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Abstract. A many-particle system may exhibit non-local behavior in that measurements performed on one of the particles can 
affect a second particle that is far apart. These so-called entangled states are essential for the implementation of quantum infor-
mation protocols and gates for quantum computation. Here, we use ultrafast optical pulses and coherent techniques to create spin 
entangled states of non-interacting electrons bound to donors in a CdTe quantum well. 
 
 

 
INTRODUCTION 

The problem of quantum entanglement has at-
tracted much attention since the early days of quantum 
mechanics. Following the proposal by Deutsch for a 
quantum computer in 1985, the building of a quantum 
cryptography machine by Bennett et al. in 1989, and 
the discoveries by Shor in 1994 and by Grover in 1996 
of quantum algorithms, the question of entanglement 
has now acquired practical significance [1]. Here, we 
propose and demonstrate experimentally a novel 
method for many-particle entanglement involving spin 
states of non-interacting paramagnetic impurities in a 
quantum-well (QW) [2]. 

QUBITS AND ENTANGLEMENT 

Our qubits are embodied by Zeeman-split spin 
states of donor-bound electrons in a Cd1-xMnxTe QW 
[2]. The N-electron entangled states relevant to our 
work are coherent superpositions of the form 
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where S k−  is an eigenstate of the Zeeman energy 
operator with S = N/2, Ω0 = gµBB/  (g is the gyromag-

netic factor and B is the external magnetic field), and 
Ck are parameters that can be controlled by optical 
means [2]. Our entanglement method relies on the ex-
change coupling between the hole of the photoexcited 
exciton and the donor electrons. This interaction can 
be described in terms of an effective magnetic field 

e κ=B J  where J is the spin of the heavy-hole and κ 
is an exchange constant. Due to a combination of spin-
orbit-coupling and quantum-confinement effects, the 
heavy-hole spin and, consequently, Be are parallel to 
the QW growth axis (the z-axis) at small external 
fields [3]. Thus, Jz = ± 3/2 and, provided the external 
field is not parallel to the same axis, the quantization 
axes in the absence and in the presence of the exciton 
are different and, since the exciton does not modify S, 
the corresponding states are not orthogonal to each 
other. It follows that, for an electric-dipole allowed 
exciton, Raman coherences between arbitrary states 
can be established by using two laser fields tuned to 
resonate with the exciton energy, Ee, so that their fre-
quency difference is |m-l|Ω0.  

As it is well known for generic Raman coherences 
[4], we expect in the limit  Ω0 << Ee that the effect of 
the coherent spin states of Eq. (1) on the optical prop-
erties be that of a modulation involving the harmonics 
of Ω0. This modulation can be probed in the time do-
main using standard ultrafast pump-probe methods [2]. 
We notice that overtones of Ω0 should not be observed 
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for non-interacting electrons, and that, because the 
electron spin is s = ½, the signature for an entangle-
ment of N electrons is the observation of the Nth har-
monic.  
 

EXPERIMENT 

Our sample consists of 100 periods of 58-Å-thick 
Cd1-xMnxTe (x = 0.0039) with 19-Å-thick MnTe barri-
ers grown by molecular beam epitaxy on a CdTe sub-
strate along the [001] z-axis. The sample is nominally 
undoped. However, spin flip Raman experiments re-
veal the presence of isolated donors in the wells (pos-
sibly indium) with a concentration of ~ 5×1016 cm-3.  

In our time-domain experiments, we used circu-
larly-polarized pump pulses to generate the Raman 
coherences which we probed by measuring the pump-
induced shift of the polarization angle of the reflected 
probe field, ∆θ (magnetic-Kerr effect) [2]. Our mode-
locked Ti-sapphire laser provided ~ 130 fs pulses of 
central energy  ωC in the range 1.47-1.72 eV 
(720−840 nm) at a repetition rate of 82 MHz. 

 Time-domain data for  ωC slightly above the QW 
gap is shown in Fig. 1. At short times, the signal is 
dominated by electron Zeeman quantum beats, i. e., 
oscillations showing a field- and temperature-behavior 
consistent with that of spin-flips of electrons [2]. The 
oscillations that persist above ~ 15 ps are associated 
with the paramagnetic resonance (PR) of the Mn2+ ions 
with g ≈ 2. The inset shows the Fourier decomposition 
spectrum with parameters gained from linear predic-
tion fits (the PR is not shown) [2]. In addition to the 
peak labeled 1SF, associated with single-electron spin-
flips, the data reveal features 2SF and 3SF, at nearly 
twice and three times the frequency of 1SF, which are 
assigned to multiple spin-flips of donors. The rela-
tively large spectral width of these lines  is ascribed to 
inhomogeneous broadening arising from fluctuations 
in the manganese concentration [2]. The observation 
of two spin-flip overtones indicates the establishment 
of Raman coherences and, hence, entanglement in-
volving at least three donor impurities. As discussed in 
[2], the spin-flip harmonics as well as the Mn2+-PR 
exhibit a significant enhancement when  ωC is tuned 
to resonate with localized exciton states below the gap. 
Excitation at energies close to but above the QW gap, 
as in Fig. 1, leads to an enhancement of the signal of 
the overtones with respect to the fundamental. These 
results clearly indicate that the bound-electron entan-
glement benefits from the mediation of states in the 
continuum. However, the process by which the entan-

glement is attained is not well understood. We note 
that a mechanism involving the RKKY interaction 
between localized electrons and delocalized excitons 
has been previously proposed [5]. 
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FIGURE 1. Differential magnetic Kerr data at  ωC=
1.71 eV. Inset: Fourier decomposition spectrum. 
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