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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 donors(Si) and deep rare-earth magnetic impu-
rities (Yb) in III-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

The possibility of creating semiconductor systems that
can work simultaneously as electronic, photonic, and mag-
netic devices has boosted recently the research on light-spin
interaction in semiconductors. These efforts extend both in
the direction of an optical control of macroscopic magnetic
properties and toward the quantum control of single spins.1

Examples belonging to the first class include investigations
on light-induced paramagnetic to ferromagnetic transitions in
magnetic semiconductors, using coherent2 or incoherent3

processes, and attempts to control the macroscopic spin po-
larization of carriers using polarized light.4 More recently,
schemes for optical control at the level of a few spins have
been proposed. Baoet al.5 have demonstrated quantum spin
entanglement of a few donors and magnetic impurities. The
strong potentialities of this optical quantum control of spins
for quantum information processing using quantum dots6,7

and impurities8 have been emphasized, and recent advances
in the optical control at the nanoscale in semiconductor
nanostructures9,10 are particularly encouraging in this per-
spective.

It was pointed out in Ref. 6 that itinerant excitons, i.e.,
optical excitations free to move in the host material that em-
beds the localized spins, can induce an effective spin-spin
interaction between localized spins. This mechanism has
been dubbed theoptical Ruderman-Kittel-Kasuya-Yosida
(ORKKY) mechanism, in analogy to the mechanism in the
theory of magnetism,11 where electrons are involved. In the
coherent optical case virtual excitons are created, and the
ORKKY coupling is obtained from a second-order perturba-
tion theory in the exchange coupling between the itinerant
exciton and the localized spin. The ORKKY result predicts
that the coupling between the localized spins is always fer-
romagnetic, independently of the sign of the coupling with
the excitons. In this paper we show that higher-order terms in
the exciton-impurity coupling can modify the strength and
sign of the interaction, and affect its dependence as a func-

tion of the spin separation. The calculation of the spin-spin
interaction can be reduced to a spin-dependent scattering
problem that can be solved including exactly all the multiple-
scattering terms between the two localized spins. We follow
here an approach similar to that used to calculate multiple-
scattering effects ofp± mesons by deuterons.12 The higher-
order terms in the exciton-impurity coupling describe bound
states which affect strongly the optically induced spin-spin
interaction. In particular, a controlled antiferromagnetic(AF)
coupling can be realized when the laser energy is tuned in
the bonding-antibonding gap for the exciton localized by two
impurities. This laser controlled switching of sign of the
spin-spin interaction opens interesting directions in the in-
vestigation of competing interactions in spin systems.

The exchange between nuclear spins through excited elec-
tronic states has been discussed in the past in the case of
molecules13 and insulators.14 In particular, Bloembergen and
Rowland predicted in Ref. 14 an exponential decay of the
spin-spin interaction with a characteristic lengthk
=" /Î2mEg. This length depends on the energy gapEg of the
insulator and on the mass of the virtual electron-hole pairs
across the gap. In the optically induced RKKY mechanism,
the energy gap is effectively reduced by the laser field which
increases the effective length tok=" /Î2msEg−"vPd, with
"vP being the energy of the laser. Also, the density of elec-
trons in the occupied bands in the insulator is replaced in the
optical case by the density of photons in the field. The inno-
vative strength of the optically induced case resides in the
control potentialities since both the intensity and the fre-
quency of the laser can be controlled in an experiment. Go-
ing beyond second-order perturbation theory presents intrin-
sic difficulties in the case of metals.15 These difficulties are
not present in the optical coherent case since there is no
Fermi sea of electrons. The presence of a Fermi sea simulta-
neously with the laser would produce light-induced Kondo
effects,16 which we do not consider here.

The paper is organized as follows: In Sec. II we derive the
expression for the effective Hamiltonian of two localized
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spins in the presence of a light field, relating it to the spin-
dependentT-matrix operator of a two-center scattering prob-
lem. We study first in Sec. III the scattering of one exciton
with one center. By generalizing a result from scattering
theory17 to the spin-dependent case, we show in Sec. IV how
the T-matrix operator for the exciton scattering on two cen-
ters can be expressed in terms of theT operator for the one
center scattering. We also study in this section the effects of
the polarization of the light and we show that a circularly
polarized field will induce an additional term representing a
magnetic field. The theory is applied in Sec. V to two sys-
tems: shallow donors, and deep rare-earth magnetic impuri-
ties. We discuss implications for quantum computing imple-
mentations and for the optical control of macroscopic
magnetic properties in Sec. VI.

II. EFFECTIVE HAMILTONIAN FOR LOCALIZED SPINS
COUPLED BY THE LIGHT

A scheme showing the realization of a light induced spin
coupling in the case of two shallow donors is given in Fig. 1.
We are not interested in calculating the optical properties of
the whole system, but we want to consider the effect of a
coherent field on the dynamics of the two initially noninter-
acting localized spinssA andsB. 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 the
laser is always off resonance with respect to the free exciton
band to avoid strong energy absorption. We therefore con-
sider only single exciton processes in the presence of a
monochromatic laser field. The system of two localized spins
coupled to one itinerant exciton is described by the Hamil-
tonian

HXS= H0 + H1, s1d

whereH0 describes a free exciton of massM with dispersion
ek=e0+"2k2/2M. The termH1 describing the spin dynamics
can be written in the form

H1 =
1

V
o

kk8aa8b

Jk,k8ss
A ·sa8a + e−isk8−kdRsB ·sa8adbk8a8b

† bkab,

s2d

where the two localized spins12 are described bysA andsB. V
is the volume ands is the electronic spin of the itinerant
exciton.bkab

† creates an exciton with center-of-mass momen-
tum k, electron spina, and hole spinb. R is the separation
between the two impurities.Jk,k8 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-
erant exciton state with the localized state.18 We will keep for
the moment a general approach independent of the nature of
theJk,k8, and we will discuss two specific examples in Sec. V.
A spin-independent term corresponding to a direct Coulomb
interaction between the exciton and the impurity is also
present. This term is small for shallow impurities, where ki-
netic exchange effects dominate, but becomes important for
deep impurities. We will include this term in the case of
rare-earth impurities discussed in Sec. V B, and we disregard
it in the general discussion since it only introduces spin-
independent energy shifts. We assume that the 1s excitons
dominate the light induced effect, as discussed in Ref. 6.
Moreover, we focus on systems where the localized states
interact only with the electron in the exciton: the full Hamil-
tonian in Eq.(1) is diagonal in the hole spin indexb. This is
a good approximation for electrons in neutral donors, since it
is equivalent to neglecting the electron-hole exchange inter-
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 the Yb3+ ions in
III–V; it is known that these ions act as strong isoelectronic
traps for electrons and thes-f exchange in the conduction
band dominates.

The interaction of the excitons with an external time-
dependent optical field provides the mechanism for the con-
trol of the two localized spins and is described by the Hamil-
tonian

HXL = ÎVo
s

VseivLtf1sbk=0,a+b=s + H.c., s3d

whereVs is the Rabi energy of the interband optical transi-
tion and"vL is the energy of the laser,s is the polarization
of the light. We have used the rotating wave approximation
in Eq. (3). f1s is the envelope function of the electron hole
pair taken atr=re−rh=0. In the case of a cw laser field, the
time dependence can be eliminated by moving to the rotating
frame with frequencyvL, thus replacingek by ek−"vL in H0.

We are deriving an effective Hamiltonian for the two lo-
calized spins in the presence of the laser field. For a fixed
value of the polarizations, this Hamiltonian is four dimen-
sional, corresponding to the degenerate ground state de-
scribed byull=hu↑ ↑ l , u↑ ↓ l , u↓ ↑ l , u↓ ↓ lj for the two local-
ized spins, and can be written to second order inHXL as

FIG. 1. Scheme of the light induced spin-spin interaction in the
case of two shallow donors.
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Hll8
ef f = kluHXL

1

«l
0 − PHXSP

HXLul8l, s4d

whereP is the projector operator onto the subspace of one
exciton plus two spins and«l

0 is the ground-state energy of
two spins with no exciton. OperatingHXL onto ull generates
states with one exciton atk=0 with polarizations, states
written ashul0slj. The ground-state energy can be chosen to
be «l

0=0, and the expression above simplifies to

Hll8
ef f = Vo

s

uVsu2uf1su2Gl0s,l80ssvLd, s5d

where

Gl0s,l80ssvLd =Kl0sU 1

fG0svLdg−1 − H1
Ul80sL s6d

is the Green’s-function operator for the system composed by
the exciton and two spins, and

G0svLd =
dkk8

"vL − Se0 +
"2k2

2M
D + ih

. s7d

We remark that we work in the off-resonance regime for
which vL,e0, thus making the real part ofG0 always nega-
tive. Since we are dealing with only single-exciton pro-
cesses, the Lippman-Schwinger equation forG can be rewrit-
ten in terms of an equation for theT matrix defined by the
relationG=G0+G0TG0. We solve the problem in two steps:
(i) the TA andTB operators representing the scattering of the
exciton with only one impurity(identified by the indexA or
B) is solved.(ii ) TheT matrix for the exciton interacting with
two impurities is explicitly rewritten in terms ofTA and TB

using17

T =
1

1 − TAG0TBG0TAf1 + G0TBg + sA
 Bd, s8d

where sA
Bd stands for repeating the previous term with
interchange of superscriptsA andB. Equation(8) takes into
account exactly all the multiple-scattering processes between
the exciton and the two localized spins. We will focus in the
next section on the interaction of the exciton with a single
localized spin. Multiple-scattering effects in the two spins
case are addressed in Sec. IV.

III. EXCITON-SINGLE IMPURITY SCATTERING

This section focuses on the solution of theT-matrix equa-
tion for one scattering center(namedA). Due to the short-
range nature of the exchange interaction, the exchange inte-
gral Jk,k8 in Eq. (2) is often reduced to a constant,
corresponding to a deltalike interaction in space. Here we
consider a more realistic form of the interaction using the
separable potential approximation19,20 where Jk,k8=Jvkvk8,
with vk being a dimensionless form factor that depends only

on k= ukWu. vk describes the effect of the finite size of the
nonlocal exchange interaction. The separable form ofJk,k8
will allow us to obtain analytical expressions for theT ma-

trix, and provide a flexible theoretical framework with pa-
rameters that can be taken for the experiments. On the other
hand, this potential can support at most ones-like bound
state. The integral equation for theT matrix, T=H1
+H1G0T, can then be written explicitly as

Tkk8aa8
A =

J

V
vkvk8s

A ·saa8 +
J

V
o
k9a9

vkvk9s
A ·saa9Gk9

0 Tk9k8a9a8
A .

s9d

We can write theT matrix as a sum of a scalar and vector
part

Tkk8aa8
A =

vkvk8

V
fT0daa8 + T1s

A ·saa8g, s10d

and, using the identity

ssA ·sd2 =
3

16
−

sA ·s

2
, s11d

we rewrite Eq.(9) in the form of two coupled equations,

T1 = J + JF0sT0 − T1/2d, s12ad

T0 = 3
16JF0T1, s12bd

where

F0svLd =
1

V
o
k9

vk9
2 Gk9

0 . s13d

The reduction of the integral equation to two algebraic equa-
tions is a consequence of the form of the interaction. The two
coupled equations in Eq.(12) are solved and give

T0 =
3J

16

JF0

1 +
JF0

2
−

3sJF0d2

16

, s14ad

T1 =
J

1 +
JF0

2
−

3sJF0d2

16

. s14bd

This analytical solution allows us to investigate the strong-
coupling regime in which the quantityJF0 is not small. The
most interesting feature of the strong-coupling regime is the
formation of bound states of the exciton with the impurities,
identified by the poles in theT matrix. Varying the frequency
of the laservL, which will modify the F0, we can scan the
spectrum to obtain the energies of those bound states. We
remark that under the conditionvL,e0, and assuming that
the potentialvskd is an analytic function ofk, no singularities
or branch cuts exist for the functionF0. Therefore the only
source of poles is given by the zeros of the function 1
+JF0/2−3sJF0d2/16, appearing inT1 and T0. Considering
separately the singlet and triplet channels we find

TS= −
3/4J

1 + 3/4JF0
, s15ad
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TT =
J/4

1 − 1/4JF0
. s15bd

In the singlet and triplet channels only one of the two poles
in Eq. (14) is present. Due to the fact thatF0svLd is negative
for all allowed values ofvL, we also remark that, as ex-
pected, the exciton binds in a singlet spin state ifJ.0 (an-
tiferromagnetic coupling), while the bound state is a triplet if
the exciton-electron exchange is ferromagnetic(i.e., J,0).

IV. EXCITON-TWO IMPURITIES SCATTERING

Starting from the results obtained in the previous sections,
we construct in this section the solution for the exciton-two
impuritiesT matrix and the correspondingHeff for the local-
ized spins. Equation(8) can be expanded in terms ofT op-
erators as

T = TA + TAG0TB + TAG0TBG0TA + ¯ . s16d

The matrix forTB can be obtained from a simple phase shift:
if Tkk8

A is the T matrix for a scattering center with potential

Vsrd thene−isk8−kd·RTkk8
A is the corresponding one for a poten-

tial Vsr −Rd, i.e., Tkk8
B .17 We can take the matrix elements of

Eq. (16) in the k representation. To illustrate how this series
can be summed let us consider as an example the third term
in Eq. (16),

kkuTAG0TBG0TAuk8l =
1

V3 o
k9,k-

vkvk9Y
AGk9

0 e−isk-−k9d·Rvk9vk-

3YBGk-
0 vk-vk8Y

A, s17d

where we have defined

YAsBd = T0 + T1s
AsBd ·s. s18d

Reordering factors and defining the function

FRsvLd =
1

V
o
k

eik·Rvk
2Gk

0, s19d

this term takes the form

vkvk8

V
FR

2svLdYAYBYA. s20d

Following the same procedure, the full series can be summed
and we obtain fork=k8=0

T0,0=
v0v0/V

1 − FR
2YAYBYAf1 + FRYBg + sA
 Bd. s21d

The T matrix is now expressed as an operator in an eight-
dimensional space generated by three spins 1/2: one elec-
tron in the exciton and two localized electron states. By di-
rect inversion and products of 838 matrices, Eq.(21) can be
rewritten in terms of a combination of spin products(see the
Appendix), and usingG=G0+G0TG0 we obtain the spin-
dependent effective Hamiltonian

Heff = Bef f · ssA + sBd + Jef fs
A ·sB. s22d

Bef f represents an effective magnetic field acting on both
spins andJef f is an effective isotropic Heisenberg exchange.
The effective magnetic field and exchange constant can be
written as

Bef f =
uVs+u2 − uVs−u2

d2

uf1su2v0
2Js1 − JFR

−d
s1 − JFR

+df1 − JFR
+s3JFR

− − 2dg
ẑ

2

s23d

and

Jef f =
uVs+u2 + uVs−u2

d2

3
uf1su2v0

2J2FR/2s1 − JFR
−d

s1 − JFR
+df1 − JFR

+s3JFR
− − 2dgf1 − JFR

−s3JFR
+ − 2dg

,

s24d

where we have defined

FR
±svLd =

1

4V
o
k

s1 ± eik·Rdvk
2Gk

0. s25d

ẑ identifies the direction of propagation of the light,
d=e0−"vL is the optical detuning, andVs± correspond to
the contributions to the Rabi energy from the two circularly
polarized components of the light. From Eq.(21) a spin-
independent term is also derived which is not shown in Eq.
(22) since it is irrelevant for our purposes. If we want to
include the effect of the degenerate light hole band the two
expressions in Eqs.(23) and (24) should be multiplied by
2/3 and 4/3, respectively. By keeping the lowest order inJ
in Eqs.(23) and (24) we obtain

Bef f =
uVs+u2 − uVs−u2

d2 uf1su2v0
2J

ẑ

2
+ OsJ2d, s26d

and

Jef f =
uVs+u2 + uVs−u2

d2 uf1su2v0
2J2FR/2 + OsJ3d s27d

which recovers the optical RKKY result of Ref. 6. The mag-
netic field induced by virtual excitons has recently been ana-
lyzed using a more fundamental approach in the case of a
single impurity by Combescot and Betbeder-Matibet in Ref.
21. In this reference the spin-independent term that provides
a correction to the optical Stark shift is also discussed.

V. SPIN-SPIN COUPLING

In this section we apply the results obtained above to(i)
excitons mediating the interaction between two electronic
spins localized in shallow donors(e.g., GaAs:Si) and (ii )
excitons mediating the interaction between two magnetic
ions with spin 1/2(two rare-earth ion Yb3+ in InP). Yb in
InP is one of the most investigated rare-earth-doped III-V
materials. In principle Yb3+ in GaAs could be used but it is
technically more challenging to obtain samples where only
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substitutional Yb is present.22 We will focus on the effect of
the binding of excitons on the spin-spin coupling. The pa-
rametersJ and the range of the potentialvk can be fixed in
such a way that the single-spin excitonT matrix reproduces
the binding energy and the spin configuration of the bound
exciton obtained from the experiment.

A. Shallow donors

For a scheme of the system we can refer again to Fig. 1.
For excitons interacting with a shallow neutral donor the
effective mass approximation can be used. The problem of
excitons bound to neutral donors and acceptors has been
heavily investigated both experimentally and theoretically.23

In the case of GaAs it is known that the exciton binds to a
neutral donor with a binding energy of about 1 meV. It is
also clear from the magnetic-field dependence of the bound
exciton resonance that the two electrons are paired in a sin-
glet around the donor ion and the hole is bound by Coulomb
interaction. The picture is very similar to the one of a posi-
tive charge bound to an H− ion. As in the H− ion case, the
dominant term responsible for the binding of the two elec-
trons is a kinetic exchange term and we can therefore disre-
gard the effect of a spin-independent term in the Hamil-
tonian. The range of the kinetic exchange is determined by
the hybridization between the localized electron state in the
neutral donor and the electron state in the free exciton. We
therefore assume that thevk is of the form

vk
2 =

1

1 + sLkd2 , s28d

where the parameterL determines the range of the potential.
In the following we will use the excitonic atomic units where
energy is given in excitonicRy* and lengths are in Bohr
radius aB

* . Ry* = e4m /«0
22"2 wherem is the reduced mass of

the electron hole system(in electronic mass units) and«0 is
the static dielectric constant in the semiconductor.aB

*

=«0"2/e2m, and the relationRy* = "2/2maB
* 2 holds. For

GaAs these units give 1Ry* ,5 meV andaB
* ,100 Å. Using

these units we can calculate the functionsF0 andFR in Eqs.
(13) and (19) as

F0 = −
1

4pL

1

sLÎdn + nd
, s29d

FR = −
1

4pR

e−R/L − e−RÎd/n

L2d − n
, s30d

wheren=m /M is the reduced total mass ratio of the exci-
tonic system which is about 1/5 in GaAs takingme=0.08
andmh=0.17. Notice thatFR can be rewritten as

FR = F0Ln
e−R/L − e−RÎd/n

RsLÎdn − nd
s31d

and has no poles for positive detuningd; for R@l, FR has a
Yukawa form with a detuning-related decay lengthaB

* În /d
as found in Ref. 6, while at shortR the finite range of the
potential regularizes the 1/R divergence. Invk we take

L=0.25. Using the fact that the exciton binds to the donor
only in the singlet channel, we can determine the value ofJ
in the TS in Eq. (15a) in such a way to have a pole at the
experimental binding energy. TheJ is positive, as expected
from the fact that the kinetic exchange is antiferromagnetic,
and we take its value to beJ=1Ry* saB

* d3 which gives a
binding energy for the singlet of 0.23Ry*, in accordance with
the experimental value of 1 meV. The triplet is unbound.

We plot in Fig. 2 the coupling constantJef f obtained from
Eq. (24) as a function of the energy of the laser measured
from the bottom of the free exciton band,d=e0−"vL. A
small imaginary contribution to the energy,h=0.0001Ry*,
has been added in all the plots. The Rabi energy isVs+
=0.05 meV. Thes− component of the Rabi energy is zero.
The separation between the two neutral donorsR is 2aB

* . In
the region of large detuning we have a ferromagnetic cou-
pling in agreement with the results obtained in the ORKKY
limit. When we approach the energy corresponding to the
binding of the exciton to the impurity, atd=0.23, we observe
that the interaction is strongly enhanced and there is a region
with an antiferromagnetic(AF) coupling. Multiple scattering
between the two impurities results in the formation of
bonding-antibonding states for the exciton. When the light
has a frequency in the bonding-antibonding gap the effective
interaction changes sign. This is analogous to the antiferro-
magnetic coupling generated by superexchange in magnetic
materials.18 When the laser is tuned above the resonances we
recover again the ferromagnetic coupling. In the same plot
we also show the effective coupling that would result by
keeping the lowest order inJ (ORKKY). In this case no
resonances due to the binding of the excitons are present and,
in order to obtain a sizeable coupling, the laser has to be
tuned close the bottom of the excitonic band. In Fig. 3 we
show a contour plot of the effective spin-spin coupling as a
function of the detuning and impurity separation. Red corre-
sponds to strong negative and violet to strong positive cou-
pling, the green tone in the upper-right corner corresponds to
zero. At largeR the coupling is mostly ferromagnetic and

FIG. 2. Coupling constantJef f between the two electronic spins
localized in a shallow neutral donor embedded in GaAs as a func-
tion of the laser energy, measured from the bottom of the free ex-
citon band. The intensity of the laser corresponds to a Rabi energy
of Vs+=0.05 meV. The dashed line gives the result predicted with
the same parameters using second-order perturbation theory in the
coupling constantJ.
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there is only a small region close to the exciton binding
energy where the coupling can be AF(violet region in the
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. The
thick line indicates a change of sign ofJef f. Notice also the
different decay of the interaction as a function ofR for dif-
ferent values of the detuning. Atd=0.4 the maximum
strength is atR=0.8 and decays quickly within a quarter of
aB

* to the minimum value in the plot. Atd=0.1 the same
minimum is reached within a much larger interval of about
2aB

* . This is consistent with the fact that at a small detuning
there is a contribution from the free exciton band which can
give a longer range for the effective interaction.

B. Rare-earth impurities

The magnetic properties of the Yb3+ ion in III-V (Ref. 24)
arise from its partially filled 4f shell, possessing 13 elec-
trons. In III-V materials, for a substitutional impurity, the
crystal fields split the ground manifold of the ion into two
doubletssspin=1

2
d, G6 andG7, and a quadrupletsspin=3

2
d, G8.

The lowest-lying state is the Kramers doubletG6, which be-
haves like a spin12 with an effective isotropicg=24/7.25 Yb
in InP replaces indium and acts as an isoelectronic trap. From
electrical26 and optical27 measurements it is known that the
exciton binds to this isoelectronic impurity with a binding
energy of 30 meV. The binding is due to a short-range po-
tential that arises from the difference in the core pseudopo-
tential between the impurity and the host ion it replaces.28 It
is reasonable to assume that this short-range potential is spin-

independent and we take it into account by adding to the
exciton-impurity Hamiltonian of Eq.(1) the term

H2 =
1

V
o
k,k8

Dk,k8s1 + e−isk8−kdRdbk8ab
† bkab. s32d

We use the separable potential approximation also for the
spin-independent short-range potential and we parametrize it
in the formDk,k8=Dvkvk8, i.e., it has the samek dependence
of Jk,k8. A more general analytical result can be obtained
using a separable form forDk,k8 with different coefficients,
but we expect the range of thes-f exchange and that of the
impurity potential to be very similar. The value ofD is de-
termined by imposing that the exciton-single impurityT ma-
trix has a pole for both singlet and triplet channels at
30 meV. Following the same procedure used in Sec. III we
obtain for theT operators in the singlet and triplet channels

TS=
− 3/4J + D

1 + 3/4JF0 − DF0
, s33ad

TT =
J/4 + D

1 − 1/4JF0 − DF0
. s33bd

The expressions for theJef f and Bef f modified by the pres-
ence ofD can be obtained by plugging the Eqs.(33) in the
general expressions of Eqs.(A3) in the Appendix. The quan-
tity J is the s-f exchange interaction between the impurity
and the electron in the exciton. In typical rare-earth ferro-
magnetic semiconductors thes-f exchange is ferromagnetic
and is of the order of few eV Å3,29 comparable to thes-d
exchange in Mn based diluted magnetic semiconductors.30

We are usingJ=−10−4 in our units which corresponds to a
conservative estimate of 0.7 eV Å3 in InP. In InP the value of
the Ry* is about the same as that of GaAss5 meVd, while
the Bohr radius is about 120 Å. ForL in vk we take L
=0.01 which is of the order of the ionic radius of Yb3+.

We show in Fig. 4 the contour plot ofJef f as a function of
the laser detuningd=e0−"vL and of the separation between
the impuritiesR. At large distances we observe two reso-
nances related to the binding of the exciton in the singlet and
triplet channels. Figure 5(a) shows in detail theJef f for a
distanceR=1aB

* . The two peaks in Fig. 5(a) correspond to
the exciton bound to the impurity in the triplet and singlet
channel. The peak at larger detuning corresponds to the trip-
let since thes-f exchange is ferromagnetic. For shorter dis-
tances we see from Fig. 4 that each of the two peaks starts to
split. The singlet(at smaller detuning) follows a behavior
similar to the one of the shallow donors described above: the
bonding and antibondig states identify a region where the
coupling becomes antiferromagnetic. The triplet state splits

FIG. 3. (Color online). Jef f as a function of the donors separa-
tion R and detuningd. The contour plot identifies the regions where
the coupling is ferromagnetic(FM) or antiferromagnetic(AF). The
thick lines indicate a change of sign ofJef f. The intensity of the
laser corresponds to a Rabi energy ofV=0.1 meV. In the color
figure, green corresponds toJef f=0. Colors from green to red cor-
respond to negative values(FM). Colors from green to violet cor-
respond to positive values(AF).
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in many different peaks as can be seen from Fig. 5(b). The
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 ofJef f plotted in the lower part of Fig. 5(b).
Overall the antiferromagnetic coupling dominates at short
distances while the interaction is ferromagnetic at largeR.

VI. DISCUSSION

The spin-spin interaction control discussed in this paper
has potential applications in quantum computing implemen-
tations. In fact, an optical control of the spin of electrons
localized in quantum dots or impurities has several advan-
tages with respect to approaches where electrodes are
needed. Ultrafast lasers are available, promising the realiza-
tion of quantum gates in time scales that are hard to achieve
with an electrical control. Lasers are also very flexible for
quantum control since pulse shaping can be used to increase
accuracy and speed.31 Finally, metallic electrodes necessarily
add a source of noise for the quantum system, and they are
not needed in an optical scheme. The possibility of changing
the sign of the spin-spin interaction can add flexibility to
many control schemes for the qubits, like, e.g., in the
exchange-only scheme.32 We have seen that resonances in
the spin-spin coupling induced by the binding of the excitons
can increase the magnitude of the interaction for distances
that are reasonable from a nanofabrication point of view.
This will imply that lasers with lower intensities can be em-
ployed in the control. The polarization of the light represents

an additional control parameter that can be used to selec-
tively address qubits with an optically induced magnetic
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.

Although the feasibility of single impurity spectroscopy
in semiconductors has been proven,33,34 little attention has
been paid to optical properties of impurity-bound excitons
for information storage and processing. Impurities deserve at
least the same attention as quantum dots for such applica-
tions. Their homogeneous character and the variety of prop-
erties that one can obtain combining different hosts and ions
are indeed special advantages. An exciton bound to an impu-
rity has optical properties very similar to an exciton trapped
in a shallow quantum dot. Most of the ideas involving exci-
tons in quantum dots as a main ingredient for quantum in-
formation and communication can be reformulated for exci-
tons bound to impurities. We have provided only two
examples here, but our phenomenological theory, being
based on inputs from the experiments, is very flexible and
many other combinations of host and ions can be used to
explore a large range of confinement energy and different
optical properties. We also have seen that the spin-spin cou-
pling has a resonant behavior at frequencies depending on
the separation between the impurities. By organizing the im-
purities in chains with different separation this can be used to

FIG. 4. (Color online). Coupling constantJef f between two mag-
netic Yb3+ localized in InP as a function of the laser detuningd
=e−"vL and separation between the ions. The thick lines indicate
Jef f=0 and a change form ferromagnetic to antiferromagnetic cou-
pling. The intensity of the laser corresponds to a Rabi energy of
V=0.1 meV. In the color figure, green corresponds toJef f=0. Col-
ors from green to red correspond to negative values(FM). Colors
from green to violet correspond to positive values(AF).

FIG. 5. Coupling constantJef f between two Yb3+ ions in InP as
a function of the detuningd. (a) Large distance. The coupling is
ferromagnetic and the resonances in the interaction are close to the
energy of the exciton bound to the Yb.(b) Short distance. The
triplet channel splits in many different peaks producing many
changes of the spin-spin coupling sign. The lower curve shows the
sign of the coupling constant.
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selectively address a single pair of impurities and it allows
for scalability.

A very special case is represented by impurities in silicon.
This material has obvious technological advantages and
many proposals for using impurities in Si for quantum com-
puting have been suggested.35–37 In particular, the optical
control of electronic spins localized by deep donors in Si
using acontrol impurity has been proposed.8 In the scheme
we are suggesting here, the exciton bound to the impurity
plays the role of thecontrol 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
the exciton bound to the impurity due to symmetry breaking.
Additional complications in the use of excitons bound to
donors for mediating spin-spin coupling arise from the valley
degeneracy in Si.38 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.
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 III-V materials bring in the
advantages of the optical properties of the host and the sta-
bility of the internal degrees of freedom of thef orbitals 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,
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
controlledmaterials to be investigated.

In conclusion, we have studied the problem of two spins1
2

localized by impurities in semiconductor in the presence of
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. We
have developed a flexible theoretical approach based on scat-
tering theory where the parameters from the experiment can
be used to estimate the size of the effect. We have discussed

explicitly the case of two neutral donors in GaAs and two
rare-earth magnetic ionssYb3+d in InP.
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APPENDIX: MATRIX REPRESENTATION OF THE T
OPERATOR

Using the basis setusz
A,sz

B,szl we obtain for the spin prod-
uctssA·s, sB·s, sA·sB the matrices

sA ·s= 3
1
4 0 0 0 0 0 0 0

0 − 1
4 0 0 1

2 0 0 0

0 0 1
4 0 0 0 0 0

0 0 0 − 1
4 0 0 1

2 0

0 1
2 0 0 − 1

4 0 0 0

0 0 0 0 0 1
4 0 0

0 0 0 1
2 0 0 − 1

4 0

0 0 0 0 0 0 0 1
4

4 sA1ad

sB ·s= 3
1
4 0 0 0 0 0 0 0

0 − 1
4

1
2 0 0 0 0 0

0 1
2 − 1

4 0 0 0 0 0

0 0 0 1
4 0 0 0 0

0 0 0 0 1
4 0 0 0

0 0 0 0 0 − 1
4

1
2 0

0 0 0 0 0 1
2 − 1

4 0

0 0 0 0 0 0 0 1
4

4 sA1bd

sA ·sB = 3
1
4 0 0 0 0 0 0 0

0 1
4 0 0 0 0 0 0

0 0 − 1
4 0 1

2 0 0 0

0 0 0 − 1
4 0 1

2 0 0

0 0 1
2 0 − 1

4 0 0 0

0 0 0 1
2 0 − 1

4 0 0

0 0 0 0 0 0 1
4 0

0 0 0 0 0 0 0 1
4

4 . sA1cd

By substituting these expressions inYA andYB and then in
Eq. (21), we obtain after matrix inversions and multiplica-
tions an expression forT=s1−FR

2YAYBd−1YAf1+FRYBg
+sA
Bd. The traceless part of this matrix is
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b + 2a

4
0 0 0 0 0 0 0

0
b − 2a

4

a

2
0

a

2
0 0 0

0
a

2
−

b

4
0

b

2
0 0 0

0 0 0 −
b

4
0

b

2

a

2
0

0
a

2

b

2
0 −

b

4
0 0 0

0 0 0
b

2
0 −

b

4

a

2
0

0 0 0
a

2
0

a

2

b − 2a

4
0

0 0 0 0 0 0 0
b + 2a

4 





sA2d

wherea andb can be conveniently expressed as a function
of the single impurityTT and TS operators in Eqs.(15) or
Eqs.(33) as

a =
2sTT − TSdsTTFR + 1d

sTTFR − 1dfFRsTS− TT + 2FRTTTSd − 2g
, sA3ad

b = − a
sTT − TSdFR

sFRsTT − TS+ 2FRTTTSd − 2d
, sA3bd

where we have dropped thehA,Bj index since we are con-
sidering two identical centers. Notice that the matrix in Eq.
(A2) can be rewritten as

assA + sBd ·s+ bsA ·sB. sA4d
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