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Coherent spin dynamics of exciton-polaritons in diluted magnetic microcavities
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Kerr rotation induced by femtosecond pulses in a CdMnTe quantum well embedded in a microcavity is
studied under an in-plane magnetic field. Due to giant Zeeman splitting in the diluted magnetic quantum well,
in this system we deal with two spin splitted exiton states coupled to the cavity mode. For such a microcavity
operating in the strong coupling regime, the polariton spin beats in the time-resolved Kerr rotation signal can
be expected at three distinct frequencies. Two of them are observed in our experiments, in a excellent agree-
ment with the theoretical calculation in the framework of the polariton spin density matrix, which accounts for

the finite lifetimes of exciton and photon states.
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I. INTRODUCTION

Time-resolved Kerr rotation (TRKR) is a pump probe
technique appropriate for probing the spin dynamics of car-
riers and excitons in semiconductors. The angle of Kerr ro-
tation is directly proportional to the projection of the spin
polarization vector on the probe beam propagation
direction.'= By changing the delay between pump and probe
pulses one monitors the spin dynamics of excitons with a
subpicosecond resolution. The method has been proven to be
extremely successful in measuring both coherent spin evolu-
tion and spin dephasing time for electrons, holes, and exci-
tons in semiconductors. In diluted magnetic semiconductors
(DMS), TRKR not only provides the information on spin
dynamics but also gives direct access to the precession of
magnetic ion spins mediated by their interaction with free
carriers.*® In this work we apply the TRKR technique in
Voigt configuration to study spin dynamics of exciton-
polaritons in the Cdy¢sMn osTe quantum well (QW) embed-
ded in the CdMgTe/CdMnTe microcavity. Semiconductor
microcavities have already been shown to enhance reso-
nantly the Kerr and Faraday effects.® Recently, the experi-
mental study of TRKR from a microcavity in the weak cou-
pling regime has been reported in Ref. 7. Here we are
interested in the effect of strong coupling between excitons
and photons in the cavity and formation of complex quasi-
particles, called exciton polaritons.® We introduce the spin
polarization into a system of cavity polaritons by the circu-
larly polarized pump pulse and probe it, measuring rotation
of the polarization plane of the linearly polarized probe pulse
reflected from the microcavity. The specifics of our system
with respect to the cavities studied in Refs. 6 and 7 consists
of embedding of a DMS QW in a microcavity and maintain-
ing the strong coupling regime.
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In contrast with conventional QW’s, the magnetic field
induced splittings in DMS QW?’s are very large. In a Voigt
configuration they are mainly given by the exchange interac-
tion between electrons and magnetic ions. For example, for
Cdg9sMnygsTe QW the spin splitting at saturation is about
15 meV.? This is more than enough to mix so-called dark
and bright exciton states having the absolute value of total
angular momentum projection to the structure axis J,==2
and J,==1, respectively. That is why the spectrum of
exciton-polaritons can no more be described in the frame-
work of a two coupled oscillator model,'” but requires taking
into account three coupled oscillators, namely two exciton
states separated by Zeeman splitting and the cavity mode. In
the TRKR the splittings of these three states determine the
frequencies of the oscillations due to precession of the spin
polarization coherently excited by the pump pulse around the
in-plane magnetic field. Obviously, the giant Zeeman split-
ting provides a powerful tool to control the coupling between
excitons and photons, since excitonic resonances can be
tuned in a broad energy band by applying a magnetic field.'!
Similarly, the giant Zeeman effect was used in a CdMnTe
cavity to tune the cavity mode by a magnetic field."> We
show in this paper that polariton formation in the microcav-
ity gives rise to the oscillations in the spin polarization at the
frequencies given by polariton splittings under an in-plane
magnetic field. An intricate polariton spin dynamics resulting
from a combination of Rabi oscillations and exciton spin
beats is measured in TRKR experiments and interpreted as a
spin polarization transfer between the photon mode and two
exciton modes of our system.

The paper is organized as follows. In the next two sec-
tions we present the three coupled oscillators model (Sec. II)
and more sophisticated polariton spin density matrix ap-
proach (Sec. III), which allows us to describe the TRKR
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from a DMS QW microcavity, taking into account the decay
time of polariton states. The theoretical part is followed by
the description of the sample and its CW spectra (Sec. IV),
while Sec. V is devoted to the TRKR experiments and a
comparison with theoretical results. In the last section we
conclude the paper and suggest further experiments.

II. THREE-COUPLED OSCILLATORS MODEL

The eigenenergies of microcavity polaritons can be found
by diagonalization of the following Hamiltonian:

HP=HX+HC+HC—X’ (1)

where H. describes the circularly polarized cavity modes,
Hy is the exciton Hamiltonian, and H_y describes the cou-
pling of photon and exciton states, characterized by the Rabi
energy Ag. In the exciton Hamiltonian we consider only the
heavy hole (hh) exciton and neglect the field induced mixing
with the light hole (k) states and electron hole exchange
interaction.!® The effect of the hh—Ih mixing on the TRKR
signal has been considered by some of the present authors in
Ref. 14. Under these assumptions, Hy=Nyax,;s,<S,>,
where <S§,> =%BS/2 is the average spin polarization of Mn
ions, s, is the electron spin projection on the field direction,
Nya is the electron exchange integral, x,; is the effective Mn
ions concentration, Bs,, is the modified Brillouin function for
the Mn spin S=5/22 In general, one should consider the
basis including four exciton states with the total angular mo-
menta J,=+1, J,=+2 and two circularly polarized photon
states o=. However, since we neglect the hh—Ilh mixing, the
in-plane magnetic field does not couple J,>0 and J, <0 ex-
citons. One can thus consider J.>0 and o* photon states
being completely decoupled from o~ photon and J, <0 exci-
ton states. Therefore, for the incident light of a given circular
polarization, the basis can be reduced to three states, which
we denote as |ph>(photon), |ex>(bright exciton), |d
>(dark exciton). The diagonalization of this 3 X3 Hamil-
tonian yields the evolution of three polariton modes under
the in-plane magnetic field. These modes will be referred to
as photon (P), bright exciton (B), and dark exciton-like (D)
polariton modes, while at the nonzero magnetic field each of
them contains contributions from three original pure states.
The eigenenergies of the three modes are calculated as a
function of the magnetic field, as Fig. 1(a), shows. We have
used the following set of parameters: Az=8 meV, zero field
detuning between the photon and the exciton modes
0=-8.0 meV, Nya=0.22 eV, xqff»:0.04, Teff:S K is the ef-
fective temperature, accounting for the antiferromagnetic in-
teractions between Mn ions.'> These parameters are chosen
to meet experimental conditions and the sample characteris-
tics, described in the following sections.

A subpicosecond light pulse creates a coherent superposi-
tion of the three polariton states (cf. Fig. 2(b)). Since the
Kerr rotation signal is governed by the correlation between
populations of these states, it is convenient to model the
TRKR in the framework of the polariton spin density matrix
formalism. The procedure we use to calculate the TRKR and
fit the experimental data is described in the next section.
Here we calculate analytically the frequencies of the Kerr
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FIG. 1. (Color online) (a) Field dependence of the polariton
energies, calculated (solid lines) and extracted from the CW reflec-
tivity spectra. Dashed lines indicate the energies of the noninteract-
ing excitons and photons. Arrows point to the possible polariton
transitions. (b) A set of the reflectivity spectra obtained in a Voigt
configuration.

oscillations in the system in the simplest three-coupled oscil-
lator model. The wavefunction of each polariton state can be
represented as a linear combination of the bare photon,
bright exciton, and dark exciton states i=a|ph>+b;|ex
> +ci|d>, where ay, by, ¢, are constants. The angle of the
Kerr rotation at pump-probe delay Az is proportional to the
average exciton spin polarization in the direction of light
propagation:

SAD) = D gy (cyer — bibyr)cos[ (wy — wp)Ar],  (2)
k'

where ;s are eigenfrequencies of the polariton states
k,k'=P,B,D. This means that at a given magnetic field the
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FIG. 2. (a) Experimental set up used for time resolved Kerr
rotation experiments. (b) Polariton dispersion at B=0 compared
with the spectral shape of the laser pulse, arrows indicate pump and
probe incidence angles.
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signal may exhibit oscillations at three frequencies given by
the splittings between three polariton eigenenergies, in gen-
eral. These frequencies are shown schematically by arrows in
Fig. 1(a). At a zero field, the dark exciton state is not excited
by the light, and the eigenvalue problem is reduced to the
standard two oscillator model. In this case one should expect
the beats only between B and P modes, that is at the vacuum
Rabi frequency. These oscillations correspond to the polar-
ization transfer between exciton (S,# 0) and photon (S,=0)
in the cavity. At a low magnetic field the excitonic states are
just slightly mixed, the lower excitonic state (J,=2) is essen-
tially “dark,” and the amplitude of the oscillations between P
and D states is vanishing, while two other frequencies are
expected to show up. In the presence of magnetic field the
excitonic states become strongly split, and therefore the
bunch of three frequencies may appear.

As will be shown in Sec. V, only two of three frequencies
given by the previous simple model could be observed ex-
perimentally in the TRKR spectra of our sample. This is
partly due to the strong broadening of the polariton modes,
which rapidly destroys correlations between some eigen-
states making difficult detection of the corresponding eigen-
frequencies in the time domain. Since the finite lifetime of
the polariton modes and processes of inelastic electron and
hole spin relaxation cannot be self-consistently accounted for
within the analytical three state model we apply the polariton
spin density matrix formalism to fit the experimental data.

III. POLARITON SPIN DENSITY
MATRIX FORMALISM

Let us write the model Hamiltonian of the considered sys-
tem in the second quantization representation,

H=HO+Hin1+HR' (3)

The first term describes the coupling of excitons and photons
inside the cavity, the second term accounts for the exciton-
exciton interactions in the QW, and the third term describes
coupling of the cavity photons with the continuum of exter-
nal photonic modes and coupling of the excitons with the
bath of acoustic phonons.

The exciton-photon interaction term reads as

HO = [sex(a:xTaexT + a:xlaexl) + sph(a;hTaphT + a;hLaphl)
+eplagag +ayay) + Ap/2(ay apy + ay, ap,)
+ @ (agag + A ay) + ayagaq) + ag ay)]+He.,
4)

where we keep the notation used in the previous section for
photon and two exciton states (ph,ex,d). The first three
terms in Eq. (4) describe the free particles, the fourth is the
exciton-photon coupling term, the last two terms correspond
to the magnetic field induced mixing of the bright and dark
exciton states. The mixing constants are given by

Aoy = GentpBess (5)

where g, , is an electron/hole g factor, B, is a sum of the
external magnetic field B and exchange magnetic field B,
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created by the Mn”* ions. As in the previous section we shall
neglect the field-induced /h-Ih mixing and thus we shall sup-
pose g,=0. The exchange field is given by the following
expression:

Noax, Sx>
Boxen= . . (6)
8eB

The exciton-exciton interactions are essential for the photo-
induced Kerr rotation and the corresponding term of the
Hamiltonian reads as

+ + + +
int = exTaexTaexTaexT + aexiaexiaexlaexl)

H _Bex—zex, ((l

Bi-ai1
+ Bex—ex,Ti(a:xTaexTa:xlaexl) + ) (a;TadTa;TadT

+ag aqayag) + Baar (g anay ag)
+ ng_d,TT(a:xTaexTa;TadT + alea”lazladl)

+ ﬂex—d,u(azxﬂma; 14+ GZT%MZX |Gex]) (7)

where the matrix elements B,, . By-gs and B, corre-
spond to the interactions between bright excitons, dark exci-
tons, and mutual bright exciton-dark exciton interactions, re-
spectively. The indices k=77,]7T stand for the mutual
orientations of the interacting exciton spins. For the descrip-
tion of Kerr rotation it is sufficient to retain only the term
corresponding to the interactions of bright excitons treated in
the mean-field approximation.'® Neglecting all other terms,
the exciton-exciton interaction Hamiltonian reads as

Him = (IBINexT + BZNexl)a:xTaexT + (IBINexl + BZNexT)a:xlaexl >
(8)

where N, N,,| are the occupation numbers of spin-up and
spin-down exciton states. In microcavities, interactions be-
tween excitons with parallel spin projections on the structure
growth axis is much stronger than for the excitons with an-
tiparallel spin projections, ;> 3,.'7 In the case when the
excitonic system has nonzero circular polarization this re-
sults in the appearance of the concentration dependent mag-
netic field directed along the z axis, which induces the Kerr
rotation of the linear components of the polarization.'® The
constant 3, is approximately given by'’

6(1123Eb
1= s (9)
S
where ajp is the exciton Bohr radius, E,, is the exciton binding
energy, and S is an area of the laser spot.
Finally, the term Hy describes interactions of the cavity

mode with the external continuum of photons and coupling
of excitons with the acoustic phonon bath. It reads as
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Hp= 2 Co(ahyiCot + @ Co)) + 2 Bubo(aly +albt)
w w
+ 2 [Qw,e(ba) + b;)(aexTa;T + aexl“Zl)]
w

+ 2 (@bt by)(@eagy +deay)]+ He., (10)

where ¢, | are annihilation operators of the right and left
circular polarized external photons, b, is th annihilation op-
erator of the phonon. The first two terms stand for the tran-
sitions between the cavity mode and external photons and
between excitons and acoustic phonons. They are character-
ized by the coupling constants C,, and B,,. The last two terms
describe the phonon-assisted spin flips of electrons and
holes, leading to their spin relaxation. Generally, Hy corre-
sponds to the coupling of the quantum system with a classi-
cal reservoir, and can be treated within the framework of the
Born-Markov approximation, familiar in the quantum
optics.?’ It results in the semiclassical terms describing the
finite lifetimes of the cavity mode and the excitons, the ex-
ternal pumping, and the processes of inelastic spin relax-
ation.

Polariton dynamics in DMS microcavities can be modeled
by the Liouville-von Neumann equation for the density ma-
trix p, with additional Lindblad terms describing the finite
lifetime of the polariton modes and inelastic processes of the
spin relaxation of electrons and holes forming the exciton.
The presence of exciton-exciton interactions makes the equa-
tion nonlinear, as the Hamiltonian itself depends on the oc-
cupation numbers, i.e., on the diagonal elements of the den-
sity matrix. In the Born-Markov approximation, the
Liouville-von Neumann equation reads as

dp i

_=%[p;HO+Hinl(P)]+Fp+Ppump+Ppr0bea (11)

where the first term describes the evolution of the system in
the external in-plane magnetic field, the second term de-
scribes the damping processes such as the radiative decay
and spin relaxation of electrons and holes,?! the last terms
describe pump and probe action. In the basis of the four
exciton states J,=+1, J,.=+2 and two circularly polarized
photon states o the diagonal components of the density ma-
trix give the occupation numbers of these 6 states:

P11=Next, P22 = Nex|:033 = Nyt Pas = Npp |

Pss=Nyp.p66 =Ny -

The Hamiltonian Hy+H;,, in this basis is given by the
matrix
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ot
Ag
+ Bipi1 + Baprn 0 7 0 a O
A
0 £t 0 =2 0 q
2
+ Bipn+ Bopii
A
7R 0 e 00 0
Ag
0 5y 0 e, 0 0
a, 0 0 0 g O
0 a, 0 0 0 g
(12)

The action of the superoperator I' can be represented in
the Linblad form.?® It is defined in such a way that, once
applied to the density matrix, it yields the following matrix
elements:

(Tp)ii=(pss = p11)/7er + (pss = P11/ Ty,
(T'p)2a = (pss = P22/ 7o + (pss = p22)/ Ty 1,
(I'p)3z=—p33/ Tphs
(I'p)ag=—pad/ Toh>
(I'p)ss = (p11 = pss)/ 7o s + (P2 = pss)/ Ty,

(I'p)e6 = (P22 = Po6) Te 1 + (P11 = P66)/ Th 1 »

1
(FP)14,41 == 2_P14,41,
Tph

1
(FP)13,31 == 2_P13,31’
Tph

1
(FP)24,42 == P24.425

1
(FP)23,32 == 2332, >
r

2T

ph ph
1 1
(FP)34,43 == P3443; (FP)35,53 == 5 P35,53>
ph Tph
1 1
r P)36,63 == P36,63> (FP)45,54 == P45,545
2Tph ZTph

1
(FP)46,64 == P4c64> (Fp)12,21 = (FP)15,51 = (FP)16,61

2T

ph
=(I'p)asso=T'p)ase2 = (I'p)se65 =0, (13)

where 7,,7, are longitudinal spin relaxation times of the
electrons and holes, the in-plane spin relaxation of the elec-
trons and holes being neglected, as it has a negligible impact
on the magnetization in the z direction and the TRKR signal
in our system. We assumed the infinite nonradiative lifetime
of the excitonic states, as in reality it is much longer than
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both the lifetime of the photon mode and spin relaxation
times.

The creation of polaritons by the pump and probe pulses
is described by the terms P, and P, in Eq. (11). For the
circularly polarized pump pulse, all the matrix elements of

P are zero, except one:

P ump,33(1) = Aip % cos?(wt) * exp(— 12/7). (14)

For the linearly polarized probe pulse term, four matrix
elements are nonzero:

P robe 33(1) = Pyy(t) = Pay(t) = Pys(t)
=A> /2 cos”[w(t — Ar)] * exp[— (t — Ar)*/7].
(15)

Here 7 is the duration of the light pulse, w is the central
frequency, and A,,, A, are amplitudes of the pump and
probe electric fields. The linear polarization of the emitted
signal as a function of time is governed by the following
correlator:

Spn(t. A1) = (ar, @) = pay(t.A1). (16)
The time-integrated linear polarization of the signal is

S(Ar) = f ’ pau(t,ADdt =S (An) +iS(Ar)  (17)
0

Finally, the angle of the Kerr rotation can be calculated as

H(AL) = % arctan(%}%), (18)

where the factor 1/2 appears because 90° rotation of the
polarization of the light corresponds to the 180° rotation of
the pseudospin.

IV. SAMPLE AND CW REFLECTIVITY

The sample under study was grown by molecular beam
epitaxy on a Cdg¢sZng ;Te [100] oriented substrate. The
back and front Bragg mirrors are formed by 20 and 6.5 pairs
of N/4-thick Cdj ;Mg ¢Te/Cd,75sMn »5Te, respectively. The
CdyosMngosTe QW of 8 nm width is embedded in the
middle of A/2Cd,,sMgy¢Te cavity. The asymmetric Bragg
mirrors were grown to maximize the magneto-optical Kerr
rotation in the presence of small magnetic fields, while the
high energy gap of the compounds ensures the absence of
Kerr effect in the mirrors at the QW exciton resonance.?? The
reflectivity of the mirrors was estimated to be 76% for the
top and 98% for the back mirror. The cavity is grown on a
wedge (12 meV/mm), which allows to tune the cavity mode
by simple shift of the laser spot. Here we only discuss the
data obtained at the point corresponding to negative detuning
between photon and exciton modes of —8 meV at zero field
(i.e. the bare photon mode is 8 meV lower than the bare
exciton mode). A set of the reflectivity spectra obtained in
the Voigt configuration using circularly polarized light from
a tunable CW Ti:sapphire laser is shown in Fig. 1(b). Two
anticrossing polariton branches can be distinguished in Fig.
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1(b), the exciton-like branch moving across the cavity mode
towards lower energies. The corresponding spectral minima
are shown in Fig. 1(a). One can see that the anticrossing
between lower energy exciton and the photon modes is well
reproduced by the model, while the highest energy polariton
mode does not appear in the spectra since the upper exciton
state shifts significantly with magnetic field. This mode con-
tains a very small photon fraction and is not visible in reflec-
tion therefore. Note, that the polariton broadening I" is about
3 meV which corresponds to the polariton dephasing time of
0.25 ps, while the Rabi splitting Az=8 meV. In time re-
solved measurements discussed below, this Rabi splitting is
expected to give rise to polariton beats with the frequency
Qx=1.35 ps (at the anticrossing point), whereas the polariton
dephasing governs the decay time of these beats.

Overall, the strong coupling criterion Ay/T" > 7 is satisfied
in our sample. This is in agreement with the conclusions of
M. Haddad et al.,"! who worked with a similar sample in
order to demonstrate the enhancement of the Faraday rota-
tion in an asymmetric cavity.

V. TIME-RESOLVED KERR ROTATION EXPERIMENTS

The experimental setup for TRKR experiments is shown
in Fig. 2(a). The 120 fs pulses at a 82 MHz repetition rate
are delivered by a titanium-sapphire laser pumped by Mille-
nia (SpectraPhysics). The pulse shape was controlled aposte-
riori by a home-built autocorrelator. The pump and probe
beams are separated by a semitransparent plate, and the delay
between the pulses is controlled by the mechanical delay
line. The helicity of the pump beam is modulated between
left and right circular polarizations at 50 kHz using an elas-
tooptical modulator, while both pump and probe intensities
are modulated with a double-blade chopper, so that the
modulation of the Kerr rotation signal is threefold. In the
majority of experiments the total power incident on the
sample is about 1 mW, and both beams are focused on the
sample with the same 25 cm focal lens producing a spot of
about 150 um diameter, with an angle between pump and
probe about 4°. The spectral width of the 120 fs pulses
(about 15 meV) is much larger than the Rabi splitting in the
sample, therefore both polariton branches are excited and
probed simultaneously. Moreover, we can expect that the
pump pulse creates polaritons at k# 0 since the disorder is
particularly important in magnetic structures. We do not
have, however, experimental proof, that TRKR signal probed
at 4° results from the polaritons created by the pump pulse
with the same wave vector as those created by the probe
pulse, and not from the k=0 polaritons. This situation is
illustrated in Fig. 2(b), where the polariton dispersion in the
sample at a zero field is shown schematically, together with
the spectral shape of the laser pulse, while the arrows indi-
cate pump and probe incidence angles.

The probe beam reflected by the sample is directed onto a
balanced optical bridge, which yields an electrical signal pro-
portional to the pump-induced Kerr rotation angle. A small
part of the reflected probe beam intensity is collected in the
optical fiber and used to measure the spectra of the reflected
light. The magnetic field is created by a superconductive split
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FIG. 3. (Color online) (a) Kerr rotation scans under magnetic
field in Voigt configuration. The laser excitation energy is 1.715 eV
for B=0-2 T, 1.710 eV for B=3 T and 1.702 eV for 4-5 T. (b)
The corresponding Fourier spectra.

coil, while the sample is placed in the cryostat at 7=2 K.
Figure 3(a) shows the TRKR scans measured under the
in-plane magnetic field from O to 5 T. Our main concern in
this work is the polariton spin precession, therefore we show
here the signal at short pump-probe delays, where it is
clearly seen. At longer delays the signal is mainly given by
the precession of the Mn?* spins, coherently rotated due to
the exchange interaction with the photocreated holes (see
Fig. 4 from Ref. 14). In Fig. 3(a), one can see that at a zero
field the signal decays exponentially, while in the presence of
the field the oscillations show up. Moreover, above 3 T we
observe the beats, which is an additional lower frequency
arising in the signal. This can be seen in the Fourier spectra
of the TRKR signal, Fig. 3(b). The summary of the frequen-
cies observed in the TRKR is reported in Fig. 4 (circles),
together with the polariton splittings calculated previously
(lines), using the same parameters as in Fig. 1(a).>* We iden-
tify the higher frequency beats as the beats between two

4 , - . ——
///-l- PB
_
N 31 — + / .
E _— ok
\; — /
g 2 \\\\ -0 b
g \\}(
o
© — PD
£ 1 9/ T ]
0 T r T T T

In-plane magnetic field (T)

FIG. 4. Polariton beats frequency extracted from the Fourier
spectra shown in Fig. 3(b) as a function of the applied magnetic
field (circles, crosses). Solid lines show theoretical prediction.
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FIG. 5. (Color online) (a) Calculated Kerr rotation scans under
magnetic field in Voigt configuration. (b) The corresponding Fourier
spectra.

excitonlike polariton branches (BD), while the lower fre-
quency beats are between P and D states (PD). One can
notice that the peak associated with the exciton spin preces-
sion (BD) splits at 3 T and has an asymmetric form at higher
fields, suggesting exciton spin beats at two different frequen-
cies. We believe that this is a manifestation of the inhomo-
geneous Mn”* spin heating, an out of equilibrium phenom-
enon described in Ref. 24.

At zero and low fields the absence of the PD beats is not
surprising. Indeed, as argued in Sec. II, since the excitonic
states are only weakly mixed, the polariton component D
resulting from the exciton dark state is almost not excited by
the incident light. As soon as the magnetic field mixes the
exciton states, the PD beats arise in the signal. However,
neither at high nor at low fields the polariton beats between
P and B branches are clearly observed. At a zero field, the
absence of the PB beats is particularly evident, since we
observe pure exponential decay of the TRKR signal, and
neither at high fields the polariton beats between P and B
branches are clearly observed. We explain it by a very short
photon lifetime 7,, in our sample. Indeed, from the CW re-
flectivity measurements it can be estimated as 7,,=f/I
=0.25 ps, where '=3 meV is the polariton broadening. The
results of the calculation of the TRKR signal for the experi-
mentally explored range of fields in the framework of the
polariton spin density matrix formalism, assuming Ay
=52 meV, 6=-8.0meV, T4=10K, and 7=0.25 ps are
shown in Fig. 5.

At zero field, the resonance corresponding to the PB beats
is hardly visible because it is extremely weak. Its amplitude
increases when one either increases the photon lifetime or
reduces the detuning between the photon and the exciton
mode. To illustrate the effect of the photon lifetime on the
amplitude of Rabi oscillations, we show in Fig. 6(a) the
results of calculation using 7,,=0.5 ps and 0.2 ps at B=0.
One can see that the oscillations that are smeared out in the
case of 7,,=0.2 ps and can be clearly distinguished when
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FIG. 6. (Color online) (a) Calculated Kerr rotation scans at B
=0 and two different values of the photon lifetime. One can observe
the smearing of Rabi oscillations when 7,,=0.2 ps. (b) The Fourier
spectra obtained from calculated and measured Kerr rotation scans
from 3 to 5 T. Arrows indicate the resonance frequencies.

7,,=0.5 ps. Fig. 6(b) shows in more detail the Fourier spec-
tra of TRKR at 3, 4 and 5 T, together with calculated curves.
At high fields, the weak and wide spectral features not well
separated from BD oscillations peak may be interpreted as
rapidly decaying PB beats. The corresponding frequencies
are shown by crosses in Fig. 4. Thus, under magnetic field
three resonances appear in our numerical simulations. How-
ever, the PB resonance remains extremely weak, so that the
calculated signal fits rather well the experimental results.
Since at high field the TRKR contains two contributions
(PD and BD), we could alter the relative excitation of the
polariton branches in order to enhance the relative weight of
one of them.The resulting experimental spectra are plotted in
Fig. 7, where the TRKR scans and their Fourier spectra are
shown for different excitation energies. It appears that by
lowering the excitation energy untill E=1.674 eV, the exci-
tonic (BD) contribution can be completely eliminated, while
at high excitation energies it dominates the spectra. Remark-
ably, in the former case, the signal oscillates between nega-
tive values and zero. Since the polariton beats can be under-
stood as cycles of absorption and emission of the photon by
the exciton, the beats between P and D polariton branches
correspond to the polarization transfer between the photon
and “dark” exciton state. When the polariton is in the photon
state, S,=0. The observation of negative Kerr rotation values
means that when the polariton is in the exciton state, in the
most part of time S, # 0, which is possible if the exciton spin
rotation around the magnetic field is superimposed to the
exciton-photon beats. On the other hand, at E=1.724 eV, the
oscillations are symmetrical with respect to zero angle. In
this case, both positive and negative half-periods of the os-
cillations of S, contribute to the TRKR signal. Note, how-
ever, that in order to obtain a nonzero signal, the excitation
should remain resonant with one of the excitonic transitions.
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FIG. 7. (Color online) (a) Kerr rotation scans at B=5 T and
pump and probe energy from 1.674 to 1.724 eV. (b) The corre-
sponding Fourier spectra.

VI. CONCLUSIONS

In conclusion, we have studied the TRKR from the strong
coupling CdMnTe quantum well microcavity. We have
shown that in the presence of the in-plane magnetic field and
at a given circular polarization of light, three polariton eigen-
states should be considered. Using the polariton spin density
matrix formalism, we propose the procedure, which allows
us to calculate the TRKR signal in these conditions. The
model is in good agreement with experimental results, which
reveal two kinds of polariton beats, namely the beats be-
tween two excitonlike polariton branches and between one of
the excitonlike states and the photonlike state. Some eigen-
frequencies of the system are found to be hidden because of
the short cavity photon lifetime and strong negative detuning
between cavity and exciton modes. Variation of the excita-
tion energy allows us to enhance or suppress the relative
weight of two components of the signal corresponding to
exciton-exciton and exciton-photon beats.

The observation of the polariton beats at Rabi frequency,
that is, between the photonlike and the most split from the
excitonlike state, and the observation of Kerr oscillations
without a magnetic field are theoretically possible in micro-
cavities. However, to see such kinds of oscillations, the
condition on the photon lifetime should be fulfilled:
Ag*7>27h. This condition is stronger than the condition
for the strong coupling Az* 7>#, and it is not satisfied in
our sample. Therefore, while in CW reflectivity spectra the
anticrossing structure typical for the strong coupling regime
is observed, in TRKR experiments Rabi oscillations do not
emerge. Thus, an observation of the Rabi oscillations in the
TRKR requires the sample with a longer photon lifetime, or,
in other words, with the Bragg mirrors of higher a quality.

We acknowledge support from the Marie-Curie RTN
project 503677 “Clermont2.”
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