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We provide a theory of laser-induced interaction between spins localized by impurity centers in a semicon-
ductor host. By solving exactly the problem of two localized spins interacting with one itinerant exciton, an
analytical expression for the induced spin-spin interaction is given as a function of the spin separation, laser
energy, and intensity. We apply the theory to shallow neutral dof®iysand deep rare-earth magnetic impu-
rities (Yb) in 11I-V semiconductors. When the photon energy approaches a resonance related to excitons bound
to the impurities, the coupling between the localized spins increases, and may change from ferromagnetic to
antiferromagnetic. This light-controlled spin interaction provides a mechanism for the quantum control of spins
in semiconductors for quantum information processing; it suggests the realization of spin systems whose
magnetic properties can be controlled by changing the strength and the sign of the spin-spin interaction.
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I. INTRODUCTION tion of the spin separation. The calculation of the spin-spin

h ibil f . icond h interaction can be reduced to a spin-dependent scattering
The possibility of creating semiconductor systems thaly plem that can be solved including exactly all the multiple-

can work simultaneously as electronic, photonic, and magscattering terms between the two localized spins. We follow
netic devices has boosted recently the research on light-spjere an approach similar to that used to calculate multiple-
interaction in semiconductors. These efforts extend both iRcattering effects of* mesons by deuterodd.The higher-
the direction of an optical control of macroscopic magneticorder terms in the exciton-impurity coupling describe bound
properties and toward the quantum control of single shins.states which affect strongly the optically induced spin-spin
Examples belonging to the first class include investigationsnteraction. In particular, a controlled antiferromagn¢a€)
on light-induced paramagnetic to ferromagnetic transitions ircoupling can be realized when the laser energy is tuned in
magnetic semiconductors, using cohefeat incoherent  the bonding-antibonding gap for the exciton localized by two
processes, and attempts to control the macroscopic spin ponpurities. This laser controlled switching of sign of the
larization of carriers using polarized lightMore recently, spin-spin interaction opens interesting directions in the in-
schemes for optical control at the level of a few spins havevestigation of competing interactions in spin systems.
been proposed. Bagt al® have demonstrated quantum spin  The exchange between nuclear spins through excited elec-
entanglement of a few donors and magnetic impurities. Théronic states has been discussed in the past in the case of
strong potentialities of this optical quantum control of spinsmolecule$® and insulatord# In particular, Bloembergen and
for quantum information processing using quantum #bts Rowland predicted in Ref. 14 an exponential decay of the
and impuritie§ have been emphasized, and recent advancespin-spin_ interaction with a characteristic lengtk
in the optical control at the nanoscale in semiconductor:ﬁ/\s‘“ZmEg. This length depends on the energy dgjof the
nanostructurés'® are particularly encouraging in this per- insulator and on the mass of the virtual electron-hole pairs
spective. across the gap. In the optically induced RKKY mechanism,
It was pointed out in Ref. 6 that itinerant excitons, i.e.,the energy gap is effectively reduced by the laser field which
optical excitations free to move in the host material that emincreases the effective length to=#/\2m(Ey-fiwp), with
beds the localized spins, can induce an effective spin-spifiwp being the energy of the laser. Also, the density of elec-
interaction between localized spins. This mechanism hagons in the occupied bands in the insulator is replaced in the
been dubbed theoptical Ruderman-Kittel-Kasuya-Yosida optical case by the density of photons in the field. The inno-
(ORKKY) mechanism, in analogy to the mechanism in thevative strength of the optically induced case resides in the
theory of magnetismt where electrons are involved. In the control potentialities since both the intensity and the fre-
coherent optical case virtual excitons are created, and thguency of the laser can be controlled in an experiment. Go-
ORKKY coupling is obtained from a second-order perturba-ing beyond second-order perturbation theory presents intrin-
tion theory in the exchange coupling between the itineransic difficulties in the case of metal® These difficulties are
exciton and the localized spin. The ORKKY result predictsnot present in the optical coherent case since there is no
that the coupling between the localized spins is always ferFermi sea of electrons. The presence of a Fermi sea simulta-
romagnetic, independently of the sign of the coupling withneously with the laser would produce light-induced Kondo
the excitons. In this paper we show that higher-order terms irffects!® which we do not consider here.
the exciton-impurity coupling can modify the strength and The paper is organized as follows: In Sec. Il we derive the
sign of the interaction, and affect its dependence as a funexpression for the effective Hamiltonian of two localized
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where the two localized spirisare described bg* ands®. V
is the volume ands is the electronic spin of the itinerant
exciton.bﬁaﬁ creates an exciton with center-of-mass momen-
tum Kk, electron spine, and hole spir3. R is the separation
between the two impuritiesy . is the exciton-spin exchange
interaction. The strength and the sign of this term depend
strongly on the nature of the localized spin. The sign, for
instance, is determined by the competition between the fer-
romagnetic potential exchange and the antiferromagnetic ki-
netic exchange which is due to the hybridization of the itin-
FIG. 1. Scheme of the light induced spin-spin interaction in theerant exciton state with the localized st&t&Ve will keep for
case of two shallow donors. the moment a general approach independent of the nature of
the Jy .+, and we will discuss two specific examples in Sec. V.

spins in the presence of a light field, relating it to the spin-A SPin-independent term corresponding to a direct Coulomb
dependenT-matrix operator of a two-center scattering prob- interaction between the exciton and the impurity is also
lem. We study first in Sec. Ill the scattering of one excitonPresent. This term is small for shallow impurities, where ki-
with one center. By generalizing a result from scatteringn€tic €xchange effects dominate, but becomes important for
theory!” to the spin-dependent case, we show in Sec. IV hovfl€ep impurities. We will include this term in the case of
the T-matrix operator for the exciton scattering on two cen-rare-earth impurities discussed in Sec. V B, and we disregard
ters can be expressed in terms of Theperator for the one it in the general discussion since it only introduces spin-
center scattering. We also study in this section the effects dhdependent energy shifts. We assume that thexcitons

the polarization of the light and we show that a circularly dominate the light induced effect, as discussed in Ref. 6.
polarized field will induce an additional term representing aMoreover, we focus on systems where the localized states
magnetic field. The theory is applied in Sec. V to two sys-interact only W|th th_e electr(_)n in the exciton: the full !—|a_m|l-
tems: shallow donors, and deep rare-earth magnetic impurfonian in Eq.(1) is diagonal in the hole spin inde Thisis
ties. We discuss implications for quantum computing imple-& good approximation for electrons in neutral donors, since it

mentations and for the optical control of macroscopic!S equivalent to neglecting the electron-hole exchange inter-
magnetic properties in Sec. VI. action which in most semiconductors is much smaller than

the electron-electron exchange. Concerning the second ex-
ample we will consider, i.e., the case of the3Yhons in
Il. EFFECTIVE HAMILTONIAN FOR LOCALIZED SPINS I1I-V; it is known that these ions act as strong isoelectronic
COUPLED BY THE LIGHT traps for electrons and thef exchange in the conduction
. o ) ) _ band dominates.
A scheme showing the realization of a light induced Spin - The interaction of the excitons with an external time-

coupling in the case of two shallow donors is given in Fig. 1.4ependent optical field provides the mechanism for the con-
We are not interested in calculating the optical properties ofyq| of the two localized spins and is described by the Hamil-
the whole system, but we want to consider the effect of g5nian

coherent field on the dynamics of the two initially noninter-
acting localized spins® ands®. The light creates virtual/real
excitons in the semiconductor host and couples the localized
spins. We want to study the behavior of the two localized

spins in the coherent optical regime. This implies that theynere) is the Rabi energy of the interband optical transi-
laser is always off resonance with respect to the free excitogg, and% w_is the energy of the lasew; is the polarization
band to avoid strong energy absorption. We therefore corg the fight. We have used the rotating wave approximation
sider only single exciton processes in the presence of g gq. (3). ¢, is the envelope function of the electron hole
monochromatic [gser field. The system of.two localized SPINSyair taken ap=r.—r,=0. In the case of a cw laser field, the
coupled to one itinerant exciton is described by the Hamiljne dependence can be eliminated by moving to the rotating
tonian frame with frequencyp, , thus replacing by e,—%w,_ in Hy.
We are deriving an effective Hamiltonian for the two lo-
Hxs=Ho+Hy, (1)  calized spins in the presence of the laser field. For a fixed
value of the polarizatiomr, this Hamiltonian is four dimen-
whereH, describes a free exciton of malgwith dispersion  sional, corresponding to the degenerate ground state de-
6= €y+12k2/2M. The termH, describing the spin dynamics scribed by|\)={[11),[1 [),[1 1).|] |)} for the two local-
can be written in the form ized spins, and can be written to second ordedp as
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off trix, and provide a flexible theoretical framework with pa-
Hyv = (7\|HXLmHXL|7\'>a (4) rameters that can be taken for the experiments. On the other
A X hand, this potential can support at most aakke bound
whereP is the projector operator onto the subspace of onestate. The integral equation for th& matrix, T=H;
exciton plus two spins andg is the ground-state energy of +H;GyT, can then be written explicitly as
two spins with no exciton. Operatirigy, onto|\) generates
states with one exciton &=0 with polarizationo, states Tﬁk/aa/ = ﬂvkvk,SA. Sy + ﬂz Vs Saa"G(k)”TQ’k’a .

written as{|\0c)}. The ground-state energy can be chosen to Y o
be sg=0, and the expression above simplifies to 9)
HS =V [Q,[2 614%Gronr00(@L), (5 We can write theT matrix as a sum of a scalar and vector
a part
where oy
Gramn o) <xo A0 > (®) Tacaw =~y (Tod + a8 8], (10
NN/ 0el@L) = 0| 20 g o
[Gw)]™ - Ha and, using the identity
is the Green’s-function operator for the system composed by 3 P.s
the exciton and two spins, and (h-9)2= TR (11)
5 ’
G%wy) = kkhzkz (7)  we rewrite Eq.(9) in the form of two coupled equations,
h“’L_(GO’Lm) 17 T,=J+JIFy(Ty-T4/2), (129
We remark that we work in the off-resonance regime for TO:1_3GJ|:OT1, (12b

which o, < €, thus making the real part @° always nega-

tive. Since we are dealing with only single-exciton pro-where

cesses, the Lippman-Schwinger equationGaran be rewrit-

ten in terms of an equation for the matrix defined by the Fo(w,) = 12 vi”G(k)”' (13)
relationG=Gy+GyTG,. We solve the problem in two steps: Vi

(i) the TA and T® operators representing the scattering of the

exciton with only one impurityidentified by the indexA or ~ The reduction of the integral equation to two algebraic equa-
B) is solved.(ii) The T matrix for the exciton interacting with  tions is a consequence of the form of the interaction. The two
two impurities is explicitly rewritten in terms of* and T®  coupled equations in Eq12) are solved and give

i 7
using 33 JF
To= 16 IF 03(J|: )2 (143
T= TA1+G°T®]+ (A=B), (8) 1+ 020
1-TAGTBGO 2 16
where (A=B) stands for repeating the previous term with
interchange of superscripfsandB. Equation(8) takes into T.= J
. ) 1= 5. (14b)
account exactly all the multiple-scattering processes between JF,  3(JF)
the exciton and the two localized spins. We will focus in the + 2 16

next section on the interaction of the exciton with a single
localized spin. Multiple-scattering effects in the two spinsThis analytical solution allows us to investigate the strong-

case are addressed in Sec. IV. coupling regime in which the quantityF, is not small. The
most interesting feature of the strong-coupling regime is the
1. EXCITON-SINGLE IMPURITY SCATTERING formation of bound states of the exciton with the impurities,

identified by the poles in th€ matrix. Varying the frequency
~ This section focuses on the solution of fhenatrix equa-  of the laserw, which will modify the Fo, we can scan the
tion for one scattering cent¢namedA). Due to the short-  spectrum to obtain the energies of those bound states. We
range nature of the exchange interaction, the exchange integemark that under the condition, < €, and assuming that
gral Jye in Eg. (2) is often reduced to a constant, the potentiab(k) is an analytic function ok, no singularities
corresponding to a deltalike interaction in space. Here Wey pranch cuts exist for the functidR,. Therefore the only
consider a more realistic form of the interaction using thesgyrce of poles is given by the zeros of the function 1
separable potential approximati8i® where Jyw=Jvww,  +JF,/2-3(JF,)?/16, appearing inl, and T,. Considering
with vy being a dimensionless form factor that depends onlyseparately the singlet and triplet channels we find
on k=|K. v, describes the effect of the finite size of the
nonlocal exchange interaction. The separable fornd,Qf TS=- 3/4J (153
will allow us to obtain analytical expressions for tiiema- 1+ 3/40F,’
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T J4 (15b) Hefr=Begs - (8™ + %) + Jgis™ - S°. (22
1-1/40F, Bet; represents an effective magnetic field acting on both
pins andle¢; is an effective isotropic Heisenberg exchange.

In the singlet and triplet channels only one of the two pole ¢ g
g P y P he effective magnetic field and exchange constant can be

in Eq. (14) is present. Due to the fact thBj(w,) is negative

for all allowed values ofw_, we also remark that, as ex- written as
pected, the exciton binds in a singlet spin stat@>0 (an- 10,42 = Q- | p1d?033(1 - IFR) 5
tiferromagnetic coupling while the bound state is a triplet if Bert= P2 (1-JF)[1 - IF43IF=-2)] 2
the exciton-electron exchange is ferromagnétie., J<0). R R R
(23
IV. EXCITON-TWO IMPURITIES SCATTERING and
Starting from the results obtained in the previous sections, |Q .2+ Q|2
we construct in this section the solution for the exciton-two “eff= 52
impurities T matrix and the correspondinde for the local- ) B
ized spins. Equatio8) can be expanded in terms ®fop- y |proPvgIPFR/2(1 - IFR)
erators as (1 -JIFR[1 - JIFY(3IFr - 2)][1 - IFR(3IFR-2)]’
T=TA+TAGT® + TAGITPG T A+ -+ . (16) (24)
The matrix forT® can be obtained from a simple phase shift; Where we have defined
if T2, is the T matrix for a scattering center with potential 1 )
o RTA . Fi(w) = — (1+e*R)y2G0 (25)
V(r) thene K WRT] is the corresponding one for a poten- ROUT gy< == Uk k-

tial V(r-R), i.e.,TEk,.17 We can take the matrix elements of _

Eq. (16) in the k representation. To illustrate how this series2 identifies the direction of propagation of the light,

can be summed let us consider as an example the third terf- €~ 7iwL iS the optical detuning, anf,. correspond to
in Eq. (16), the contributions to the Rabi energy from the two circularly

polarized components of the light. From E@1) a spin-

1 independent term is also derived which is not shown in Eq.

no_ 0 _—i(kK"=K".
(KTAGTPGOTAK) = \/3 > v Y G € Ry vien (22) since it is irrelevant for our purposes. If we want to
K"K include the effect of the degenerate light hole band the two
XYBG, v YA, (17) expressions in Eqg23) and (24) should be multiplied by
K 2/3 and 4/3, respectively. By keeping the lowest orded in
where we have defined in Egs.(23) and(24) we obtain
A®B) — ®) |Q0 > - Q|2 7
Y =Tor T s a8 Benr= 2R £ O, (26)
Reordering factors and defining the function
and
1w .
Frlo) = =2 &RiGy, (19) Q.2 +]Q, |
Vi Jenr= 5|02 +0(F)  (27)

this term takes the form which recovers the optical RKKY result of Ref. 6. The mag-

netic field induced by virtual excitons has recently been ana-
Fa(w ) YAYBYA, (20)  lyzed using a more fundamental approach in the case of a
single impurity by Combescot and Betbeder-Matibet in Ref.

Following the same procedure, the full series can be summegt N thi; reference th_e spin-indep.enldent term that provides
and we obtain fok=k' =0 ' a correction to the optical Stark shift is also discussed.

UiOkr

Too= %YAU +FRYB]+(A=B). (21 V. SPIN-SPIN COUPLING
R In this section we apply the results obtained abové)to
The T matrix is now expressed as an operator in an eightexcitons mediating the interaction between two electronic
dimensional space generated by three spifi€:lone elec- spins localized in shallow donor®.g., GaAs:Si and (ii)
tron in the exciton and two localized electron states. By di-excitons mediating the interaction between two magnetic
rect inversion and products 0b88 matrices, Eq(21) can be ions with spin 1/2(two rare-earth ion Y& in InP). Yb in
rewritten in terms of a combination of spin produ¢cise the InP is one of the most investigated rare-earth-doped III-V
Appendi®, and usingG=Gy+G,TG, we obtain the spin- materials. In principle Y& in GaAs could be used but it is
dependent effective Hamiltonian technically more challenging to obtain samples where only
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substitutional Yb is preseit.We will focus on the effect of 2+
the binding of excitons on the spin-spin coupling. The pa-
rameters] and the range of the potentia} can be fixed in
such a way that the single-spin excitdrmatrix reproduces
the binding energy and the spin configuration of the bound

>
. ) . T
exciton obtained from the experiment. < 0 ===
3 |xeo. \f’
/)

A. Shallow donors -1

AF FM

)
-
=

For a scheme of the system we can refer again to Fig. 1.
For excitons interacting with a shallow neutral donor the -2 | | |
effective mass approximation can be used. The problem of 0.1 0.2 0.3 0.4
excitons bound to neutral donors and acceptors has been 5 (Ry")
heavily investigated both experimentally and theoreticZlly.

In the case of GaAs it is known that the exciton binds to a F!G- 2. Coupling constanyi; between the two electronic spins
neutral donor with a binding energy of about 1 meV. It is Ipcalized in a shallow neutral donor embedded in GaAs as a func-
also clear from the magnetic-field dependence of the bounten of the laser energy, measured from the bottom of the free ex-

xciton resonan hat the two electrons ar ired in ile_iton band. The intensity of the laser corresponds to a Rabi energy
exciton resonance that the two electrons are paired in a s f Q,.=0.05 meV. The dashed line gives the result predicted with

glet around the donor ion and the hole is bound by Coulom . . .
; . . . - . the same parameters using second-order perturbation theory in the
interaction. The picture is very similar to the one of a pos"coupling constand
tive charge bound to anHon. As in the H ion case, the '
dominant term responsible for the binding of the two elec-j —q o5 Using the fact that the exciton binds to the donor
trons is a kinetic exchange term and we can therefore disreb—my in the singlet channel, we can determine the valué of
gard the effect of a spin-independent term in the Hamils, the TS in Eq. (158 in such a way to have a pole at the
tonian. The range of the kinetic exchange is determined by, herimental binding energy. Thkis positive, as expected
the hybridization between the localized electron state in thgom the fact that the kinetic exchange is antiferromagnetic,
neutral donor and the eleqtron state in the free exciton. Wend we take its value to ba= 1Ry* (a*B)s which gives a
therefore assume that thg is of the form binding energy for the singlet of 0.R3*, in accordance with

1 the experimental value of 1 meV. The triplet is unbound.
1+ (AR (28) We plot in Fig. 2 the coupling constai;; obtained from

Eqg. (24) as a function of the energy of the laser measured

where the parameteY determines the range of the potential. from the bottom of the free exciton band=e,—fiw . A
In the following we will use the excitonic atomic units where small imaginary contribution to the energy=0.000RY*,
energy is given in excitoni®ky* and lengths are in Bohr has been added in all the plots. The Rabi energfljs
radius g. Ry* = e*u/e5242 where u is the reduced mass of =0.05 meV. Thes— component of the Rabi energy is zero.
the electron hole systein electronic mass unifsandey is ~ The separation between the two neutral dorRiis 2ag. In
the static dielectric constant in the semiconductag  the region of large detuning we have a ferromagnetic cou-
=ggh?/e?u, and the relationRy*zﬁZ/Z,uagz holds. For pling in agreement with the results obtained in the ORKKY
GaAs these units giveRy* ~5 meV anda;~100 A.Using limit. When we approach the energy corresponding to the

these units we can calculate the functidigsandFg in Eqs.  binding of the exciton to the impurity, a=0.23, we observe
(13) and(19) as that the interaction is strongly enhanced and there is a region

with an antiferromagneti¢AF) coupling. Multiple scattering
Fo_ 1 1 (29 between the two impurities results in the formation of
07 4mA (AVSY+ )’ bonding-antibonding states for the exciton. When the light
has a frequency in the bonding-antibonding gap the effective

=

1 eRA_ g R interaction changes sign. This is analogous to the antiferro-
Fr=- > , (30) magnetic coupling generated by superexchange in magnetic
4R AT6-wv materials'® When the laser is tuned above the resonances we

where v=u/M is the reduced total mass ratio of the exci- '€cover again the ferromagnetic coupling. In the same plot
tonic system which is about 1/5 in GaAs taking=0.08 W€ also show the effective coupling that would result by

andm,=0.17. Notice thaF can be rewritten as keeping the lowest order id (ORKKY). In this case no
_ resonances due to the binding of the excitons are present and,
~ “RIA _ g RVl in order to obtain a sizeable coupling, the laser has to be
Fr=FoAv R(AV’E/— V) (31) tuned close the bottom of the excitonic band. In Fig. 3 we

show a contour plot of the effective spin-spin coupling as a
and has no poles for positive detunidgfor R>\, Frhas a  function of the detuning and impurity separation. Red corre-
Yukawa form with a detuning-related decay Iengﬂ\s’vm sponds to strong negative and violet to strong positive cou-
as found in Ref. 6, while at shoR the finite range of the pling, the green tone in the upper-right corner corresponds to
potential regularizes the R/ divergence. Inv, we take zero. At largeR the coupling is mostly ferromagnetic and
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0.8 independent and we take it into account by adding to the

exciton-impurity Hamiltonian of Eq¢l) the term

0.6
1 e
H, = _2 Ak,k’(l +e_|(k _k)R)bT;aBbkaﬁ. (32)

Vk,k’

0.4

8 (Ry")

We use the separable potential approximation also for the
spin-independent short-range potential and we parametrize it
in the formAy v =Av,vy, i.€., it has the samke dependence
of Jc. A more general analytical result can be obtained
using a separable form faky . with different coefficients,
but we expect the range of tlsef exchange and that of the
. : : : : : , impurity potential to be very similar. The value &f is de-
o 05 1 15 2 25 3 termined by imposing that the exciton-single impufftyna-

R (@g") trix has a pole for both singlet and triplet channels at
30 meV. Following the same procedure used in Sec. Il we

FIG. 3. (Color onling. Jefr as a function of the donors separa- obtain for theT operators in the singlet and triplet channels
tion R and detuning’. The contour plot identifies the regions where

the coupling is ferromagneti@&M) or antiferromagneti¢AF). The
thick lines indicate a change of sign df;. The intensity of the

0.2 1

laser corresponds to a Rabi energy ®£0.1 meV. In the color S= ﬂ, (339
figure, green corresponds 3gs=0. Colors from green to red cor- 1+3/43F, - AF,

respond to negative valu¢gM). Colors from green to violet cor-

respond to positive valug@\F).

there is only a small region close to the exciton binding TT:&_ (33b)
energy where the coupling can be A¥olet region in the 1-1/43Fo - AFg

plot). When the distance between the two impurities de-

creases, the bonding-antibonding gap and the region corre-

sponding to the antiferromagnetic coupling is wider. TheThe expressions for thé.; and Byt modified by the pres-
thick line indicates a change of sign af;. Notice also the ence ofA can be obtained by plugging the E@83) in the
different decay of the interaction as a functionffor dif-  general expressions of Eq#3) in the Appendix. The quan-
ferent values of the detuning. Ap=0.4 the maximum tity Jis thes-f exchange interaction between the impurity
strength is aR=0.8 and decays quickly within a quarter of and the electron in the exciton. In typical rare-earth ferro-
ag to the minimum value in the plot. A6=0.1 the same Magnetic semiconductors tisef exchange is ferromagnetic
minimum is reached within a much larger interval of aboutand is of the order of few eV #?° comparable to the-d
2ay,. This is consistent with the fact that at a small detuningéxchange in Mn based diluted magnetic semiconduéfors.

there is a contribution from the free exciton band which cariVe are usingl=-10"* in our units which corresponds to a
give a |0nger range for the effective interaction. conservative estimate of 0.7 e\2 4 InP. In InP the value of

the Ry* is about the same as that of GaAs meV), while
the Bohr radius is about 120 A. Faok in v, we take A
=0.01 which is of the order of the ionic radius of ¥b

The magnetic properties of the ¥bion in IlI-V (Ref. 24 We show in Fig. 4 the contour plot df as a function of
arise from its partially filled 4 shell, possessing 13 elec- the laser detuning=e,~%w, and of the separation between
trons. In 1lI-V materials, for a substitutional impurity, the the impuritiesR. At large distances we observe two reso-
crystal fields split the ground manifold of the ion into two nances related to the binding of the exciton in the singlet and
doublets(spin%), I's andI’;, and aquadruple(lspin%), I's.  triplet channels. Figure (& shows in detail thely; for a
The lowest-lying state is the Kramers doubligf which be-  distanceR=1ag. The two peaks in Fig. ®) correspond to
haves like a spir% with an effective isotropig=24/72°Yb  the exciton bound to the impurity in the triplet and singlet
in InP replaces indium and acts as an isoelectronic trap. Frorchannel. The peak at larger detuning corresponds to the trip-
electricaf® and opticad” measurements it is known that the let since thes-f exchange is ferromagnetic. For shorter dis-
exciton binds to this isoelectronic impurity with a binding tances we see from Fig. 4 that each of the two peaks starts to
energy of 30 meV. The binding is due to a short-range posplit. The singlet(at smaller detuningfollows a behavior
tential that arises from the difference in the core pseudoposimilar to the one of the shallow donors described above: the
tential between the impurity and the host ion it repla@ds.  bonding and antibondig states identify a region where the
is reasonable to assume that this short-range potential is spineupling becomes antiferromagnetic. The triplet state splits

B. Rare-earth impurities
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FIG. 4. (Color onling. Coupling constani.¢; between two mag- 012345 ) 6 78 910
netic YB** localized in InP as a function of the laser detunifig () 8 (Ry)
=e-hw_ and separation between the ions. The thick lines indicate ) . )
Jotf=0 and a change form ferromagnetic to antiferromagnetic cou- FIG. 5. Coupling constant,; between two YB" ions in InP as

pling. The intensity of the laser corresponds to a Rabi energy of function O_f the detuning. (2) Large dlsgance. The coupling is
Q=0.1 meV. In the color figure, green correspondsge=0. Col- erromagnetic and the resonances in the interaction are close to the

ors from green to red correspond to negative valied). Colors energy of the excilton.bound 0 Fhe Ytb) Short distange. The
from green to violet correspond to positive valyas). triplet channel sp_hts In many dlﬁgrent peaks producing many
changes of the spin-spin coupling sign. The lower curve shows the

. . . sign of the coupling constant.
in many different peaks as can be seen from Fi@).5The

sign of the interaction can change many times as a function

of the detuning in this short distance region. This is indicated »
by the sign ofJy; plotted in the lower part of Fig. (6). an additional control parameter that can be used to selec-

Overall the antiferromagnetic coupling dominates at shorfively address qubits with an optically induced magnetic

distances while the interaction is ferromagnetic at lakge ~ field. This is also an advantage from a practical point of view
since it could simplify the experimental setup by eliminating

the need of an external magnetic field.
VI. DISCUSSION Although the feasibility of single impurity spectroscopy
] o ) . o in semiconductors has been provés? little attention has
The spin-spin |.nter_act|o'n control dlscussed n _thlS Papeheen paid to optical properties of impurity-bound excitons
has potential applications in quantum computing implemenzq information storage and processing. Impurities deserve at
tations. In fact, an optical control of the spin of electrons|, « the same attention as quantum dots for such applica-

localized in quantum dots or impurities has several advanﬁons_ Their homogeneous character and the variety of prop-

tages with respect to approaches where electrodes atties that one can obtain combining different hosts and ions

needed. Ultrafast lasers are available, promising the realiza- " . . .
. o .—are indeed special advantages. An exciton bound to an impu-
tion of quantum gates in time scales that are hard to achieve

with an electrical control. Lasers are also very flexible forrlty has optical properties very similar to an exciton trapped
in,a shallow quantum dot. Most of the ideas involving exci-

quantum control since pulse shaping can be used to increal®?d S o X .
accuracy and speéd Finally, metallic electrodes necessarily (©ONS in quantum dots as a main ingredient for quantum in-

add a source of noise for the quantum system, and they af@rmation and communication can be reformulated for exci-

not needed in an optical scheme. The possibility of changingPnS bound to impurities. We have provided only two

the sign of the spin-spin interaction can add flexibility to €xamples here, but our phenomenological theory, being
many control schemes for the qubits, like, e.g., in thebased on inputs from the experiments, is very flexible and
exchange-only schenf®.We have seen that resonances inmany other combinations of host and ions can be used to
the spin-spin coupling induced by the binding of the excitonsexplore a large range of confinement energy and different
can increase the magnitude of the interaction for distancesptical properties. We also have seen that the spin-spin cou-
that are reasonable from a nanofabrication point of viewpling has a resonant behavior at frequencies depending on
This will imply that lasers with lower intensities can be em- the separation between the impurities. By organizing the im-
ployed in the control. The polarization of the light representspurities in chains with different separation this can be used to

235210-7
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selectively address a single pair of impurities and it allowsexplicitly the case of two neutral donors in GaAs and two

for scalability. rare-earth magnetic ion&b®*) in InP.
A very special case is represented by impurities in silicon.
This material has obvious technological advantages and ACKNOWLEDGMENTS

many proposals for using impurities in Si for quantum com-
puting have been suggest&d®’ In particular, the optical This work was supported by NSF Grant No. DMR-
control of electronic spins localized by deep donors in Si0312491. We thank T. A. Kaplan for enlightening discussions
using acontrol impurity has been proposédn the scheme on the theory of magnetism, and S. D. Mahanti for suggest-
we are suggesting here, the exciton bound to the impurityng useful references on RKKY.
plays the role of theontrol impurity and it takes advantage
of the host material for mediating the interaction. Even if Si
is an indirect gap material, there is a finite optical coupling to APPENDIX: MATRIX REPRESENTATION OF THE T
the exciton bound to the impurity due to symmetry breaking. OPERATOR
Qddmonal com_pll_catlon_s in _the use of e'xmtons bound to Using the basis s¢§,§,sz> we obtain for the spin prod-
onors for mediating spin-spin coupling arise from the valley B B .
d N . . . uctss?-s, sB-s, s*-sB the matrices
egeneracy in St We will address the optical spin control

of impurities in Si and the role of valley degeneracy in a
future publication.

Excitons bound to rare-earth magnetic ions can be con-
trolled very rapidly and efficiently due to their strong dipole
moment. Their dipole moment is mainly determined by the
optical properties of the host material, since it involves the
creation of electron-hole pairs across the semiconductor gap. Pog=
At the same time, they interact with the internal degrees of
freedom in the coref states. Schemes involving excitons
bound to rare-earth impurities in 111-V materials bring in the
advantages of the optical properties of the host and the sta-
bility of the internal degrees of freedom of tlieorbitals in
the rare-earth ion where the qubit is stored. This hybrid sys-
tem is thus extremely powerful, providing both reliable stor-
age and fast processing of information.

Finally, the light controlled spin-spin coupling in a semi-
conductor matrix is also appealing for the coherent control of
macroscopic properties of materials. This was the idea be-
hind the coherently induced ferromagnetism in Ref. 2. There, 5
a finite critical temperature for a paramagnetic to ferromag-
netic transition in diluted magnetic semiconductors was
found when the material is coupled to a strong laser field.
The results presented in this paper suggest that the presence
of bound states could enhance the effect. Also, the same idea
could be used in other systems where the light can induce
antiferromagnetic or glassy phases starting from a paramag-
netic system. This represents a unique opportunity to study
phase transitions in a solid where the coupling is controlled
by an external field and may lead to a different class of
controlled materials to be investigated.

In conclusion, we have studied the problem of two sgins

localized by impurities in semiconductor in the presence of $h-sP=
an intense light field. The light induces a frequency-

dependent spin-spin coupling and a magnetic field that can

be controlled by the polarization of the light. The effects are

enhanced by the presence of impurity bound excitons which

may split into bonding and antibonding states in the case of

two impurities. The sign of the spin-spin coupling is gener-

ally ferromagnetic, but it can switch to antiferromagnetic

when the laser is tuned to the bonding-antibondig gap. W@y substituting these expressions¥i and Y® and then in
have developed a flexible theoretical approach based on scdt¢. (21), we obtain after matrix inversions and multiplica-
tering theory where the parameters from the experiment cafions an expression forT=(1-F3YAYB) 1YA[1+FRY"]
be used to estimate the size of the effect. We have discussedA=B). The traceless part of this matrix is
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wherea and 8 can be conveniently expressed as a function (TT-THFg
of the single impurityT™ and TS operators in Eqs(15) or B=- Y ER(TT =TS+ 2FTT TS - 2)’ (A3Db)

Egs.(33) as
where we have dropped tHé,B} index since we are con-
sidering two identical centers. Notice that the matrix in Eq.
2(TT-T9(T'Fr+ 1) (A2) can be rewritten as

“= (TTFr- D[FR(TS=-TT+ 2FcT'TS) - 2]’ (A3a) a(h+SP) s+ Bt - SE. (A4)
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