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Control of spin dynamics with laser pulses: Generation of entangled states of donor-bound
electrons in a Cd,_Mn,Te quantum well
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A quantum-mechanical many-particle system may exhibit nonlocal behavior in that measurements per-
formed on one of the particles can affect a second one that is far apart. These so-called entangled states are
crucial for the implementation of quantum information protocols and gates for quantum computation. Here, we
use ultrafast optical pulses and coherent pump-probe techniques to create and control spin entangled states in
an ensemble of up to three non-interacting electrons bound to donors in_gvddlre quantum well. Our
method, relying on the exchange interaction between optically excited excitons and the paramagnetic impuri-
ties, can in principle be applied to entangle an arbitrarily large number of electrons. A microscopic theory of
impulsive stimulated Raman scattering and a model for multi-spin entanglement are presented. The signature
of entanglement is the observation of overtones of donor spin-flips in the differential reflectivity of the probe
pulse. Results are shown for resonant excitation of localized excitons below the gap, and above the gap where
the signatures of entanglement are significantly enhanced. Data is also presented on the generation of coherent
excitations of antiferromagnetically coupled manganese pairs, folded acoustic phonons, exciton Zeeman beats
and entanglement involving two Mfions.
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[. INTRODUCTION ticles and, in particular, a pair of photons have been known
for some timé, correlations involving more than two par-
The problem of quantum entanglement has attracted mucticles have been demonstrated experimentally only
attention since the early days of quantum mechanics. Faecently®® The various schemes that have been proposed for
pure states, entanglement refers to nonfactorizable wavéie implementation of a quantum computer use different
functions that exhibit non locality with correlations that vio- strategies for attaining entangled states. These methods can
late Bell's inequalities. As exemplified by the famous be broadly categorized into two classes according to whether
Einstein—Podolsky—Rosen paradox, one of the most intriguer not the entanglement between qubits is mediated by an
ing features of quantum behavior is that noninteracting partauxiliary particle. In schemes based on nuclear magnetic
of a system can show nonlocal correlations reflecting interresonancgNMR)? and for excitons in quantum dot$the
actions that occurred in the past. In this respect, entanglesburce of entanglement is the direct spin-spin exchange or
states ofmacroscopicsystems—the so-called Schrédinger Coulomb interactions which cannot be controlled experimen-
cats—are of particular interest because their properties defally. An example belonging to the second class is the ion
classical intuition. While the quantum/classical boundary hasrap system where center-of-mass phonons induce coupling
been discussed in the theoretical literature for nearly 7®etween initially noninteracting iorfs.Following specific
years! careful experiments that probe this boundary haveproposals for entanglement, many systems have been consid-
only been carried out in the past dec&deis also recently ered as candidates for the implementation of a quantum com-
that specific models have been solved to reveal the mechauter. Schemes based on NMR, trapped ions and cavity
nisms by which coupling to the environment restores classiguantum electrodynamics are just a few examples.in
cal reality through decoherenéé=ollowing the proposal by addition, solid-state approachesing, for example, excitons
Deutsch for a quantum computer in 198the building of a  in quantum dotd? spins of localized electrori8,and Joseph-
quantum cryptography machine in 198and the discoveries son junction®) have attracted much attention, motivated
(by ShoP in 1994 and by Grovérin 1996 of quantum al- mainly by the fact that solid-phase processing techniques
gorithms that outperform those of classical computation, reallow for easy integration and scaling.
search on the foundations of quantum mechanics has now In our work, the qubits are embodied by the spins of
moved to the center of the new field of quantum electrons bound to donors in a Cgvin,Te quantum-well
information? As a result, the questions of entanglement andQW). Our entanglement scheme, relying on an optically ex-
decoherence have acquired practical significance. cited exciton to introduce correlations between the donor-
The generation of a multiple-qubit entangled state is arbound electrons, belongs to the second category, as described
essential step for quantum computing. Particularly importanabove!’'° For small x, Cd,_,Mn,Te is a dilute magnetic
for information processing are those operations associatesemiconductofDMS) with the zinc-blende structure. DMSs
with gate sets that can perform any quantum computatiorgre alloys for which many physical properties such as the
such as the combination of single-qubit operations with thdattice parameter and the bandgap can be widely tuned by
2-qubit controlled-NOT (C-NOT) gate which relies on varying the concentration of a magnetic #¥¥! This tun-
entanglement Although techniques to entangle a pair of par- ability makes C¢l, Mn,Te a very useful system for bandgap
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engineering and device applications. Depending@md on — } Ii> 0 Fa)
temperature, Cd,Mn,Te exhibits paramagnetic, antiferro-
magnetic or spin-glass phas&g!lMany of the unique prop-

erties of DMS materials stem from the so-callspd ex- a9l |\
change interaction involving the localizedistates of the m>
magnetic ions andp-states associated with the semiconduc- 2 Q @

tor gap. At relatively small manganese concentrations, the 1

sp-d exchange leads to unusually large Zeeman splittings @ ) ® o

with concomitant giant Faraday rotation and enhancement of FIG: 1. (@) Energy level diagram describing Stokes Raman scat-

the electron and hole gyromagnetic fad®#! Hence, the tering. (b) Schematic frequency spectrum _of th_e pump pglse. The

effective magnetic field experienced by states near the gaaman coherence between stgtSsand|2) is driven by pairs of

can be significantly larger than the external field. This ap-'c/ds of frequenciesw and -} contained within the pulse

plies also to donor-bound electrons since the correspondin%pecuum'

wave functions derive from states near the bottom of the N

conduction band® Due to a combination of spin-orbit cou- Pulse generates a coherent superposition state and, then, a

pling and quantum confinement, the heavy-hole spin irpme-dela)_/ed and Wgaker probe pulse' is used to measure the

QW's made of Cg,Mn,Te, or other zinc-blende semicon- changes in the optical constants arising from the pump-

ductors, points along the sample growth direction, #fais,  induced coherence. The relevant Hamiltonian is

independently of the direction of the external magnetic field H=Hy+V(), (1)

(this, provided the Zeeman splitting is small compared with

the separation between the heavy- and light-hole 9t&é3  where the spectrum dfl, is shown in Fig. 1a). Here,

This property is crucial to our entanglement method for the V(t)=-d-F(t) 2)

interaction between the photoexcited heavy-hole of the exci-

ton and the bound electrons provides the effective couplinglescribes the interaction of the medium with a classical light

which leads to entangleme#ft2> field, Q=(E,-E;)/% where E,, (m=1,2,..) denotes an
This paper is organized as follows. In Sec. II, we presengigenenergy oHo, d is the electric-dipole operator arfd

a brief introduction to the theory of impulsive stimulated =F(F,) is the incident time-dependent electric field of the

Raman scattering and our model for multi-spin entanglepump (proba pulse. To simplify the notationd and F are

ment. Experimental observations and discussions are giveeated in this section as scalars. The low-lying stHteand

in Sec. Ill. While this paper is primarily centered on the |2) are associated with spin or vibrational degrees of freedom

generation of spin-entangled states of donor-bound electronghereas the set) represents higher-lying electronic states

we also report on the observation of other coherent excitawith E,> %4 (in our problem, the energies 0 are close to

tions, specifically, exciton Zeeman beats in the Faraday conthe QW bandgap We assume that dipole transitions between

figuration, Raman beats of antiferromagnetically couplechoth |1) and |2) and the excited statd are allowed, i.e.,

manganese neighbors anq foldgd acoustic phonqns. I.ndiregﬁ:<||d|i>¢o fori=1,2, and also that the system is initially

evidence of entanglement involving at least twoions is  in the ground statél). Following the interaction with the

also discussed. pump pulse, and ignoring decay, the wave function of the
system at times that are large compared with the pulse width
Il. MODEL FOR THE GENERATION OF MULTI-SPIN can be written as
ENTANGLEMENT

\I’(t) - Cle—iElt/h|1> + Cze—iEzt/h|2> + E C|e"iE'W’|I), (3)
A. Stimulated Raman scattering [

and coherent superposition states whereC;, C,, andC, are time-independent coefficients. To

Ultrafast laser pulses can be used to generate macroscogawest order in the electric fields,~1, C,=(i/%)dF(e
coherence for extended modes as well as correlations be-w,) and
tween localized quantum states through impulsive stimulated
Raman scattermgISRS.26 28 n particular, ISRS has been szf Fr(@)FH(w-O)(0) do. (4)
extensively applied to generate coherent vibrations in solids
and moleculegwe note that the theory of ISRS by phonons

as discussed in, e.g., Ref. 28, can be easily modified to a(I:—_Iere
count for other modes, such as inter-subband density m=- i dyd)q 5
oscillationg® and plasmor). Because of its relevance to T 22 [w-w + o] (5)

our method for spin entanglement, we present in the follow- '

ing a simplified discussion of ISRS for molecular-like sys-and Fr(w)=/F(t)e"“'dt is the Fourier transform of the

tems, emphasizing its main features. A more complete treatransmitted pump field. Note th&, vanishes if the pump

ment of stimulated Raman scattering can be found in modbandwidth is small compared witQ. Because the expres-

nonlinear optics textbooks; see, e.g., Refs. 31 and 32. sion for II is identical to that of the spontaneous Raman
The analysis of time-resolved pump-probe experimentscattering matrix, the process by which the correlation be-

can be conveniently divided into two parts. First, the pumptween|1) and|2) is established is known as stimulated Ra-
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man scattering>3? We recall that, in the spontaneous case, - 2 | (ng=1)~ 2

an incident photon of frequenay induces a transition from AR(w) = ‘FR(“’)‘ - (Ne+ 1) Fo(w)

the ground stat§l) to some intermediate state, and it is then s 1';

reemitted as a photon of frequeney(}, following the tran- _ TR~ L~ *OONEE el
sition from the intermediate to the final sta®. Unlike the | nR(ng + 1)?":0(0))[A (@)Fg(w- (e
stimulated process, for which the coherence is driven by a _

pair of classical fields, namelf(w) and F(w—(2), which +Aw)Fo(w + Q)e‘QT]}, (8)
are contained in the pulse spectrum of Fifb)1spontaneous

Raman events involve single photons which leave the systemyhich can be written as
in a mixed as opposed to a coherent superposition state. B i
In the nonresonant case, that is, fag<E,/#%, wherewc AR= () sin[Q7+ $(w)]. (©)

is the central frequency of the laser puls€s=0 and, pro- |t follows that the reflectivity oscillates with frequen€y as
vided () < wc, the interaction of the probe pulse with can  a function of the time delay. Similar results are obtained
be described in terms of the slowly varying optical susceptifor the phase of the reflection coefficient and for the magni-
bility tude and phase of the transmission coefficient. However, in

the transmission geometry the dominant term is proportional

to the length of the sample and has an additional phase of
(w|d|1)1|d[¥) /22728 Analogous to Eq.(4), Eq. (8) indicates that the
TR differential reflectivity depends on the overlap between
_ _ Fo(w) andFy(w—). Also, note thaiAR is proportional to the

~ xo(®) + CoA(w)dM + CA (w)e ™, (6)  product of the pump and probe intensitfég8 Finally, it can
be shown for multiple coherencésore than two correlated
low-lying levels that the total signal is a linear superposition

where xo(w) is the linear susceptibility andA(w) of terms sqch as those in E@®) With different frequencies.
=3,dydi Hw—awy) L. Except for a constant factor, the ex- ~ Correlations involving low-lying levels are known as
pressions fol andII are the same. As discussed in Ref. 33,9round-state coherencés®® For resonant excitation and, in
this result applies strictly to transparent substances. Und&amculgr, when the pulse .W'dth Is greater than the energy
resonant conditionsh as well as the real part dff remain  SeParation between states in {emanifold, the pump pulse
identical to the Raman matrix, but the imaginary componenf:an aI;o induce correlations between these higher-lying Ie_v—
of I1 differs considerabl§® Even though the matrix elements els which are referred to as exqted—state coherences. Like
that apply to the generation and detection are different foffound-state coherences, _excited-state = coherences also
opaque media, the selection rules for spontaneous and stim{fiodify the reflected probe spectru@ithough not by way of

- i 5
lated Raman scattering are the same and, as such, their da@man but trtl)rough stm(t;lgted er(;us;)ﬁr? and Lhese _
termination is crucial for identifying the mechanism respon-C"anges can be measured in standard pump-probe experi-

sible for the coherence. ments.
Our pump-probe experiments were performed in the re-

flection geometry at nearly normal incidence. Using . B. Multi-spin coherence: Donors and Mr?* spins
and the expression for the reflection coefficient(n in Cd,_Mn,Te

-1)/(n+1) , wheren=y1+4my is the time-dependent re-
fractive index, we can easily find the spectrum of the re- X : X : .

~ y o P i required that they be interacting or that an interaction had
flected probe beanfrg(t). Writing the incident probe field s ,ccyrred in the past. In our case, an optically excited exciton

Fo(t)=Fo(w)e " ?dw where 7 is the pump-probe delay, provides the coupling betweeX electrons bound either to
we obtain to lowest order in both the pump and probe fieldglonors or to MA* ions. The relevant Hamiltonian is

x(w;t) =2,

I fi(w- w|)

For two or more particles to be entangled, it is generally

H=Hs+V(t) =[g)Hggl + [&He[ +V(1), (10

B (ng—1)~ where|g) is the ground state of the solid ahg represents
AFg(@) =Frlw) - (Nr+ 1) o@) an exciton of energyE..223% As before, V(t)=-d-F(t) ac-
counts for the interaction with light pulseld, describes the
- 4—”2[A(w)eim|~:0(w - Q) Zpeman coupling of the electrons with the external magnetic
ng(ng + 1) field, given by
A (@) 2 F o0+ 0)], W) .
Hg= > OusS - B =0usS-B, (11)
i=1

where ngx(w) is the standard refractive index. Thus, thewheres; is the spin of thdth electron,S=%;-; \s is the
change in the reflected intensity at frequenreydue to the total spin ofN electronsB is the applied magnetic field and
Raman coherence is g is the appropriate gyromagnetic factor. For thetates of
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states along different quantization axes are not orthogonal to
each other. Hence, a Raman coherence between different
states in thgS—k),®|g) manifold can be attained by using
two dipole-allowed transitions witlS-1),,® |e) as interme-
diate states(note that, since(§S')=dsg, states withS
#N/2 are not accessible to our methoéls an example, the
two arrows in Fig. 2 denote transitions which can lead to
the so-called maximally entangled Bell statd-S),
+|S>X)/\f‘§. More generally, a properly tailored optical pulse
can, in principle, generate a predefined coherent superposi-
tion state of the form

2s
V(D) = 2 Ce™ S - Ky (13
1 1 k=0
0 AS
FIG. 2. Generic level structure of a QW system of bound elec
trons coupled to a localized exciton of enefgly Optical transitions
are depicted by arrow® is the external magnetic field afy}, is an
effective field describing the interaction between the electrons and

For S>1, our problem can be mapped into that of two
"harmonic oscillators displaced with respect to each other as
represented by the parabolas in Fig. 2. Explicitly

292
the exciton heavy-hole. The energy diagram is not to s&las imH.=E.— QMBB<S+ }) _ SkJ; + Q,U«BB(SZ_ AS)2
much greater than the Zeeman-splitiin@arabolas represent the s— © 2/ 2uggB 2S5 '
vibrational analog foiS>1. (14)

Mn2*, gy,~2 whereas, thanks to the presence of mangawhere J,=+3/2 and AS=S«J,/uggB is the spin
nese, the gyromagnetic factor of both electrons and holes idisplacement! Thus, the Hamiltonian becomes identical to
Cd,_Mn,Te is considerably larger than in CdTeee Sec. that of a molecule with electrons that couple to a single vi-
111).29 The term brational mode. This mapping, generalized to incorporate an-
harmonicity(to account for a finite number of spin levgls
He=Ec+0gugS- By, (12)  important for it suggests that spin manipulation can be at-
tained by using the same coherent-control techniques that
describes the interaction of the bound electrons with the exapply to molecular vibrations. Available techniques include
citon. HereB,=B+B, is the effective magnetic field3.  pulse shaping, four-wave-mixing, stimulated Raman adia-
=-«J/gug is the exchange field wherkis the spin of the  patic passagéSTIRAP) and pump-dump method3:%5 The
heavy-hole composing the excitdfd|=3) and « is a cou-  displaced-oscillator model also provides a natural explana-
pling constant describing the exchange interaction betweetion for the occurrence of vibrational overtones in spontane-
electrons and heavy-holes, which depends on the overlap bgus Raman scatterif*® and, relevant to our work, it has

tween their wave functiongor simplicity, we assume that ~ been used to account for Raman observations of up to 15
is the same for all donor electror’*>**%As mentioned  overtones of the M spin-flip PR-transition in a

earlier, provided the external magnetic field is not too strongCd, _ Mn,Te QW22
J is parallel to thez-axis?340 Based on the discussion of Sec. Il A, the coherent super-
The HamiltonianHs in Eq. (10) can be diagonalized ex- position state of Eq(13) is expected to modulate the optical
actly. The eigenfunctions are separable into products ofonstants of the sample at frequencies that are multiples of
bound-electron spin and exciton states. The energy levels arg, (in comparison, the modulation due to an arbitrary non-
shown schematically in Fig. 2. The states at the bottom of thentangled product state should only contain the fundamental
figure are of the formS-k),©|g), where|S-k), is one of the  frequency. Because the electron spinsis 2, the presence of
Zeeman-split states of the total sgwith the quantization  the mth harmonic of(Q), is the signature of an entanglement
axis parallel to thex-direction. Here,S?(S-k),=S(S+1)|S  involving m electrons. However, it is important to call atten-
-k)x and S=N/2. Also, Hs|S-k),®[g)=khQoS-k)\x®[g)  tion to the fact that we cannot distinguish between
with 0<k=2S where Qy=gugB/# is the paramagnetic a system of non-entangled electrons and entangled states in
resonancéPR) frequency associated with the spin-flip of a the S— limit since the impulsive excitation of a strictly
single electron. In the presence of the exciton,harmonic oscillator creates a Glauber coherent state which
HyS-Dy®|e)=(Ec+17Q0)|S-1),®|e) where [S-1), is @ does not exhibit overtone&.In our ISRS experiments, we
Zeeman-split state for which the quantization axis is parallebetect the first and second overtones of the PR for donor-
to B,, and Qy=gugB,/%. As mentioned in Sec. |, the fact bound electrons, but only the fundamental mode for’Mn
thatJ is parallel to thez-axis or, alternatively, thaB,, andB electrons. These results are consistent with the displaced-
are in different directions, is crucial to the implementation ofoscillator model in that a system of two or three donors is
our method. If(g|d|e)#0, transitions betwee(s-k),®|g)  considerably more anharmonic than the five-electrons of a
and|S-1),,® |e) are electric-dipole allowed because Zeemansingle Mr¢* ion.
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Ill. EXPERIMENTS

Our sample is a 100-period superlattice consisting of,
nominally, 58 A thick CdTe wells with 19 A thick MnTe
barriers, grown by molecular-beam-epitaxy on a thiok-
laxed [001] CdTe substrate. Bulk CdTe is a nonmagnetic
zinc-blend semiconductor with a bandgap of 1.6 eV and
MnTe is an antiferromagnet with gap at 3.23%¥! Due to
diffusion from the barriers, the wells in our sample contain a 0- s s s
small number of MA* ions close to the interfaces so that, 1.65 1.68 171 1.74
instead of CdTe, we have, on average, GihbgMng gosl €. Energy (eV) .
Although the amount is minor, the presence of manganese FIG- 3. PL and PLE spectra &=0 andT=2 K. The polariza-
impurities has a profound effect on the magnetic response dions of the incident and scattered light were not analyzed.
the QW. The superlattice is nominally undoped. Consistent
with other reportd/-*°however, our Raman experiments re- volving heavy-hole states. Due to quantum confinement, the
veal the presence of isolated donors in the wgtisssibly QW bandgap is blueshifted, by 80 meV, with respect to
indium) with a concentration of-5x 10 cm. the bandgap of bulk CdTe. Consistent with other studies on

We used the 488.0 nm line of an *Aion laser to obtain  similar sampleg? the PL peak is redshiftetby ~6 meV)
photoluminescencéPL) data, and a home-built continuous- with respect to the first PLE maximum, an indication that the
wave tunable Ti-sapphire laser operated at a power density #tL is associated with the recombination of localized exci-
~107 Wem 2 to acquire spontaneous Raman scattering angons. The PLE feature at1.73 eV is attributed to transitions
photoluminescence excitatioffP’LE) spectra. Our split-coil involving the light-hole subband, as supported by a calcula-
superconducting optical cryostat provides fields up to 7 T. tion of the QW level structure. Such transitions are outside

Differential reflectivity data was obtained using a standardthe range of our Raman and pump-probe experiments.
pump-probe setup. As light source, we used a mode-locked In DMS systems, the interaction of the electron and hole
Ti-sapphire laser, pumped by a 532 nm, 5 W solid state lasewith the magnetic ions leads to an unusual magnetic-field
which provided~100 fs pulses at the repetition rate of 82 behavior of the exciton energ§2! Schematic diagrams illus-
MHz which were focused on a 4Q0n diameter spot using trating the field dependence of conduction and heavy-hole
an average power of 3—4 mW. The central wavelength of thetates as well as the selection rules for excitation with circu-
pulses could be tuned in the range 720-776 nm to resonaterly polarized light are shown in Fig. 4. For conduction-
with the QW bandgap. Data were obtained either in the Voigband states in Gd,Mn,Te the Zeeman coupling giv&s!

(B L 2) or the FaradayBllz) geometry with the photon wave

vector along thez-axis. Unless stated otherwise, the pump ES=+ (%chBB— Noax(Ss)/2), (15)
beam was circularly polarized to couple to a single spin com-

ponent of the heavy-holésay, J,=3) while the incident where the quantization axis is along the field direction. Here
probe beam was linearly polarized. We measured the pume, and E_ are the energies of the states with spin up and
induced change in the field of the reflected probe be¥f,  down,gc=-1.6 is the bare electron gyromagnetic factor in
as a function of the time delay between the two pulses; se€dTe, Ny is the number of cations per unit volumbBya

Eq. (7). To obtainAT:R, we determined separately the pump- ~220 m_eV characterizes _tm':p-d intera}ction_for the elec-
induced shift of the polarization angle of the reflected probérorl‘l- X dls theﬂ::oncentranont OI t';]/Fﬁ 1ons f'” the ICdR-;e
field, Ag, and the differential reflectivinARe Fg-AFg; see well and S Is the component of the spin of a single Mn

Eq. (8). We worked in the linear regime in which bothd Ems parallel 1o the mag'netlc f|.eId.. Henc'e(SB>
and AR are proportional to the intensity of the laser pulses.™ ~2Bsi2(#89B/ksT) whereBsg, is the Brillouin function for
A6 was gained from magnetic Kerr measurements using the

scheme described in Refs. 50 and 51 which gives an output s s oal
signal proportional td=g X AFg. A symmetry analysis indi- E, . f A ;__f
cates thatAFr must be perpendiculdparalle) to Fg and, | ot o o T2
hence, thahR=0 (A§=0) for excitations involving an odd n=-3
(even number of spin-flips. Such excitations are q@den 0 0 g3
under time-reversal and, thus, they belong to the antisym- — =
metric A, (symmetricA;) representation of th®,, point " B,
group of the QW. :

Faraday Voigt

A. Sample characterization: Photoluminescence
and spontaneous Raman scattering FIG. 4. Diagrams showing field-induced splitting of electron
1 PL and PLE and heavy-hole states in the Faradksft) and Voigt(right) geom-
etry. E¢ is the energy of the exciton at zero magnetic field. The
Figure 3 shows the PL and PLE spectra of our sampledominant PL emission and electric-dipole-allowed transitions for
Features below 1.71 eV are associated with transitions ireircularly polarized light(¢* and¢™) are denoted by arrows.
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0T ' ' ' :
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1.72T Frequency (cm™)
34T FIG. 6. Raman spectrum in the Voigt configuration fBr
507T =2.6 T andT=3.5 K. The laser energy is 1.66 eV. Bars indicate the
T manganese PR and its overtones. The peak labeled 1SF at

S
Y

PL Shift (meV)

1.66 1.68
Energy (eV)

[
h

(b)

Faraday

Voigt

~12 cnit is the spin-flip transition of electrons bound to donors.
The magnetic field dependence of the 1SF frequency is shown in
the inset together with the PL shift in the \Voigt configuration.
Curves are theoretical predictions, Ef5), with x=0.004.

2. Resonant spin-flip Raman scattering

Raman scattering has been widely applied to study elec-
tronic excitations of impurities in a broad range of
materials>® In particular, spin-flip transitions of magnetic
ions and donor-bound electrons have been investigated at

length in DMS(both bulk and QW form*’*8Raman spectra
0 . . . obtained in the Voigt geometry using laser energies near the
Bﬁr) 6 QW bandgap are shown in Figs. 6 and 7. The incidecat-

. o . tered light is polarized along thgl10] ([110]) axis. Most of

FIG. 5. (3) PL at T=2K and various magnetic fields in the he features are due to transitions within the?Wfs, .- mul-
Farad_ay a_nd \Voigt g_eome_tne(&a) Magnetic field dependence of the tiplet. The spectrum of Fig. 6 shows the manganesdiRR
PL shift. Lines are fits using Eq$15) and (16); see text. the transitionSzzgaszzg), two PR overtones and, in addi-

5 . o _ tion, the peak labeled 1SF at12 cni! due to the spin-flip
S=3. An expression similar to Eq15) applies to the heavy- of an electron bound to a donbr224° The PR frequency
hole in the Faraday configuration, namély, shifts linearly withB with a slope consistent witgy,~ 247
As shown in the inset of Fig. 6, the 1SF behavior follows
closely the theoretical prediction, E¢L5), in that its fre-

i quency is approximately twice the frequency shift of the PL
whereNoS~—-880 meV. For the gyromagnetic factor of the i, the \pigt configuratioriwe note thag has approximately
hole in a CdTe QW, the approximate valgig,~0.65 can be o same value for free electrons, electrons bound to donors
gained from results reported in Ref. 52. Once again, we €My, electrons in free and bound excitpriEhe 1SF width is
phasize the fact that, at small fields, the heavy hole exhibits_3 11 \We believe that the broadening is primarily due to
no Zeeman splitting in the Voigt configuration since its sping ~tuations in the local M# concentration.

is oriented along the-axis?? As shown in Fig. 7, the manganese overtone scattering is

The measured magnetic-field dependence of the PL is resyongly enhanced when the laser energy is tuned to resonate
produced in Fig. &). Figure %b) shows the strongly nonlin-

ear dependence of the PL redshift which saturates at large
fields, closely following the behavior of the Brillouin func-
tion. The curves in Fig. ®) are fits to(ES+E"") for the
Faraday andE® for the Voigt configuration. From these fits,
the manganese concentration can be determined. The data in
the \Voigt (Faraday configuration givesx=0.004(0.0035

and T=3.5 K. The fact that the temperature from the fit is
slightly higher than the bath temperature is attributed to laser I I
heating. We believe that the manganese concentration ob- | !
tained from measurements in the \oigt configuration is
closer to the actual value for our sample because of the un-
certainty in the determination of,y, which exhibits a strong
dependence on well-widftt.Moreover, as shown below, fits FIG. 7. Raman spectrum @=6.89T andT=5K showing

to spontaneous Raman and pump-probe data on th@n2* multiple spin-flip scattering. The broad feature is the PL. The
magnetic-field dependence of the donor spin-flip transitionaser energy is 1.685 eV. Inset: Comparison between the PL and the
also givex=0.004. PR resonant Raman excitatidRRS spectrum(squares

(=]
~

EXY = + (30unueB — NoBX(S)/2), (16)

PL A RRS

™
Y
o

=
=

Intensity
[\

=

1.67 1.68 1.69
Energy (eV)

Raman Intensity
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Frequency (cm’)
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with the PL feature at-1.68 eV(see Fig. 3 The PR inten-

~
&

sity versus laser excitation energy is plotted in the inset of 151 ‘E

Fig. 7. The blueshift of the Raman maximum with respect to £

the PL peak indicates that the scattering is stronger for the &

outgoing resonance and, together with the results of Fig. 3, o 5 10 15
10 Frequency (cm™)

that localized excitons are the relevant intermediate states in

the multiple spin-flip Raman proce$5Such a behavior re- VWananrnsanmas

sembles what was reported many years ago for donor spin- < ® =

flip harmonics in CdS and ZnTé:5¢ Within the context of = é

the model of Fig. 2, the observation of more than five over- g E

tones is an indication that a single exciton couples on aver- S ST
age to at least two M ions. While the donor spin-flip also Frequency (cm”)
resonates with the localized excitons, the stronger manga- 0; W"‘“"M
nese scattering prevented us from making an accurate deter- T
mination of its resonant behavior. We further note that the

spectra reveal no evidence of 1SF overtones. Therefore,
spontaneous Raman data cannot be used to determine the
average number of donors that couple to a single exdidsn
shown in the next section, the time-domain measurements giG, 8. Differential magnetic Kerr data a@=5K. () fwc

give three donors per excitpn =1.60 eV (below the QW gapand (b) Awc=1.655 eV(near reso-

Our Raman results are in excellent agreement with th@ance with localized excitonsCurves are fits using the LP method.
work of Stuhleret al. on similar sample$? Consistent with  Mode parameters from the fits were used to generate the associated
the model depicted in Fig. 2, the multiple manganese PRFourier decomposition spectra shown in the insets. The main fea-
scattering is not observed in the Faraday geometry wBere ture in(a) is the spin-flip transition of bulk CdTe electrons. (o),

B, and the hole quantization axis are all alangVioreover, the sharp feature at-6.5cni! is the Mrf* PR. The peak at
peaks involving an od@even number of MA* spin-flips are  ~9 cnit is the spin-flip of donor electrons in the QW.

seen mainly when the polarizations of the incident and scat-

tered light are perpendicul&paralle) to each other, reflect- using linear predictioLP) methodsy” and the parameters
ing the fact that the corresponding excitations belong to thérom the LP fit were used to generate the Fourier transform
A, (Ay) representation of th®,y point group. These selec- spectra shown in the insets. The top trace in Fig. 8 shows a
tion rules apply at temperatures that are not too low. Assingle oscillator of asymmetric line shape-a6.3 cnmil. The
shown in Fig. 7, a departure from these rules is observed dtequency of this mode varies linearly with the magnetic
low temperatures, suggesting that the actual symmetry of thigeld with a slope that agrees extremely well with the elec-
QW is lower thanD,, see Ref. 22 and, in particular, Ref. 49 tron gyromagnetic factor of bulk CdTe. Consequently, these
for related observations on 1SF. oscillations are assigned to the spin precession of electrons in
the CdTe substrate. A somehow broader remnant of this sig-
nal is also visible in the bottom decomposition spectrum,
obtained at a slightly higher central frequen@s shown

The time-domain results discussed below reveal spinbelow, the substrate signal disappears as we tune the laser
related oscillations associated with the same transitions oleloser to the QW bandgapin addition, the results of Fig.
served in Raman spectra and, in addition, new features ideig(b) show short- and long-lived oscillations of frequene9
tified as excited-state coherences. The amplitude of theand~6.5 cni! which dominate, respectively, during the first
coherent oscillations shows a strong dependence on both the20 ps and above~30 ps. The long-lived feature is the
magnetic field and the central energy of the pulses and, conmanganese PR.The measured gyromagnetic factge=2,
sistent with Raman results, the selection rules show depaagrees extremely well with values from Rinspin-flip Ra-
tures from the nominallyD,4 symmetry of the QW. An im- man scatterindFigs. 6 and 77 and other experiment§:5!
portant distinction with the frequency-domain data is that,The broad feature at9 cni! is assigned to the spin-flip of
while the Raman spectra of Mhexhibit pronounced PR- donor electrons. Its width and the magnetic-field dependence
overtones, the time-domain traces show only the fundameref its frequency are nearly the same as that of the 1SF line in
tal frequency. In some sense, the opposite applies to ele¢-ig. 6 (note that the frequency from time-domain is slightly
trons bound to donors. Unlike spontaneous Raman data, faswer than that obtained from Raman data because the
which the corresponding spin-flip overtones are too weak tgump-probe experiment was performed at a higher tempera-
be observed, up to two overtones are detected in the pumpure).
probe experiments. As discussed in Sec. Il B, this observa-

tion is the signature of a three-electron entanglement. 2. Pump-probe oscillations: Laser in resonance
with localized excitons

0 20 40 60 80
Time Delay (ps)

B. Ultrafast pump-probe experiments and entanglement
generation

1. Pump-probe oscillations: Laser tuned below the QW bandgap Figure 9a) shows differential magnetic-Kerr data for ex-

Pump-probe data with the laser tuned below the QWkitation resonant with localized excitons. These results have
bandgap are shown in Fig. 8. The oscillations were analyzed close similarity to those reported f6Zn, Cd, MnSe het-
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70. g 1SF 17T
151 (a) 2SF
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X5 50
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2 30 Fr:])ucncio(cm'?)o
-5
6T 20
-10
0 10 20 30 40 10
Time Delay (ps)
30 0
f’; (b) ; ,ZSF -10
5120 > 0 10 20 30 40
g‘ > Time Delay (ps)
E : e
E D ‘/‘/—p:(;) FIG. 10. Pump-induced rotation data at various magnetic fields.
=\ - The laser energy and temperature are the same as in Fig. 9. Oscil-
o lations above~15 ps are due to the Mh PR. The Fourier decom-
g 2 B4T 8 g position spectra of the insets show only the 1SF and 2SF donor
0 transitions.

FIG. 9. (a) Pump-induced rotation data fdrwc=1.682 (T ne two optically allowed transitions in the Voigt configura-
=2 K) Curves are fits using the LP-method. Inset: Fourier decomtion; see Fig. & The fact that the electron spin-flip frequency
position spectrum. The lowthigh-) frequency component of the - 4o reases slightly witB at high fields, and a somewhat dif-
doublet is the spin-flip of donor electrofslectron spin-flip of the ferent operating temperature explair; why the 1SF-frequency
exciton. Peak labeled 2SF, at twice the frequency of the donorin Fig. 9a) is higher than in Fi,g. &). Resuits using the same

spin-flip, reflects coherence involving two electrons. The sharp feal-aser lses as in Fig(®, but I tic field
ture is the MA*™ PR which dominates at delays15 ps. The weak pu In F1g{@, but smaller magnetic neids, are

feature at 7 crit, labeled PRe), is the excited-state PRb) Fre- _shown in Fig. 10. The Fourier-decomposition spectra in the
guency versus magnetic field. SF and 2SF curves are fits xwith !nsgts show only the Ipwer component C?f the SF-do.u.bIet,
=0.004 andT=5.5 K. indicated by 1SF, and its second harmonic, 2SF. Additional
differential magnetic Kerr traces obtained using resonant ex-
erostructures by Crookast al. who ascribed the rapidly de- citation of localized excitons are shown in Fig.(d1 Be-
caying oscillations to free photoexcited electréhddow-  sides the first and second harmonics of the donor spin-flip
ever, close inspection of the data brings out importangexcitation, the LP-fits foB=3.4 and 6.7 T reveal the third
differences concerning the nature of the oscillations as welharmonic, 3SF. The field dependence of the multiple spin-flip
as the source of the coherence. Other than the oscillatiorfsequencies is plotted in Fig. ().
associated with the spin-flip of electrons bound to?Mrat Our assignment of P®) as due to the excited-state man-
~5.5 cnit, the LP fit reveals peaks at7, 11, and 12 ciit  ganese PR is supported by the following argument. Consider
as well as a weaker feature at22 cni® which is the first the heavy-hole component of the exchange interactign
overtone of the 11 cit peak(see later. The dependence of =(B/3)Z;8(r —r)S -J between an exciton and Mhions at
the frequency of these oscillations on magnetic field is plotsitesr; where g is the constant defined in E¢L6) andr is
ted in Fig. 4b). As before, PR denotes the manganese parathe heavy-hole positioff:°8 As mentioned in Sec. Il B, the
magnetic resonance showing a long decay time, whereas tigdfect of Vi, on the ions can be expressed in terms of an
feature labeled PR), at a slightly higher frequency, is attrib- effective field Be(r)=(8/3ugdun) | Whn(r)|2) where Wy, is
uted to its excited-state counterpart, that is, the manganesie hole wave functio®? Hence, in the presence of the ex-
spin-flip in the presence of the excitbhThe doublet iden- citon the paramagnetic transition energy should evolve from
tified as SF follows closely the expected behavior of theuggunBe at B=0 to uggunB for B>B,. This prediction is
spin-flip transition of a conduction electron. Accordingly, consistent with the observed behavior of(BRn Fig. 9b).
and for other reasons discussed below, its low- and highWe believe that exchange-interaction fluctuations are the rea-
frequency components are assigned, respectively, to the deen why the width of the P@®) line is much larger than that
nor spin-flip ground-state coheren@he Raman counterpart of PR. From the PR) frequency at zero field and using
in Fig. 6 is 1SK and the electron spin-flip of photoexcited Ny,3~0.88 eV for CdTe? we obtain the very reasonable
excitond” (or, alternatively, exciton quantum beats involving estimate of~40 A for the hole localization lengttthe bulk
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2| ISF
(’a) g 3SF
T E x40 2 2]
x2 10 20 30 40 g
Frequency (em™) 8
201 =
2|18k
10]147T £ 25F oL =* . ,
<2 E x40 1.66 1.68 1.70
"; 10 20 30 40 Energy (eV)
hn’ Frequency (cm™) . .
@ m‘: FIG. 12. Dependence of the intensity of the MiPR on laser
a4 0 .
energy atB=6.89 T. Comparison between resonant spontaneous
Z |15F Raman(circles; same as in the inset of Fig.&hd time domain data
ol 1677 i S (squares; the abscissafisic).
-10 £

lgreqlzwoncys(ocm":o shown and, as mentioned earlier, by their dependence on
20l temperature and field which show excellent agreement with

theoretical predictions. The curves in FigbPare fits using
the Brillouin function to account fofSz) in Eq. (15). The

0 10 20 30 resonant behavior is a clear indication that the relevant inter-
Time Delay (ps) mediate states are localized. This and the linear dependence
40 of the signal with the pump intensity are consistent with the
~ | - - donor interpretation for 2SF and 3SF since linearity excludes
g 30; 3SF the possibility that the overtones could be due to multiple
‘°; = spin-flips of bound excitons. The fact that 2SF is much
§ 204 2SF weaker than 3SF is also consistent with our assignment since
%10 - double-flip excitations transform liké, and, therefore, are
= 1SF nominally forbidden in the geometry we usédodes asso-
o 3 ; 3 ciated with an odd number of flips belong to tAe repre-

sentation, and they are allowedased on the value of the

frequencies at large fields, the fundamental mode from which
2SF and 3SF derive is ascribed to the lower-frequency com-
field. Only donor-related transitions are shown in the associate@oNent of the SF doublet. This mode and the overtones ex-

Fourier decomposition spectra. The fitsecond overtone of the Nibit @ similar Zwc-behavior, different from that of the
electron spin-flip is denoted by 2SBSP. (b) Frequency versus higher-frequency component associated primarily with the
magnetic field for the donor spin-flip fundamental, 1SF, and itsSPiN-flip of the electron in the bound excit¢see diagram in
overtones. Curves are fits witte0.004 andT=5.5K. Flg 4) The fact that the energy of the latter is S|Ight|y Iarger
) o ) . is attributed to exchange effects. From the splitting, we ob-
exciton radius in CdTe is 50 Jleading on average to 2.5 tain an upper limit of~600xeV for the electron-hole ex-
Mn?* ions per hole. From this number, and in terms of thechange that is consistent with the value 276V from the
displaced-oscillator model of Fig. 2, we infer the value |iteratureS® This estimate ignores electron-electron exchange

~1.06 for the Huang-Rhys factor B=7 T This value is  \hich is large for exciton-donor complex&and may pro-
consistent with the observation 6f10 PR overtones in the yige an additional longer-range mechanism for donor en-

Raman spectrum. Albeit indirect, the combination of the RStangIement.

and coherent results gives compelling evidence for exciton- 1o provide a quantitative estimate of the donor entangle-
mediated entanglement involving at least two Alfions.  ment, we considerll sets ofm impurities which interact
Further support for our interpretation is provided by the com-yjith the ensemble of photoexcited excitons. Lgtbe the
parison between Raman scattering and time-domain data QRtegrated intensity of the pump pulse, and assube®.

the laser-energy dependence of, respectively, thé*NMR  Then, if |0) is the wave function immediately before the
intensity andA #, shown in Fig. 12. Other than for the dip at py|se strikegthe multi-impurity ground state with all spins
the PL maximum due to absorption, and the fact that theyigned alongB), integration of Schrédinger equation gives,

duced by the pulse bandwidth, the resonant behavidrags

close to that of the Raman PR-peak. We construe this as ® =~ |0)+il, =
evidence that the mechanism for PR-oscillations is stimu- 25k>0,7
lated Raman scattering.

Our assignment of the SF doublet, 2SF and 3SF as due tshich is of the same form as that in Eq13).
the spin-flips of bound electrons is supported, first, by theHere » denotes a specific impurity setS=m/2,
observation that these features resonatgi@¢~E, (not = ,=(4mw/ chﬁ)EaﬁeaeﬁRZB(k), ng is the refractive index,

4
B (T)
FIG. 11. Time-domain data &t=2 K andAwc=1.687 eV.(a)
Differential magnetic Kerr traces at three values of the magneti

K& pS-k)  (17)
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FIG. 14. Same as Fig. 13 but férwc=1.71 eV.

Time Delay (ps)
FIG. 13. Differential magnetic Kerr data dtwc=1.70 eV

(above the QW gapB=7 T andT=2 K. Inset: Fourier decompo-

sition spectrum. ) . )
mode but, relative to 1SF, its strength is comparable to val-

ues obtained at the localized exciton resonance. These results
clearly indicate that the two-electron entanglement benefits
from the mediation of free excitons and, consistent with the
Raman results for Mit spin flips at low temperaturé$;*®

Tthat the QW symmetry is lower thab,q since, otherwise,
A;-symmetry modes such as 2SF should not exhibit magnetic
Kerr oscillations. Even though the ideal QW symmetry is not
expected to hold in the presence of alloy disorder and inter-
face roughness, we have not been able to identify the par-
ticular symmetry-breaking process responsible for the two-

. . particle entanglement. We note that a mechanism for
only Nonzero components ~ of  the dgnsny matrix entanglement involving the RKKY interaction between lo-
operator p,(k,1)=[7,S-k)(7,S-I| are (®[p,(0,0|P)  gjized electrons and extended excitons has been recently
~1 and (D] p,(K,0) | D)=(D| p,(0,K) | D)y =—il )= 7 proposed?

xXexp(-ikQgt). Let N, be the total number of sets oh

impurities.  Defining the ensemble average(m) C. Exciton Zeeman beats

=2, (®@[p,(m,0)[®)[?/Ny, it follows that the amplitude of  As discussed in Sec. Il B 2, other than spin-flip oscilla-
the mth-harmonic oscillations gives a direct measure of thetions of paramagnetic impurities the experiments in the Voigt
entanglement since it is proportional to(m)[2. From the geometry reveal quantum beats associated with the electron
results for donors at 3.4 T in Fig. (& (see also Fig. 3 of Zeeman-split levels of localized excitofBig. 9). Similar to

Ref. 17, we get{p(2))/{p(1))=0.014 and{p(3))/{p(1))  early reports for AlGa,_,As-based heterostructur&sFig.
~0.46. It is important to realize that the strength of théa 15 shows in the Faraday configuratit®iiz) quantum beats
harmonic also measures the probability of findinglonors involving the heavy-hole exciton statds*)=[J,= +§,

in the region where the coupling between the localized exci= +%) and |0'_>:|JZ:—:—;,SZ:—%>; see the level diagram in
ton and the impurities is significant. Assuming an interactionFig. 4. This assignment is based on the results of Fig. 16
length of ~100 A (in CdTe, the donor radius is50 A), the  which show that the frequency of the oscillations is very
ratio between the frequency-integrated intensities of the firs¢lose to twice the Faraday PL shifsee Fig. 5. The beat
(1SP and third harmonid3SH gives the crude estimate of
5% 10 cm 2 for the density of donors in our sample. Using

e=Fy/Fq is a unit vector(as beforeF, is the electric field of
the pump pulseand R74(k) is the Raman tensor for the
transition|7,S — |7,S-k) of the particular setthis tensor
vanishes unless all the impurities in the set interac
with a single excitoh As discussed in Sec. Il A, a secondary
effect of the interaction of the spin system with light
is that® leads to time-varying optical constants with con-
comitant oscillations in the intensity or polarization of the
reflected probe pulse, with amplitude proportional to
102 x| 2% exp(-ikQqt). For a given impurity set, the

this density, we obtain{p(1))/l,=30n?/J which is 2
~10°-10* larger than what a calculation gives for off- o g
resonance excitation. E
1
< 0 40 80 120 160
3. Pump-probe oscillations: Laser in resonance with free & ) Frequency (cm”)
excitons 37
Like the manganese PRee Fig. 12, the amplitude of the
donor-related oscillations decreases as the central energy of
the pulses moves away from the resonance with localized 0
. oo 0 1 2 3
excitons at~1.68 eV. Yet, these oscillations reappear when Time Delay (ps)
the laser energy is tuned to resonate with free excitons. As
shown in Fig. 13 foriwc=1.70 eV and in Fig. 14 fofiwc FIG. 15. Differential reflectivity data in the Faraday configura-

=1.71 eV, the amplitude of the second harmonic becomeson showing exciton quantum beat8=7 T, T=2K, and Zac
comparable to that of 1S€.The LP fits also show the 3SF =1.67 eV}. The inset is the Fourier transform spectrum.
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FIG. 16. Magnetic field dependence of the exciton beat fre-

quency(squaresand PL shift in the Faraday configurati¢circles;

see Fig. 5.

80:

[ anvr
w] 57T

AR/ (107
FT Intensity

frequency at 7 T is~80 cni?! and its lifetime is~ 1 ps. As

for other excitations described in this work, we believe that
the dominant source of beat decay is inhomogeneous broad-
ening due to fluctuations in the manganese concentration.

6 8 10 12 14

2
E

The differential-reflectivity data in Fig. 15 was acquired 0
using linearly polarized pump and probe beams. In this con- 0T
figuration, thelocalizedexcitons created by the pump pulses — o
are in a coherent superposition of stae®¥) and|o"). Sur- Frequency (om”)
prisingly, magnetic-Kerr data obtained with circularly polar- 0 10 20

ized pump pulsethe same setup we used to meashitain Time Delay (ps)

the Voigt configurationgives nearly identical results. Thisis ~ FIG. 17. Differential reflectivity datdafter subtracting the ex-
unexpected because, fdBliz, circularly polarized light Ponentially decaying background shown in the top tracethe
couples only to one of the two states, and also because th@raday configuration at three values of the magnetic figld,
rotation of the probe polarization is inconsistent with the=2 K and#wc=1.67 eV. Pump and probe beams are linearly po-
guantization axis being along tizedirection (light polarized larized. The insets show assoma?ed Fourier transfo_rm spectra.
normal toz cannot couple to the operato8s and S, which AFMR denotes the antiferromagnetic resonance of Mairs.

lead to spin precessi@rWhereas the specific reason why the

Faraday quantum beats are observed in the magnetic-Kerr Hag = = 2JarS1 - S + OunmteB(S1, + Sy)
geometry is not known at this time, these observations add _ 35
weight to the reported evidence that the symmetry of == el S(S+ 1) = 51+ OwnusBS, (18

Cdy_,Mn,Te-based QW'’s is nadD,,.2%4°
where S=s;+s, (S=0,...,5andS,=-S,...,+9 and Ju¢ is
the antiferromagnetic coupling constant. Measured values of
Jar for nearest neighbors are in the range 3-4.27 64

The differential reflectivity(although not magnetic-Kerr  The position of AFMR agrees extremely well with values
data reveal also oscillations for which the frequency does noteported for the dominant Raman transition between the
depend on the magnetic field. As shown in Fig. 17, thesground state of the pair, wit=0, and the5,=0 state of the
oscillations are observed in the Faraday configuration afteB=1 triplet, which, consistent with the fact that AFMR is
~3 ps for all values oB. They can also be seen in the Voigt only observed in differential-reflectivity measurements, is
configuration at small fields. The Fourier spectra in the inseteven under time revers2-%*We note that the energy of this
show two peaks, one labeled AFMRntiferromagnetic reso- transition is given by 2, and does not depend @
nance at 6.8 cm?® and the second one at 11.3@mThese High frequency(=0.1 TH2 acoustic phonons are usually
modes have entirely different origins. The higher-frequencynot accessible to light scattering experiments because of mo-
one is due to coherent acoustic phonons of thementum mismatch. In artificial periodic structures such
CdTe) godMing posTe—MnTe superlattice which propagate as superlattices, however, modeskat27¢/d are folded
along thez-axis, while AFMR is a transition associated with back to the center of the Brillouin zone and, thanks to
a pair of antiferromagnetically coupled K nearest Fourier components introduced by the modulation of either
neighbor$?-54 |t is important to observe that the latter is the elastic or photoelastic constants, phonons with
unlike the problem discussed in previous sections where thk=27¢ /d+qs (gs is the scattering wave vecjoran become
manganese ions that become entangled are several latti®&man activé>%¢ Herek is the magnitude of the wave vec-
constants apart and their coupling is mediated by excitons.tor parallel to the growth directiord is the superlattice pe-

Our assignment of the AFMR peak is based on a compaririod and ¢ is an integer. These so-called folded acoustic
son with existing spontanedi#$® and stimulated Raman phonons have been extensively studied with spontaneous Ra-
dat®* on similar DMS samples. FoBllz, we write the man scattering methotfsand, more recently, the generation
Hamiltonian describing the interaction between neighboringdf coherent folded acoustic phonons using light pulses has
Mn?* jons of spins, ands, as received much attentidi="°A simple calculation using pa-

D. Folded acoustic phonons and antiferromagnetically
coupled Mn?* pairs

045314-11



BAO et al. PHYSICAL REVIEW B 71, 045314(2005

rameters from the literatuf&’3shows that the frequency of same sites. Hencéiy) spectral discrimination coupled with
the longitudinal-acoustic mode kt27/d is close to that of  submicrometer-sized apertutesan possibly be used to ex-
the high-frequency oscillation in Fig. 17. This, as well as thecite particular excitons to address a particular set of impuri-
facts that the associated Raman tensor is diagonal, whidies. Finally, (v) our observations of two- and three-qubit
agrees with the observed selection rules, and that phoncentanglement can be construed as a demonstration of light-
frequencies do not depend &g support our assignment that controlled interaction between the qubits and, as such, they
the oscillation at 11.3 cm is due to coherent acoustic represent a crucial step for the implementation of a universal
phonons. set of quantum gates, as described in the related problem of
IV. CONCLUSIONS (;I;::tr%ns in quantum dots in Ref. 14 and, more recently, in
We have presented a comprehensive study, combining Other than the results on entanglement mediated by local-
spontaneous Raman scattering and coherent time-domaired excitons, we have shown that photoexcitation of free
spectroscopy, of low-lying excitations and states associateelxcitons significantly enhances the degree of nominally for-
with the bandgap of a CdTe QW doped with donors ancbidden entanglement of a pair of donor electrons, although
manganese ions. For excitation below the bandgap, our réhe mechanism by which this is achieved could not be iden-
sults confirm that there is a system of localized excitondified. We also reported on the observation of exciton Zee-
coupled to paramagnetic impurities in a CdTe QW that isman beats in the Faraday configuration, Raman beats of an-
well described by the level structure of Fig. 2. We havetiferromagnetically coupled manganese pairs and folded
shown that such a system can be optically excited to generageoustic phonons.
many-spin Raman coherences and, thus, entanglements in-
volving multiple donors_ a_nd, m_d_epe_ndently, R{Tn_ons. Our ACKNOWLEDGEMENTS
system of paramagnetic impurities is a promising candidate
for meeting the five criteria put forth by DiVincenzo for the  The authors wish to thank Professor A. K. Ramdas for
physical realization of a quantum computéExplicitly, (i) helpful discussions. This work was supported by the NSF
the qubits embodied by the impurity spin states are welunder Grant Nos. PHY 0114336 and DMR 0245227, by the
characterized and fully scalabl€j) a well-defined initial AFOSR under Contract F49620-00-1-0328 through the
state can be simply attained by cooling the sample down tMURI program and by the DARPA-SpinS program. Ac-
sufficiently low temperatures, ar(di) spin-flip decoherence knowledgment is made to the donors of The Petroleum Re-
times are some of the longest known in the solid pif&ge. search Fund, administered by the ACS, for partial support of
We further note that the localization centers associated withthis research. One of U#.V.B.) acknowledges partial sup-
say, surface roughness, and the donors need not be at thert from CONICET, Argentina.

*Present address: Division of Engineering and Applied Sciences, (200J.

Harvard University, Cambridge, MA 02138, USA. 12D, Leibfried, B. DeMarco, V. Meyer, D. Lucas, M. Barrett, J.
"Present address: FCEyN, Universidad de Buenos Aires, Ciudad Britton, W. M. ltano, B. Jelenkovi, C. Langer, T. Rosenband,
Universitaria, 1428 Buenos Aires, Argentina. and D. J. Wineland, Naturé.ondon 422 412 (2003.

1. A. Wheeler and W. H. ZurelQuantum Theory and Measure- 13F. Schmidt-Kaler, H. Haffner, M. Riebe, S. Gulde, G. P. T. Lan-

ments(Princeton U. P., Princeton, NJ, 1983
5 ; . caster, T. Deuschle, C. Becher, C. F. Roos, J. Eschner, and R.
See M. A. Nielsen and I. L. Chuan@Quantum Computation and Blatt, Nature(Londor) 422, 408 (2003.

Quantum Informatio{Cambridge U. P., Cambridge, 2008nd Lay o .
references therein. X. Li, Y. Wu, D. Steel, D. Gammon, T. H. Stievater, D. S. Katzer,

3D. Deutsch, Proc. R. Soc. London, Ser.480, 97 (1985. D. Park, C. Piermarocchi, and L. J. Sham, Scie/3H, 809
4See C. H. Bennett, Phys. Rev. Le8, 3121(1992. (2003.
5P, W. Shor, inProceedings of the 35th Annual Symposium on®°G. Burkard, D. Loss, and D. P. DiVincenzo, Phys. Rev.5B,
Foundations of Computer Scien¢lEEE, Los Alamitos, CA, 2070(1999; J. L. O'Brien, S. R. Schofield, M. Y. Simmons, R.
1994. G. Clark, A. S. Dzurak, N. J. Curson, B. E. Kane, N. S.
6L. Grover, Phys. Rev. Lett79, 325(1997. McAlpine, M. E. Hawley, and G. W. Brownhid. 64, 161401
7P. G. Kwiat, A. J. Berglund, J. B. Altepeter, and A. G. White,  (2002).
Science 290, 498 (2000. 16y, Makhiln, G. Schén, and A. Shnirman, Rev. Mod. Phys,
8A. Rauschenbeutel, G. Nogues, S. Osnaghi, P. Bertet, M. Brune, 357 (2007).
J. M. Raimond, and S. Haroche, Scien2&8 2024 (2000. 173, M. Bao, A. V. Bragas, J. K. Furdyna, and R. Merlin, Nat.

9C. A. Sackett, D. Kielpinski, B. E. King, C. Langer, V. Meyer, C. Mater. 2, 175(2003.
J. Myatt, M. Rowe, Q. A. Turchette, W. M. Itano, D. J. Wine- 18J. M. Bao, A. V. Bragas, J. K. Furdyna, and R. Merlin, Solid State

land, and C. Monroe, Naturg.ondon 404, 256 (2000. Commun. 127, 771 (2003.
10G. Chen, N. H. Bonadeo, D. G. Steel, D. Gammon, D. S. Katzer}°C. Piermarocchi, P. Chen, L. J. Sham, and D. G. Steel, Phys. Rev.
D. Park, and L. J. Sham, Scien@39, 1906(2000. Lett. 89, 167402(2002; D. P. DiVincenzo, D. Bacon, J. Kempe,
1L, M. K. Vandersypen, M. Steffen, G. Breyta, C. S. Yannoni, M.  G. Burkard, and K. B. Whaley, Naturé_ondon 408 339
H. Sherwood, and I. L. Chuang, Natufeondon 414, 883 (2000.

045314-12



CONTROL OF SPIN DYNAMICS WITH LASER..

20see J. K. Furdyna, J. Appl. Phy84, 29 (1988, and references
therein.

21). K. Furdyna and J. Koss(d), Diluted Magnetic Semiconduc-
tors, Semiconductors and Semimetédsademic, San Diego,
1988, \Vol. 25.

22]. stiihler, G. Schaack, M. Dahl, A. Waag, G. Landwehr, K. V.

Kavokin, and I. A. Merkulov, Phys. Rev. Letf4, 2567(1995;
74, 4966(1995; J. Cryst. Growth59, 1001(1996.

23R. W. Martin, R. J. Nicholas, G. J. Rees, S. K. Haywood, N. J.

Mason, and P. J. Walker, Phys. Rev.4, 9237(1990.

PHYSICAL REVIEW B 71, 045314(2005

1991, Chap. 4.

48M. Hirsch, R. Meyer, and A. Waag, Phys. Rev. £, 5217

(1993.

49Y. G. Kusrayev, A. V. Koudinov, D. Wolverson and J. Kossut,

Phys. Status Solidi B229, 741 (2002.

503, A. Crooker, D. D. Awschalom, and N. Samarth, IEEE J. Sel.
Top. Quantum Electronl, 1082(1995.

51S. A. Crooker, D. D. Awschalom, J. J. Baumberg, F. Flack, and N.
Samarth, Phys. Rev. B6, 7574(1997).

52A. A. Sirenko, T. Ruf, M. Cardona, D. R. Yakovlev, W. Ossau, A.

24C. Benoit & la Guillaume and P. Lavallard, Phys. Status Solidi B Waag, and G. Landwehr, Phys. Rev.38, 2114(1997.

70, K143 (1975.
25W. Ungier and M. Suffczynski, Phys. Rev. B7, 3656(1983.
263, Diels and W. RudolphUltrashort Laser Pulse Phenomena:

535ee, e.g., W. Hayes and R. Loud@gattering of Light by Crys-
tals (Wiley, New York, 1978, Chap. 7.
54]. F. Scott and T. C. Damen, Phys. Rev. L&, 107 (1972.

Fundamentals, Techniques and Applications on a Femtosecont’E. N. Economou, J. Ruvalds, and K. L. Ngai, Phys. Rev. L2%.

Time ScalgAcademic, New York, 1996

2TY.-X. Yan, E. Gamble, Jr., and K. Nelson, J. Chem. Phgs,
5391(1985.

28R. Merlin, Solid State Commun102, 207 (1997).

29J. M. Bao, L. N. Pfeiffer, K. W. West, and R. Merlin, Phys. Rev.
Lett. 92, 236601(2004).

30See, e.g.,W. Sha, A. L. Smirl, and W. F. Tseng, Phys. Rev. Lett.

74, 4273(1995.

31y, R. Shen,The Principles of Nonlinear Optic§Wiley, New
York, 1984).

82R. W. Boyd, Nonlinear Optics(Academic Press, San Diego,
1992, Chap. 9, pp. 365-397.

33T. E. Stevens, J. Kuhl, and R. Merlin, Phys. Rev.6B, 144304
(2002.

34A. T. N. Kumar, F. Rosca, A. Widom, and P. M. Champion, J.
Chem. Phys.114, 701(2001).

35W. T. Pollard, S. Y. Lee, and R. A. Mathies, J. Chem. PHg3.
4012(1990.

36Mechanisms for multiple spin-flip RS are closely related to those

110(1972.

56y. Oka and M. Cardona, Phys. Rev. B3, 4129(1981).

5TH. Barkhuijsenet al, J. Magn. Reson(1969-1992 61, 465
(1985; F. W. Wise, M. J. Rosker, G. L. Millhauser, and C. L.
Tang, IEEE J. Quantum ElectroiQE-23, 1116(1987

58J. A. Gaj, R. Planel, and G. Fishman, Solid State Comn8).

435(1979.

59M. Born and K. HuangDynamical Theory of Crystal Lattices
(Oxford U. P., Oxford, 1956 From Eq.(14) the spin Huang-
Rhys factor iS(AS?)/2=S(1+B%/B) /2.

60|, Besombes, K. Kheng, and D. Martrou, Phys. Rev. L&8,
425 (2000.

61S. Bar-Ad and I. Bar-Joseph, Phys. Rev. Ld6, 2491(1997).

62B. E. Larson, K. C. Hass, and R. L. Aggarwal, Phys. Re\3®
1789(1986.

63D, U. Bartholomew, E.-K. Suh, S. Rodriguez, A. K. Ramdas, and
R. L. Aggarwal, Solid State Commurg2, 235 (1987.

64R. Rupprecht, H. Pascher, H. Krenn, W. Faschinger, and G.

Bauer, Phys. Rev. B33, 115325(2002).

for overtones of longitudinal-optical phonons; see, e.g., R. Mer85C. Colvard, R. Merlin, M. V. Klein, and A. C. Gossard, Phys.

lin, G. Glntherodt, R. Humphreys, M. Cardona, R. Suryanaray-

anan, and F. Holtzberg, Phys. Rev.1B, 4951(1978.

8’R. Barkhuijsen, R. de Beer, W. M. M. J. Bovee, and D. van

Ormondt, J. Magn. Reso1(11969-1992 61, 465(1985.

383, Suga, W. Dreybrodt, F. Willmann, P. Hiesinger, and K. Cho,

Solid State Commun15, 871(1974.

39W. Ungier, M. Suffczynski, and J. Adamowski, Phys. Rev2B
2109(1981).

40p Y. Yu and M. CardonaFundamentals of Semiconductors
(Springer, Berlin, 2001

41K. V. Kavokin and I. A. Merkulov, Phys. Rev. B55 R7371
(1997.

42W. S. Warren, H. Rabitz, and M. Dahleh, Scien289, 1581
(1993.

43|, R. Sola, J. Santamaria, and D. J. Tannor, J. Phys. Cheh@2\
4301(1998.

443, Shi and H. Rabitz, J. Chem. Phy@2, 2927(1990.

45K. Bergmann and B. W. Shore, Molecular Dynamics and Spec-
troscopy by Stimulated Emission Pumpieglited by H. L. Dai
and R. W. FieldWorld Scientific, Singapore, 1995

46geg, e.g., H. Malm and R. R. Haering, Can. J. PM8. 1823
(1972, and references therein.

47A. K. Ramdas and S. Rodriguen, Light Scattering in Solids VI
edited by M. Cardona and G. Gunthero@pringer, Berlin,

Rev. Lett. 45, 298(1980.

66B. Jusserand and M. Cardona, liight Scattering in Solids V
edited by M. Cardona and G. Gunthero@pringer, Berlin,
1989.

67A. Bartels, T. Dekorsy, H. Kurz, and K. Kéhler, Appl. Phys. Lett.
72, 2844(1998.

68C.-K. Sun, J.-C. Liang, and X.-Y. Yu, Phys. Rev. Le&4, 179
(1999.

690). Ozgirr, C. W. Lee, and H. O. Everitt, Phys. Rev. L&8, 5604
(2002).

OA. Yamamoto, T. Mishina, Y. Masumoto, and M. Nakayama,
Phys. Rev. Lett.73, 740(1994.

"R. W. G. Syme, D. J. Lockwood, M. M. Dion, and J. J.
Dubowski, Solid State Commuri03 239(1997).

723. M. Rowe, R. M. Nicklow, D. L. Price, and K. Zanio, Phys. Rev.
B 10, 671(1974.

73M. H. Krisch, A. Mermet, A. San Miguel, F. Sette, C. Mascio-
vecchio, G. Ruocco, and R. Verbeni, Phys. Rev.5B 8691
(1997.

74P, DiVincenzo, Fortschr. Physt8, 771 (2000.

H. Pascher, G. Appold, R. Ebert, and H. G. Héfele, Opt.
Commun. 19, 104(1976.

76A. Nazir, B. W. Lovett, S. D. Barrett, T. P. Spiller and G. A. D.

Briggs, Phys. Rev. Lett93, 150502(2004).

045314-13



