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Ultrafast dynamics of the photo-induced magneto-optical Kerr effect in CdTe at room temperature
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A time-resolved, all-optical technique based on the photo-induced magneto-optical Kerr effect is applied to
the spectral study of the sub-picosecond, room temperature spin dynamics in CdTe between 1.44 and 1.63 eV.
Two relaxation processes with respective decay times of up to 200 fs and 2.5 ps are distinguished. While the
longer one is attributed to electron-spin relaxation, several processes such as the redistribution of electrons in
the conduction band or exciton ionization near the band gap are believed to take place on the timescale of the
faster one. A change of the spectral dependence of the Kerr effect from a paramagneticlike to a diamagneticlike
regime during this faster relaxation is observed and discussed.

The dynamics of spins down to the subpicosecond timenergyA=0.9 eV for CdTe. For photon energies equal or
domain has been subject of intense research activity in recestightly superior to the direct band-gap enefgytransitions
years!~® In particular, the processes governing the spin cocan take place between the top of the degend?gtevalence
herence of excited photo-carriers and the loss of this coheband atl’s and the bottom of th&,,, conduction band dfs.
ence are of utmost interest, especially in semiconductors, iror higher photon energies, optical transitions are also pos-
order to achieve ultrafast “spin electronics.” Still, most of sible between the top of the split-d#,;,, band atl’; andI'g
the works devoted to spin dynamics in semiconductors so fdFig. 2(b)]. The probability of a transition involving light
has considered low-dimensional systems at low temperaturd®les to occur is three times smaller than that of a transition
where the behavior of the carriers is simpler to describeinvolving heavy holes. For that reason, only transitions from
However, for potential applications, room temperature studthe heavy-hole band will serve as a basis for the following
ies of spin dynamics are more relevant. Beyond the gigahertdiscussion and figures. As the lifetime of excitons can be
frequency domain, this dynamics can most easily be studiedomparable with the pulse duratidhfransitions involving
by optical techniques, such as polarized photoluminesencghe creation of an exciton have to be taken into account.
or magneto-optical effects>®Both the magneto-optical Far- The magneto-optical Kerr effect arises from the differ-
aday effect in the transmission geometry and the magnet@nce between the optical coefficients of a material for right-
optical Kerr effect in the reflection geometry are well suitedhanded and left-handed circularly polarized light. This dif-
to studies of the spin dynamics in a broad spectral—ference can be induced by an applied magnetic field, a
including wavelengths where no luminescence can bepontaneous, or an optically induced magnetization. In either
measured—as well as thermal range. Here we report a roomay, the degeneracy of the magnetic quantum numfbées
temperature study of the ultrafast dynamics of the photolifted. The simulated spectral dependence of the Kerr rota-
induced magneto-optical Kerr effect in bulk cadmium tellu-tion and ellipticity, together with the corresponding sche-
ride (CdTe using a sensitive, time-resolved, pump-probematic energy level configuration, are shown in Figh)Zor a
technique with subpicosecond resolution. Two relaxation retwo-level systent! This type of behavior, due to the splitting
gimes with distinct spectral dependences were found.

Phenomenologically, optical orientation can be described
as a manifestation of the inverse Faraday effect. In a static (@) S (b) mz=-12 m=+12
description, continuous, circularly polarized light induces a FG 12
magnetizatiorM; = x;;x[D;D¢ ] in a medium’ With the use
of ultrashort optical pulses, the photo-induced magnetization E =152eV
is transient and decays as a result of the relaxation processes

In a microscopic approach, light excites carriers with a pref- r ' =432
erential spin orientation because of the selection rules for 2 P '
transitions induced by circularly polarized phot&iisin a A 3

direct band-gap semiconductor with a zinc-blende crystallo- A
graphic structure, such as CdTe, optical transitions take place I \?,, m=-12  m =402

around thd point of the first Brillouin zondFig. 1(a)]. An
essential feature of the band diagram is the fact that their top FiG. 1. (a) Schematic electronic band structure of CdTe near the
p-type valence band is split into a degener@tg band—one  direct band-gap andb) allowed electric dipolar transitions for
subband for heavy-hole states, the other for light-holeight-handedsolid arrows and left-handeddashed arrowscircu-
states—and a split-ofP,,, band that lies belowr;, at the larly polarized light(Ref. 8.
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line). FIG. 3. Experimental setup for time-resolved measurements of

] ) ) the Kerr rotation and ellipticity.
of the ground and excited energy levels, is sometimes called

T ) )
diamagnetic.”* We can expect from the photo-induced 1 b mp fluence on the sample was of the order of 10

Kerr effect in our sample such a diamagneticlike depen- J em2 and atho=1.52 eV produced a spatiallv averaged
dence, with a sign reversal of the Kerr rotation at the band’. w P P y d

: ) | Yelectron density of about 6 cm™3. The angles of inci-
gap energy. On the other hand, optical pumping of a med'unaience of the pump and probe beams with respect to the

with circularly polarized light leads to the selective excita- sample normal were set to 20° and 40°, respectively. These

; it —_3 —_1 ) oo S

tlon_ Sf one iraims(;tlon, Lr_omnj— h 2 htol.ml ¢ Zh orl_frr?m relatively large angles were chosen in order to minimize co-

lml'._?to mﬁ')_?' ep?jn ]'c?g Ok?t e helicity Oht € '% tpol— herent contributions such as those observed in four-wave

arization. During and after the excitation, the probe pu semixing experiments® The Kerr rotation and ellipticity expe-
rienced by the reflected delayed probe pulses are measured

itself will be less likely to engage in an already partially
pumped transition and, as a result, the optical coefficients g s a function of the time delay between pump and probe
pulses.

the medium submitted to probe pulses with two circular po-
larizations of opposite helicities are different. It follows that In this kind of experiment, where small transient varia-
tions of the polarization are the signal of interest, fast fluc-

an additional contribution affects the photo-induced
magneto-optical effects. The simulated spectral and tempo- tuations of the sample reflectivity due to the excitation and
Melaxation of carriers are a common burden. Their influence

ral dependences of this contribution for a two-level syste
Elre shown 3” Fig. @). This ,'Eypedofhspectral behavior hfash was minimized by using a very sensitive balanced detection
een named “paramagnetic” and shows a maximum of & neme The circular polarization of the pump pulses was
odulated at a frequency of 50 kHz between left-handed and

Kerr rotation at the interband transition. It should be note
that such a contribution to photo-induced magneto-optic ight-handed helicity with a photo-elastic modulat®EM),

effects due to population changes of excited states was St“dﬁthout changing their intensity. A Wollaston prism was
ied in Cch 7MngzsTe (Eq=1.95 eV athw=1.17 eV}*and

L ) . . . then used to split the reflected probe beam into two spatiall
that the relevant effect was quadratic in the intensity of light p b P y

he ch fth larizati t th b | 'separated components with polarization directions orthogo-
The change of the polarization state of the probe pulsg| 5 each other. The corresponding intensities were de-

upon reflescnon from the optically excited sample is de'tected with a pair of equivalent photodiodes and then sub-
scribed by tracted through a differential amplification circuit. The
output signal, proportional to the Kerr rotatigi (or to the
egti HKocJ dtE*()[PTF(t)—P~ (1], (1) Kerr ellipticity ex measured with a Babinet-Soleil compen-
sator as a quarter-wave plate in front of the pjiswas then
wheree is the Kerr ellipticity anddy is the Kerr rotation. measured at 50 kHz with a lock-in amplifier. This sensitive
The nonlinear polarizationP™ " =P, +i P, (respectively, balanced detection technique allowed for the measurement of
P~ =P,—iPy) is a linear function of the probe optical very tiny pump-induced polarization changes in the sample
electric field and a quadratic function of the optical electricdown to 0.2urad. The spectral profile of the laser radiation
field of the right(respectively, lefthanded polarized pump was also monitored with an optical multichannel analyzer,
pulse. Thus the photo-induced effect is expected to be linand a photon energy range of about 0.02 eV was measured.
early dependent on the pump intensity. Experimentally, a linear dependence of the photo-induced
For the experiments a pulsed Ti:sapphire laser was useterr effect on the pump intensity was found for fluences
with a pulse duration of approximately 100 fs and a repeti+tanging from 1 to 1QuJ cm 2. The maximum of the effect
tion rate of 82 MHz, in the range of 1.44 to 1.63 éMg. 3.  was observed for a circular pump polarization in agreement
Coherent pump and probe pulses in an intensity ratio of 10:With the theoretical background discussed above. Typical re-
were focused on the sample to a spot diameter of about 10@xation dynamics of the Kerr rotation in CdTe are shown in
um for the pump pulse and slightly less for the probe pulseFig. 4 for optical excitation below@ and above(b) the
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FIG. 4. Relaxation dynamics of the Kerr rotatiép in CdTe(a) FIG. 5. Spectral dependence of the Kerr rotatiynand ellip-

below and(b) above the band-gap energy. The autocorrelation funclicity ex in CdTe(a) in the short term angb) in the long term for
tion of the pulse is indicated with dashed lines. The insets show th@ump-probe delays corresponding to the solid arrows in Fig. 4.
long-term dependence of the rotatifmircles. For comparison, the Lines are guides to the eye.
inset in (a) shows the decay of the photo-induced linear birefrin-
gence due to carrier dynami¢dotted line. Moreover, the signal tends to increase towards a second
maximum when the photon energy decreases below 1.44 eV.
room-temperature band-gap enerBy=1.52 eV. In both  This is likely due to a transition at an energy between the
cases, the short-term behavior &f is presented, as well as top of the valence band and a bound impurity level within
the long-term decay of the signal up to complete relaxationthe band gap’ The spectra foM, andey are expected to
in this case after 5 to 6 psee insets A similar relaxation obey the Kramers-Kronig relations, i.e, ought to experi-
behavior was observed for the Kerr ellipticidy, . The tem-  ence a sign reversal whe#g reaches an extremum. How-
poral shape of the autocorrelation function of the pumpever, as can be seen from Figap the short-term spectral
pulses, as deduced from the measured spectral profiles, hdspendence for the ellipticity actually changes sign below
been included for comparisofdashed lings Clearly, the the interband transition at 1.52 eV. This may indicate that the
initial peak of ¢ does not exactly follow the shape of this transition atE; dominates over the interband and excitonic
autocorrelation function, but shows a fast relaxation compotransitions. With this in mind, the short-time spectral depen-
nent up to a pump-probe time delay of approximately 600 dencies offx andex do obey the Kramers-Kronig relations
fs, after which a slower relaxing contribution totally decaysand follow a paramagnetic-like behavior. The domination of
within a few picoseconds. For energies above the band-gaghe transition atE; arises from a peculiarity of the photo-
a competition between the slower and the ultrafast relaxatiomduced magneto-optical Kerr effect. It can be shown that
contributions was observed during the overlap of the pulsesandey not only depend on the probability of a given transi-
Around zero delay, i.e., when pump and probe pulses cointon, but also greatly decrease when the decay time from the
cide in time at the sample surface—the fast relaxing parexcited state increases. We indeed observed a strong de-
dominates the response. crease of the decay time of the rapid contribution between
Within the photon energy range of 1.44 to 1.63 eV thel.44 and 1.48 eV. Thus the transition &t bears a larger
experimentally deduced decay times were found betweespectral weight than interband and excitonic transitions in
100 and 200 fs for the faster relaxation part, and between this spectral region, although its probability is smaller.
and 2.5 ps for the slower component. A possible artifact in  The Kerr rotation in the longer term changes sign at the
such polarimetric measurements is that one not only moduinterband transition energy while the ellipticity shows an ex-
lates the polarization of the pump pulses, but also their intremum at this point. Thus ellipticity and rotation once again
tensity, which would induce in the sample a transient linearcorrespond to one another with respect to the Kramers
birefringence not related to the spin dynamics. We investiKronig relations, but they now show a diamagneticlike spec-
gated this possibility by placing an additional polarizer be-tral behavior. Thus, an evolution of the magneto-optical Kerr
hind the PEM. As a result the intensity of the pump pulseseffect spectral dependence from a paramagnetic to a diamag-
was intentionally modulated, while their polarization was netic type has taken place during the fast relaxation process.
kept linear at an angle of 30° relatively to the probe polar- These spectra exhibit a distinct resonance behavior, which
ization. The resulting dynamics of the photo-induced bire-is typical for a two-level system. Thus, we assume that ex-
fringenceAn, as shown in the inset of Fig(l#) (dotted ling citonic transitions play a considerable role in the observed
proved to be much slower than both components of the Kerphoto-induced Kerr effect. The deviation from a resonance
dynamics, confirming that the latter do have a magnetobehavior, which appears in the asymmetry of the spectral
optical origin. dependences around the resonance, can be due to the inter-
The amplitudes oby andey are presented as a function band transitions. These transitions are usually described by
of the photon energy in Fig. 5, both for the short terta)5 invoking an inhomogenously broadened two-level system.
and the longer term(6). More specifically, as indicated by According to the qualitative mechanisms described above,
the solid arrows in Fig. 4, the short-term value was measuretbr pump-probe delays up to 600 fs the paramagneticlike
for each photon energy at the signal maximum, when botlbehavior of the photo-induced Kerr effect in CdTe can be
relaxing components are present, i.e.Ad&0, whereas the attributed to the difference in populations of excited states
longer-term value was taken ait=600 fs, after the fast with a magnetic quantum number; equal to—3 and+ 3,
relaxation component has totally vanished. The spectral daespectively. After this paramagneticlike contribution has
pendence for the Kerr rotatiofl in the short term clearly completely decayed the diamagneticlike spectral dependence
shows a maximum near the interband transition at 1.52 eVstarts to dominate the relaxation in the picosecond range.
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This diamagneticlike contribution is caused by the repulsivenagneto-optical Kerr effect in CdTe at room temperature
interaction among the carriers due to the Pauli exclusionwas studied in the spectral range of 1.44 to 1.63 eV with a
principle® and the decay of this contribution is related to subpicosecond resolution using a sensitive polarimetric tech-
electron-spin relaxation. The observed decay times are iRique. Two relaxation processes with respective decay times
reasonable agreement with data reported elsevfhere. of 100 to 200 fs and 1 to 2.5 ps were observed. It was found
In contrast, several relaxation processes can be respothat during the fast relaxation process, the spectral depen-
sible for the ultrafast paramagnetic-like contribution to thegence of the effect changes from a paramagnetic to a dia-
Kerr effect dynamics. Around the band-gap energy excitonagnetic type. Several ultrafast processes, such as the redis-
ionization is a possible relaxation process, but this contribugip \tion of electrons within the conduction band or exciton
tion is essentially attributed to phase-space filling effécts ;i ation near the band-gap can be responsible for the faster

and its rel_axation is related to the energy relaxation of t.hedecay whereas the longer one can be attributed to electron-
photo-excited electrons towards the bottom of the conductlog pin r él axation

band, through the emission of LO phonons. For a relatively
high density of electron-hole pairs photo-excited by the
pump pulse, carrier-carrier scattering is also a significant en- 1he authors are grateful to B. Koopmans and A. V.
ergy relaxation proce€d.But the linear dependence of the _Petukhov for fruitful discussions. This work was supported
Kerr effect on the intensity proves that carrier-carrier inter-in part by NWO, INTAS, RFBR, and the EU TMR Network
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