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We study the photoinduced ferromagnetism in the dilute magnetic semiconductors by solving a Hamiltonian
model that consists of localized magnetic moments interacting with the photoexcited itinerant carriers. The spin
states of the itinerant carriers are split due to the interaction with the localized magnetic moments, which are
assumed to be in thermal equilibrium in the local magnetic field due to the carriers. The time dependence of the
light-matter interaction term is eliminated by a unitary transformation and the resulting Hamiltonian is solved
by making a Bogoliubov-Valatin transformation or by a variational approach using a Bardeen-Cooper-
Schrieffer-type wave function. Without incident light, there are no carriers present to mediate magnetic inter-
action between the localized spins, so that the system is nonmagnetic. When light is present, the photoexcited
carriers mediate a ferromagnetic interaction between the localized moments resulting in a ferromagnetic state,
with a transition to a paramagnetic state as temperature is increased beyond 7,.. The magnitude of 7, is
determined by the parameters of the system such as the strength of the light-matter coupling, the frequency of
light, interaction strength of the carriers with the localized moments, etc. Even for a sub-band-gap light
frequency, there are induced carriers, primarily due to the Rabi oscillations, leading to a small but nonzero T...
We find that for typical parameters, 7, is about a fraction of a Kelvin or so, which is sizable. In systems which
are already ferromagnetic such as GaAs(Mn), the incident light would enhance the 7, by this amount, an effect

which has been recently observed.
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I. INTRODUCTION

The interplay between light and magnetization is well
known since the discovery of the Faraday and the Kerr
effects.! However, it is only recently that a great deal of
attention has been focused on the photoinduced magnetiza-
tion, where ferromagnetism is induced or enhanced by the
interaction with the incident light. The subject has acquired
added importance in view of the search for materials with
spin-polarized electrons to be relevant in the emerging area
of spintronics.?

Photoinduced magnetization was first demonstrated by
Krenn et al® who found a magnetization signal in
Hg,_Mn,Te which depends characteristically on the degree
of polarization of the exciting radiation. Later on, Awscha-
lom et al.* extended this method to the observation of time
resolved phenomena in the photoinduced magnetization of
Cd,_Mn,Te. Since then, the effect has been extensively
studied in a variety of systems including diluted magnetic
semiconductors and their quantum wells,’ cyanometalate
based magnets,>’ spin crossover complexes,® doped
manganites,” spinel ferrite films,'” and organic based
magnets.'!

A number of early experiments regarding the photoin-
duced magnetization have been reported for the semiconduc-
tor systems. Kosihara et al.’ observed a ferromagnetic order
by photogenerated carriers in the heterostructure
(In,Mn)As/GaSb. At low temperatures, samples preserved
the ferromagnetic order even after light is switched off. They
attribute the effect to hole transfer from GaSb to InMnAs in
the heterostructure, which enhances a ferromagnetic spin ex-
change among Mn ions in the InMnAs layer. On the other
hand, Oiwa et al.'? reported photoinduced magnetization in
ferromagnetic (Ga,Mn)As thin films caused by spin-
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polarized holes generated optically. The observed results
suggest that a small amount of nonequilibrium carrier spins
can cause collective rotation of Mn spins presumably
through p-d exchange interaction. Mitsumori et al.'* ob-
served the occurrence of very fast photoinduced magnetiza-
tion rotation and its relaxation in the picosecond time scale
in the ferromagnetic (Ga,Mn)As epilayers. While rotation
occurs instantaneously with generation of hole spins, relax-
ation takes place within some tens of picoseconds resulting
from strong damping. Very recently, photomagnetism has
been observed in GaAs(Mn), where a transient increase of T
by about 0.5 K has been observed with laser irradiation.'*
While there has been a considerable amount of experi-
mental work, only recently have the theorists begun investi-
gating the problem. Piermarocchi et al.'> have reported a
mechanism of coupling of spins localized in neighboring
quantum dots by virtual excitation of delocalized exciton
states in the host material by a light field. This indirect ex-
change interaction termed as the optical RKKY interaction is
analogous to the RKKY interaction; the difference from the
usual one is that the carriers mediating the magnetic interac-
tion are produced by the external light. Quite recently, the
photoinduced ferromagnetism was theoretically studied in
the dilute magnetic semiconductors by Fernandez-Rossier et
al.'® with special emphasis on magnetization induced by the
sub-band-gap radiation. In this paper, our emphasis is not
particularly on the sub-band-gap radiation, rather for the case
where the photon energy is appreciably above the semicon-
ductor band gap (an eV or so), so that a relatively large
number of carriers are photoexcited. We study the photoin-
duced magnetization by solving a model Hamiltonian within
a mean-field approach by constructing a Bardeen-Cooper-
Schrieffer-type wave function'” or, equivalently, making a
Bogoliubov-Valatin transformation.'®!® The predicted transi-
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tion temperature 7. can be as large as a fraction of a Kelvin
or so for typical parameters.

II. HAMILTONIAN AND UNITARY TRANSFORMATION

We consider isotropic conduction and valence bands for
the electrons and holes, which are spin split through an ex-
change interaction with the magnetic ions. Our model Hamil-
tonian consists of the one-particle energies for the electron
and the holes, the Coulomb interaction, plus the coupling of
the carriers to the light field, treated as classical. The Hamil-
tonian H is thus written as the sum of these three terms,

H=Hy+ Ho+ H(2). (1)

The kinetic energy term is given by
Hiin= 22 (Epylotho+ Eigtliotlio) 2)
ko

where czg,ckg and dig,dkg are the field operators for the
electrons and holes, respectively. The single-particle energies
are given by the expressions

12k
o= Eg+ o, + M) (3)
and
12>
Eig=5— % (M), (4)
my,

which include the Zeeman splitting due to the electron inter-
action with the localized spins. For the sake of concreteness,
we take the localized spins as manganese spins (S=5/2) as is
relevant for many dilute magnetic semiconductors. The lo-
calized spins occur randomly in the solid and there is no
direct interaction between them. In the above equations, +
describes the Zeeman splitting of the up-spin and the down-
spin states with 7,=J,c/(gug) and n,=J,c/(gug), where J,
and J, are the electron and hole exchange interactions with
the localized Mn moments, (M)=guz(S) is the average mo-
ment of a Mn atom, concentration ¢ is the number of Mn
atoms per unit volume, m, and m,, are the electron and hole
masses, respectively, and E, is the band gap.

The Coulomb interaction part consists of three terms,
H.=H,.+H,+H,p,, where the electron-electron interaction
term is

7 i
Hee= E chk+q,(7'ck/—q’U/Ck’U’CkU’ (5)

kk' goa’

with a similar term for the hole-hole interaction, while the
electron-hole interaction is given by the expression

.
Ho== 2 ViChgologodioCio (6)

kk' goa’

The final term is the coupling to the external electromag-
netic field of frequency w, which in the “rotating wave ap-
proximation” is given by
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Hi() =N pl(cpydly +cfjd e ™ +Hel,  (7)
k

where Ap, is the coupling strength for the creation of the
electron-hole pair with momentum k. In the usual dipole ap-
proximation, it is proportional to the matrix element of the
momentum operator between the conduction and the valence
band wave functions and has the form?%-2?

)\pk= €E<lﬂvk|é 1;| ¢Ck>/mw7 (8)

where E is the strength of the electric field and é is the
electric polarization vector. The matrix element may be com-
puted once the wave functions are known, but here, for sim-
plicity, we neglect the momentum dependence of the matrix
elements, so that p,=1 and thus the parameter \ indicates the
strength of the interaction. Figure 1 illustrates the basic
mechanism of the photoinduced magnetization discussed in
the paper.

The time dependence of Eq. (7) can be eliminated by an
appropriate unitary transformation, as is well known from

W(1))=eS|W (1)), so that the trans-
formed Hamiltonian H that describes the time evolution of

the Rabi problem, viz.,

the system via the Schrodinger equation, i%dW(r)/dr
=HT(7), is given by

H=eSHeS + iﬁ(ge‘is) e, 9)
Taking the Hermitian matrix S to be
$== 52 clotio i) (10)
the Hamiltonian becomes
H =2 (Efy = hol2)c}ocio+ (Efy = 1i/2)d} ot
ko
+ )\g {pi(chidy +clydly) +Hel+H,.. (1)

This is a direct extension of the transformation of Comte and
Mahler for the nonmagnetic case’>?* and has been also used
by Fernandez-Rossier et al.'® in their work.

Thus, the time has been eliminated in the transformed
Hamiltonian [Eq. (11)], which may be interpreted as a
“quasi-free-energy” with the chemical potential for the cre-
ation of an electron-hole pair given by u=fw. One can thus

write the transformed Hamiltonian in the form ﬁ=HQE
—uN, where the total number of electrons N =E,mc,tackg is
also equal to the number of electron-hole pairs since the
optically accessible states contain an equal number of elec-
trons and holes. It is convenient to define a scaled chemical
potential x’ by measuring the photon energy with respect to
the band gap, so that

p =ho-E,. (12)
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III. BARDEEN-COOPER-SCHRIEFFER WAVE FUNCTION

In this section, we calculate the free energy of the system
using an approach similar to the BCS solution in the theory
of superconductivity. While in the BCS theory, the wave
function is written as a coherent superposition of the Cooper
pairs with zero net momentum and spin; in the present case,
the variational wave function is a superposition of the
electron-hole pairs, again of zero momentum and spin, gen-
erated by the coupling to light. We construct the variational
ground-state wave function for our system as

(W) =TT (g + v30efod’_)10), (13)
ko

where |0) is the intrinsic vacuum state for the semiconductor
(filled valence and empty conduction bands). vy, is the prob-
ability amplitude for the creation of an electron-hole pair
with the electron momentum and spin of ko and a hole with
the opposite momentum and spin, while u,,, is the probability
amplitude for the absence of such pair excitation. The nor-
malization condition is, as usual,

ur +vi, =1, (14)

and the coefficients u,;, and v,, may be chosen as real.

For the simplicity of notation, throughout this paper, we
use the unbarred quantities as referring to the electron-hole
pairs with a spin T electron and a spin | hole (and the barred
quantities as referring to a spin | electron and a spin ] hole),
so that the probability amplitudes appearing in the BCS wave
function are written as

U= ukT, Uy = vay

ﬁkEukl, EkEvkl' (15)

The BCS wave function [Eq. (13)] is a generalization of a
similar treatment of the photoexcited electron-hole pairs by
earlier authors, who have used it to describe the (Bose con-
densed) excitons in the dilute limit and Cooper-type pairs in
the dense limit.?>?4-26 In the present case, the localized mo-
ments of the magnetic impurities break the symmetry be-
tween the spin-up and spin-down electrons, so that the barred
and the unbarred quantities such as the amplitudes u; and i
are different. Since the strength of the exchange interaction
with the localized moments is different for the electrons and
the holes, the presence of the electron-hole pairs affects the
magnetism of the localized moments, even though there is no
net magnetization for the carriers. The localized magnetic
moments, in turn, affect the energies of the electrons and the
holes through the Zeeman term, so that all quantities have to
be determined self-consistently (Fig. 1).

We now calculate the expectation value of the “free en-
ergy” from Eq. (11) to get

Fo=(V[H|W) = X (&vi+ £7) = 2 View (w gt
k

k'

__ 2 2,22 _
+ D ity Ugr + U Uy + 0, 0) = 2 Np(uv + ,0).
k

(16)
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FIG. 1. A schematic picture of the photoinduced ferromagnetism
in the dilute magnetic semiconductors. The electrons and holes cre-
ated by the incident light mediate the magnetic interaction between
the localized Mn moments, resulting in a ferromagnetic state below
a critical temperature 7.

Now, using the normalization conditions given by Eq.
(14) and minimizing the energy with respect to v, and vy, so
that JF,/dv,=0 and JF,/dv; =0, we get the two conditions,
the solution of which will give us the occupation amplitudes
Uy, Uy, Uy, and vy, viz.,

1
EAk(”% - Ui) — (& + Q) =0,

1-— _
EAk(ﬁi —p) — iR & + Q) = 0. (17)

Here, & is the energy of the electron-hole pair excitation
with a spin-up electron and a spin-down hole measured with
respect to the photon energy

&=E,+E -fo (18)
and, similarly,
§=E21+EQT‘ﬁw’ (19)
so that from Egs. (3) and (4), we have
. hk?
§;=Eg+ﬁ F M) -to, (20)

where n=7,—n,=Jc/(gug), J=J,—J,, and the effective
mass of the electron-hole pair m*~'=m;"'+m;". The electron-
hole pair excitation energies are sketched in Fig. 2. The other
quantities appearing in the equations of Eq. (17) above are
defined as

Ak = 22 Vk_krlxtkrvkr + 2)\pk,

i

&k = 22 Vk_k/lzkrﬁkr + 2)\pk,
k’
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FIG. 2. Energy of the electron-hole pairs of two different spin
types produced by photoexcitation. & are the two-particle energies
measured with respect to the chemical potential i [see Eq. (20)].

2
Qk = - 22 Vk_krvk;,

Q=-22 Vi (21)

We need to solve for the occupation amplitudes uy, vy, iy,
and ) self-consistently from these equations, which are
taken up in the later part of the next section. We note that in
the case of no interaction (V=0 and A=0), the BCS free
energy [Eq. (16)] boils down to the energy of the noninter-
acting system with the electron-hole pair states occupied up
to the chemical potential (i.e., v} and 0} equal to 1 below fiw
and 0 above).

IV. BOGOLIUBOV-VALATIN TRANSFORMATION

Analogous to the BCS Hamiltonian in the theory of su-
perconductivity, the Hamiltonian [Eq. (11)] may be diagonal-
ized using the Bogoliubov-Valatin transformations, which in
addition would yield the excitation energies. Toward this
end, we define new fermion operators as follows:

— il
Qo = UkoChor + vka'd—k—(f’

BZU‘ = ukodlt—o- ~ UkoCko> (22)
with the normalization condition [Eq. (14)]. The inverse

transformation is given by

— T
Cro = Uko X5 — vk(rﬁ—ku—v

Ao = U B + vk—aaik—(r' (23)

The occupation amplitudes are indicated in Fig. 3 for the
spin-up pair (spin-up electron and spin-down hole) for typi-
cal Hamiltonian parameters. Without any interactions, the
pair states are occupied up to the Fermi momentum kg, or
kg, for the spin-up pair and the spin-down pair, respectively,
such that

212
k()
2m*

F (M) =ho-E,, (24)

while the interactions smear out the occupation amplitudes
around the Fermi energy. The quasiparticle operators a;,, are

PHYSICAL REVIEW B 77, 125216 (2008)

occupation
\\‘

1

c

z M

1

0 1 Kpy 2
H2k%/2m* (eV)

FIG. 3. Electron-hole pair amplitudes uy; and vy as a function
of momentum k. Pairs of spin-up electrons and spin-down holes are
filled up to the Fermi momentum k; without any interactions. The
step function describes UIET for the case with zero interactions (A
=V,=0), while both the Coulomb interaction and the coupling to
light smear out the Fermi surface. Here, the parameters are A\
=0.1 eV, m*=0.1m,, Vy=100 eV A3, and fiw—E,=1 eV. The pair
amplitudes for the other spin type, u;| and vy, are slightly shifted
to the left since kp| is slightly lower than kp; because of the spin
splitting term, as seen from Eq. (24).

electronlike for the pair-excitation energy larger than 7w and
are holelike for lower energies, while the quasiparticles ,B,fg
are opposite in character. One can easily show by direct
evaluation that the BCS state |W) plays the role of vacuum
for the Bogoliubov quasiparticles @}, and 8], and the new
quasiparticle annihilation operators annihilate the BCS state,
so that ay,|¥)=B;,|¥)=0.

With the above transformation and neglecting the prod-
ucts of four Bogoliubov operators (which give higher order
corrections), the free energy operator [Eq. (11)] becomes

Fr=Fo+ 2, (E{, —hol2 + Ay )y + (B — w2
ko

+ Ak(r)ﬁz(r ko + Bk(r(alt(r ik(r + ﬁ—k(rak(r) s (25)

where the first term F|, is the BCS free energy [Eq. (16)]. In
the above equation,

AkT = Ak = {%Qk - (g]: + Qk)v,% + Akukvk},

By =By = {30 = vD) - wi( & + O}, (26)

and AHEK,( and EHEE,( are defined by replacing & by &
and all unbarred quantities by the barred quantities in the
expressions [Eq. (26)].

The free energy operator [Eq. (25)] becomes diagonalized
by choosing B,,=0, which yields the two equations [Eq.
(17)] we have already obtained. Solving these two equations
along with the normalization condition [Eq. (14)], we get

, 1 &+
=S|t g |
2 VAL + (& + )

&+ ] 27)

1
2
vi=—| 1 - ——=—
¢ 2{ VAT + (& + Q)

and similar expressions for ﬁi and 17,% by replacing & by &
and the unbarred quantities with the barred quantities in Eq.
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(27). These equations together with Eq. (21) form the set of
transcendental equations, which have to be solved iteratively.
The solution then provides the ground-state wave function
and energy F,, which can be evaluated using the BCS ex-
pression [Eq. (16)], as well as the quasiparticle excitation
energies for the particles and the holes from the Bogoliubov-
Valatin expression [Eq. (25)]. The typical pair-occupation
amplitudes u; and v, have been shown in Fig. 2. By combin-
ing Egs. (27) and (21), we get the gap equation

Ak’

Ap=2Npp+ 2 Vg (28)

v AL+ (E Q)

and a similar equation for A,.
The ground-state energy [Eq. (16)] may be rewritten in
terms of the gap parameter to yield

FO = E [(51: + Qk/z)l)i + (g; + ﬁk/2)l7,% - (Akukvk + &kﬁkﬁk)/z
k

= Ao+ o) ). (29)

While the Bogoliubov-Valatin expression [Eq. (25)]
yields the energy of the individual electron and hole quasi-
particles, in our problem, the relevant excitations are the
electron-hole pair excitations defined by (], ,A},), where
the momentum and spin are conserved. It is straightforward
to show from the Bogoliubov-Valatin expression that the en-
ergy of the pair excitation is given by

Ep = VA, + (& + Q)% (30)

for the up-spin electron and down-spin hole (azT, BZT) and a
similar expression for the pair with the opposite electron and

hole spins, viz., Ey;=(A;+(& +Q)) "2

V. RESULTS AND DISCUSSION

Rabi problem. The present case has considerable similar-
ity with the well-known Rabi problem, for which the time-
dependent Schrodinger equation is exactly solvable. In fact,
we have already used the transformations [Eq. (10)], which
are well known from the solution of the Rabi problem. We
briefly state the main results here. Consider a two-level sys-
tem coupled to light and described by the Hamiltonian

H=ac'c+Bd'd+Ncde' +d ce'). (31)

If we make a unitary transformation similar to Eq. (10), viz.,
S=wtc’c, then the transformed Hamiltonian becomes H
=(a+ho)c'c+Bd'd+N\(c'd+d'c), so that the energy levels
are shifted by the amount SE=1/2 X \(AE)?+4\?, where the
detuning factor AE is defined as

AE=ﬁ(w— (,L)Zl), (32)

with w,;=B-a. If the system starts out at 7=0 in the lower-
energy state |@), then the probability of finding the system at
the higher-energy state |3) is given by the Rabi expression?

PHYSICAL REVIEW B 77, 125216 (2008)

)\2
P(1) = W sin® O, (33)

where the Rabi frequency Q=[\?/A>+(w—w,,)?/4]"%. An
important point is that although the maximum transition
probability occurs for the frequency w corresponding to the
resonance condition w=w,;, there is also a nonzero transition
probability when the frequency of light is different from the
resonance condition. In particular, this allows for the possi-
bility of photoinduced magnetization even for the sub-band-
gap light frequency.'®?’

Interaction parameters. We have in mind the typical
semiconductor systems such as GaAs(Mn), ZnS(Mn), etc.
The Coulomb interaction term appearing in the Hamiltonian
[Eqgs. (5) and (6)] is given by V,=4me?/(eg?), but in our
discussions below, we replace it, for the sake of simplicity,
by a contact interaction term V(7)=V,8(r) without changing
the qualitative physics. With the box normalization with the
box volume V), this leads to the momentum-independent in-
teraction V,=V,/V. The magnitude of the contact interaction
may be estimated by requiring that it produces the exciton
binding energy (BE= V|¢,,(0)|?) for typical semiconductors
(e=10, m*=~0.5m,, and the exciton radius a, ~10 A), so
that V,=~200 eV A3. Typical values for the other parameters
are J=30 eV A? (Ref. 16), m*~0.1-0.5m,, A\=0.1 eV, and
Mn concentration ¢=~2 X 103/A3. We note that the magni-
tude of the parameter N depends ultimately on the intensity
of the laser radiation, as indicated in Eq. (8).

The contact interaction simplifies the gap equation [Eq.
(28)], which now reads

D — L __.a (34)
VNN g+

where we have taken a momentum-independent light-matter
coupling by choosing p,=1. Test calculations show that the
basic results are not changed, if a momentum-dependent p; is
used instead. A similar equation results for the gap parameter

A by replacing A, ), and &" with A,Q, and &, respectively,
in Eq. (34). Note that the gap parameters A, A as well as the

Coulomb terms Q,Q have become independent of k.

To see the effect of the light interaction term, we may set
V=0, in which case Egs. (34) and (21) yield the values A
=2\ and (=0, so that the occupation probabilities become

1 &
2 k
vi=—| 1 - —=— , (35)
g 2{ \'4)\2+§k2]

and similarly for Ui. In addition, in the limit of negligible
light-matter interaction, A—0, we get the simple two-
particle picture in the noninteracting limit, so that the
electron-hole pair states are filled up to the Fermi momentum
corresponding to the energy Aw: vi=(1/2)(1-&/]&))
:0(ﬁw—EZT—E£i) with a similar expression holding for o7,
where 6 is the step function. For the case with finite interac-
tions, the gap equation has to be solved self-consistently.
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FIG. 4. Free energy F,, computed using Eq. (29) as a function of
magnetic moment M for different values of the coupling parameter
\ (in units of eV). Energy is measured with respect to Fo(M=0).
The parameters are V,=200eV A3, p'=ho-E,=1¢eV, and
m*=0.4m,.

The typical occupation probabilities u},v; have been
shown in Fig. 3 for typical parameters. In Figs. 4 and 5, we
plot the free energy of the system as a function of the mag-
netic moment for different values of the interaction param-
eter A and the chemical potential keeping the other param-
eters fixed. The free energy decreases as a function of the
average Mn magnetic moment, as there is an increased net
gain of the Zeeman energy for the electron-hole pairs with
increasing magnetization M. As the chemical potential is in-
creased, the Fermi surface swells and a larger number of
electron-hole pairs are created, which results in a stronger
change of the free energy as a function of the magnetization
(Fig. 5).

Temperature dependence of magnetization. We calculate
the magnetization of the Mn moments in the spirit of the
mean-field approximation. Each Mn moment experiences an
effective magnetic field H, given by

IFy(M)
=, 36
eff M ( )
so that the magnetization is
+5/2
M(T)=guy 2 SePear™z, (37)
5=-5/2

where the partition function Z=E§i/_25/ze‘ﬁH€ﬂ(M)S, B
:(kBT)‘l, and M(S)=gupS. The above two equations are
solved self-consistently for a given temperature using the

T T T T
0
P
<
>
Q
=3
= 40t
3
o
[T
- 80 1 1 1 1
0 1 2 3 4 5

M (ug)

FIG. 5. Same as Fig. 4 for different values of the chemical
potential p'=fiw—E,.
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FIG. 6. Dependence of the magnetization M and the number of
electron-hole pairs as a function of temperature 7. n; denotes the
number of electron-hole pairs with spin-up electrons and spin-down
holes, while n| denotes the number of pairs with the opposite spins.
Below the critical temperature, n; is larger than n| because of the
lower Zeeman energy of the former pairs, which results in a larger
occupancy. The parameters are V=200 eV A3, u’ =fho-E,=1¢€V,
m*=0.2m,, and A=0.1 eV.

free energy expression [Eq. (29)] for calculating the mag-
netic field.

By expanding the magnetization near 7. and using the
free energy expression [Eq. (16)], one can find an analytical
expression in the limit of small interaction and large chemi-
cal potential, viz., Vy—0, N—0, and u'=hw-E,> 1XM).
The expression is

4
kgT.= g.lzczp(u’)S(S +1), (38)

where p(u') is the two-particle density of states (electrons
and holes) per spin type at the energy corresponding to the
chemical potential. For the free-particle parabolic density of
states p(€)~ Ve, so that the Fermi-energy density of states
may be written as being proportional to the one-third power
of the total number of carriers N mediating the magnetic
interaction: p(u’) ~N'3. Such an N'? dependence seems to
be more universal and it has been observed in the intrinsic
GaAs(Mn) samples®® without the presence of light, where
holes are induced by the Mn dopants.

The calculated temperature dependence of magnetization
as well as the carrier densities are shown in Fig. 6, which
contains the central result of this paper. A transition is seen
from the ferromagnetic to the paramagnetic phase as tem-
perature is increased. For typical parameters, we find the
transition temperature 7. to be a fraction of a Kelvin. While
the number of the electron-hole pairs is controlled by the
chemical potential, the distribution of the pairs between the
two different spin types (spin-up electron and spin-down
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FIG. 7. Magnetization M(7T) as a function of temperature T for
different values of the light coupling N (measured in eV). The plot
shows a phase transition from paramagnetic to ferromagnetic state
as temperature is lowered. A stronger value of \ results in a higher
T.. The parameters are the same as in Fig. 4.

hole or vice versa) is determined by the magnitude of M,
which affects the pair energy, as indicated from Fig. 2. The
effective magnetic field experienced by the Mn spins is
roughly proportional to the difference of the number of the
two spin types, as may be seen by keeping the first line in the
free energy [Eq. (29)] and using Egs. (20) and (36), so that
H, ;% (ny—n ), which in turn implies that this number differ-
ence and the magnetization M follow one another, both ulti-
mately going to zero at the transition temperature 7. In the
paramagnetic phase, the photoexcited electron-hole pairs are
present, but the number of the two spin types is the same.
Obviously, the electron-hole pairs do not contribute to the net
magnetic moment of the system as they have zero net spin.

The variation of the magnetic moment M as a function of
temperature 7T for different values of A and Zw is shown in
Figs. 7 and 8, keeping the other parameters fixed. The ob-
served variation and trends are the same in both the figures,
viz., that with the increase in N\ and w, the critical tempera-
ture increases. This is due to the fact that with the increase in
these quantities, the carrier densities increase, which in turn
induce larger magnetization and hence T is increased.

In Fig. 9, we show the variation of T as a function of the
chemical potential. There are two points to notice. The first is
that 7, increases with increasing chemical potential, as ex-
pected since increasing the chemical potential leads to an
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FIG. 8. Magnetization M(T) as a function of temperature T for
different values of the chemical potential u’'=fhw-E, for a given
value of the light coupling A=0.1 (both quantities are in units of
eV). The parameters are the same as in Fig. 7. With increased
chemical potential, the number of the photoexcited carriers is in-
creased, which increases 7.

PHYSICAL REVIEW B 77, 125216 (2008)

0.6 F
0.45 |
<
S 0.3
'_
0.15 |-
0

-0.5 0 0.5 1.0 1.5
‘hw-Eg

FIG. 9. Critical temperature 7, as a function of the chemical
potential u'=fhw-FE, Negative u' corresponds to sub-band-gap
radiation. The parameters are V=200 eV A3, A=0.1 eV, and mx*
=0.4m,.

increased carrier density, hence to stronger coupling between
the magnetic moments. For larger values of the chemical
potential the square-root dependence T.xp(u')~u', as
predicted by Eq. (38), is more or less followed. The second
point is that there is a small magnetization even for u' <0,
which corresponds to the sub-band-gap radiation. The origin
of this effect is easily understood from the Rabi problem,
where the system oscillates between the ground-state and the
higher-energy state (ground state with no electrons or holes
into a state with the electron-hole pairs) even when the ra-
diation is below the resonance frequency. This being the
case, the effect is present, even when there is no Coulomb
interaction (V,=0). In Fig. 9, we have, in fact, taken the
Coulomb interaction to be zero, so that the magnetism for the
sub-band-gap radiation is entirely due to the Rabi oscilla-
tions. With a nonzero V), the figure remains qualitatively the
same. We note that the number of carriers excited for a sub-
band-gap radiation is small, which results in a relatively
small 7, in the sub-band-gap case.

Finally, we study the dependence of T, on the coupling
strength J=J,—J;, between the electron-hole pairs and the
Mn magnetic moments. In Fig. 10, we show a plot of the
critical temperature T, as a function of J>. We observe a
linear behavior as expected. Since the basic origin of the

exchange Hamiltonian goes as H=JS-58(r), the effective
exchange between magnetic moments is Jeff=J2 so that
T~ J o~ J?, as is evident from the expression for 7, [Eq.

(38)].

T T
0.4 - =
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FIG. 10. Critical temperature T, as a function of J?>=(J,—J},)?,
showing a linear dependence in accordance with Eq. (38). Param-
eters are the same as in Fig. 3 except that Vy=0 and A=0.1 eV.
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VI. CONCLUSION

In this paper, we studied the photoinduced magnetization
in the dilute magnetic semiconductors by solving in the
mean-field approximation a model Hamiltonian which takes
into account the Coulomb interaction, light-matter interac-
tion, and the exchange interactions between carriers and the
localized magnetic moments. The model assumed no direct
interaction between the localized moments and no free car-
riers without the incident light, so that the system is para-
magnetic without the presence of light and can be ferromag-
netic only via the indirect interaction with the photoinduced
carriers.

The time dependence in the Hamiltonian was eliminated
by a unitary transformation and the transformed Hamiltonian
was then diagonalized by the Bogoliubov-Valatin transfor-
mation or a BCS wave function approach. From the calcu-
lated free energy, we computed the magnetization of the sys-
tem as a function of temperature. There is a para- to
ferromagnetic transition as temperature is decreased with the
transition temperature 7. depending on the various param-
eters. The radiation frequency is an important parameter.
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With increasing frequency, the number of photoexcited
electron-hole pairs is increased, which in turn results in a
stronger magnetic interaction between the localized moments
and a higher value for the 7. We also observe magnetization
even when the photon energy is below the band gap, an
effect that is similar to the Rabi oscillations for the sub-band-
gap frequencies.

For typical parameters for the dilute magnetic semicon-
ductors, a T.. of a fraction of a Kelvin or so is predicted in the
presence of the photoexcited carriers. For the dilute magnetic
semiconductors such as GaAs(Mn), where the carriers are
already present even without the incident light, the additional
carriers photoexcited by the laser radiation should increase
the magnitude of T, an effect that has just been reported in
the literature.'*
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