θβ /(1 + e−θβ )2 , with θ = 2µB H/kB and β = 1/kB T, that
accounts for the lowest temperature uprise. This component has no free
parameters (Supplementary Methods) and the three magnetic field data
were fitted simultaneously. The very small uprise at nominally H = 0 T is the
signature of a small magnetic field present in our coil that we estimate to be
15 mT. Second, the hump was fitted by CP (β) ≈ (∆β)1.5 exp (−∆β) and
∆ = 1.75 K. This is clearly an approximation, in view of the results of the
magnetization experiment, where several components characterized by
larger gaps are evident.

magnetization plateaux. Magnetization plateaux can result, for
example from frustration, as in the-two dimensional SrCu2 (BO3 )2
(ref. 36), or by intrinsic quantum mechanical effects, as in the
double-chains compound NH4 CuCl3 (ref. 37). Here we believe they
are the signature of the disappearance of the spin dimers on forming
a ferromagnetic state where the spins are no longer entangled.

Whether or not this quantum phase transition is of the form of a
Bose–Einstein condensate, as observed in other spin dimers/chains
such as TlCuCl3 (ref. 38), BaCuSi2 O6 (refs 39,40), is still a matter of
discussion in Sr14 Cu24 O41 .
We analysed our data in terms of quantities that characterize
the quality of the spin–spin transmission protocol (see Section
3 in Supplementary Methods). Pertinent quantum correlations,
such as entanglement, concurrence and quantum discord, have
been calculated analytically for the simple Heisenberg spindimer Hamiltonian (equation (3); refs 41,42). Concurrence using
susceptibility as the entanglement witness is a measure of the ratio
of the spin–spin correlation function to the uncorrelated Curie
law17 . Quantum discord has been introduced to account for the total
quantumness of the system in the presence of separable (or nonentangled) states43,44 . Figure 5 shows the variation of concurrence,
entanglement and quantum discord correlations as a function of
temperature, extracted from the magnetization data (symbols) and
the results of the spin-dimer calculation (lines). The calculated
quantities based on the spin-dimer model show a remarkable
agreement with the experimental data. The entanglement
temperature is defined as TE ≈ ∆/ log(3) ≈ 0.9∆ ≈ 2.1 K. Transfer
fidelity between sites A and B at optimal time for the case Jp /J1 = 0.1
and T = 100 mK is of the order of 0.9 (Fig. 4 of ref. 8), much
larger than that expected for the maximum classical fidelity, 2/3.
Evaluation of quantum discord45 for the Hamiltonian in (3) yielded
identical results to those already found in the literature42 .
Entanglement is ubiquitous in nature provided that the right
variables act at the right temperature. Sr14 Cu24 O41 includes up to
three types of bipartite spin-1/2 entanglement characterized by
maximally entangled states between neighbouring spins. Unpaired
spins resulting from the modulation of potentials between two
subsystems, chains and ladders12 , ought to entangle at sufficiently
low temperatures. Remarkably, owing to the periodicity of the
inter-modulation, this mechanism gives rise to the occurrence of
unpaired spins at well-defined positions in the chain sublattice.
As the characteristic temperatures (and magnetic fields) should be
inversely proportional to the distance between unpaired spins, one
expects a finite number of these distinctive temperatures. This is the
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picture that emerges from our data. It is worth recalling that the
picture of well-defined temperatures is expected to disappear in the
presence of disorder, as in the Sr14−x Cax Cu24 O41 compounds. Strictly
speaking, at T = 0 K there will not be unpaired spins. Consequently,
one can expects that the tail observed in magnetization experiments
(Fig. 3a) will include those spins that are not yet entangled, in
addition to those not arising from a modulation potential. In
particular, entanglement between unpaired spins located in adjacent
chains (not contemplated in the ab initio calculations12 ) should
be possible.
Finally, we predict that these dimers could serve as a bus to
transmit quantum information at mesoscopic distances in a solid.
The mechanism at the origin of unpaired spins in a quantum chain,
namely the inter-modulation potential between two sublattices, is
amenable to replication. Thin films of a chain-like compound could
be grown onto an adequate buffer lattice that can be externally
deformed, thus better controlling the distance between spins.
Received 20 June 2014; accepted 10 November 2014;
published online 2 February 2015
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