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Quantum communication is the 
art of transferring a quantum 

state from one place, Alice, to another, 
Zeus. � e simplest technique consists 
of merely sending a system carrying the 
quantum state—typically a photon—
directly from Alice to Zeus. � is is basi-
cally the way that commercial quantum 
key distribution apparatuses work today, 
though direct communication is limited 
to a few hundreds of kilometers due to 
losses in optical fi ber. 

However, there are more sophisticat-
ed ways to realize quantum communica-
tion, each of which is more fascinating 
than the other. First, one could exploit 
two-photon entanglement and EPR-like 
correlations. Next, one could perform 
quantum teleportation—a mind-bog-
gling three-photon process.1 Each has 
been demonstrated inside and outside 
of labs. 

But the real challenge for quantum 
communication is much more ambi-
tious and fascinating: how to teleport a 
quantum state along a chain of sections: 
from A to B, then B to C, and so on 
until Y to Z. In order to outperform di-
rect communication, the process should 
be effi  cient. � is requires that the A-B, 
B-C, etc., entanglements must all be 
ready before one starts the teleportation 
processes. (In practice, some hierarchi-
cal process may be used.) � is, in turn, 
implies that the entanglement must be 
in-between quantum memories located 
at each node A, B, C, etc., and able to 
hold the quantum state for milliseconds. 

A quantum memory is a light-matter 
interface that operates at the quantum 
level. A qubit carried by a photon gets 
mapped coherently and reversibly onto 
some long-lived atomic state such that 
the photonic qubit can be recovered on 
demand at a later time, maintaining 
quantum coherences. � e combination 
of quantum teleportation and memories 

(and possibly entanglement distillation) 
is called a quantum repeater.2 Recently, 
it was realized that, to be effi  cient, such 
repeaters must use multi-mode memories 
that can simultaneously store hundreds 
of qubits; if not, even the best protocol 
would require hours to communicate 
but one qubit over 1,000 km!3

Last year, we invented a promis-
ing multi-mode solid-state quantum 
memory.4,5 It consists of millions of 
rare-earth ions “frozen” in an optical 
crystal at 3 K. � e ions fi rst collectively 
absorb the incoming photon (optical 
transition) and then, later, thanks to a 
kind of photon-echo, re-emit the photon 
in a well-defi ned time and direction. 
Contrary to standard photon-echoes, 
our echoes are not triggered by intense 
light pulses, because fl uorescence would 
spoil the single-photon signal; they are 
echoes produced by properly shaping 
the atomic populations into a comb-like 

(a) Once all pairs of quantum memories are entangled, a quantum state encoding a qubit is 
teleported along the chain. (b) The crystal, doped with rare-earth ions; about 10 million ions 
(here neodymium) contribute collectively to the storage and re-emission of the photon 
(880 nm). (c) Shape of the inhomogeneously broadened atomic population—hence, also of 
the absorption—after proper optical pumping. (d) Two modes were stored and released, 
then the two outcoming modes were let to interfere as shown; the initial intensity in each 
mode is 0.8 photon and net visibility is 95 percent.
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structure prior to absorption of the in-
coming photon—hence, the name of our 
technique, atomic frequency comb. 

� e collective nature of the process 
makes it potentially effi  cient (and fasci-
nating, since millions of ions get entan-
gled and behave collectively as a kind of 
mesoscopic qubit). Moreover, many mu-
tually coherent optical time-modes can 
be stored and retrieved,4,5 corresponding 
to many stored qubits. Our quantum 
memory is thus multi-mode and well 
adapted for time-bin qubits. 
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