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Time-resolved magnetization modulation spectroscopy: A new probe
of ultrafast spin dynamics
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Polish Academy of Sciences, Institute of Physics, Al. Lotniko´w 32/46, 02-668 Warsaw, Poland

~Received 7 October 1998; accepted for publication 24 January 1999!

Time-resolved magnetization modulation spectroscopy~TIMMS! is proposed as a new probe of the
ultrafast spin dynamics in a wide range of magnetic media. This pump–probe technique offers a
high magnetic sensitivity by imposing a high frequency modulation to the circular polarization of
the pump beam. The resulting modulated magnetization is reflected in an oscillating
magneto-optical signal, and is picked up using a lock-in scheme. Experimental details are discussed
and a theoretical modeling of the detected signals in a TIMMS experiment is presented. We applied
TIMMS to the spin dynamics of CdTe/CdMnTe quantum well structures at room temperature. A
spin scattering time of 10–15 ps is found, almost independent of the photon energy, whereas
additional time scales (,5 ps) are found if a short period superlattice is grown in the barriers.
© 1999 American Institute of Physics.@S0021-8979~99!01509-1#
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I. INTRODUCTION

Experimental access to the dynamics of spins at ultra
~subpicosecond! time scales is an enormous scientific ch
lenge. In recent years, an increased interest in this field
been witnessed, stimulated by the development of new ti
resolved magneto-optical techniques. While some of th
experiments are curiosity driven, a more fundamental und
standing of the fast spin dynamics is also of the utmost
evance for future progress in magnetic, magnetoelectro
and magneto-optic device technology.

The new magneto-optical pump–probe techniques
have recently been demonstrated can roughly be classifie
three categories, depending on the way the pump beam
turbs the magnetic ground state:~i! ‘‘optical’’ or ‘‘thermal’’
pumping, in which a hot electron gas is excited, which he
the lattice and causes a rapid~partial! loss of the
magnetization;1,2 ~ii ! ‘‘magnetic’’ pumping, in which a pho-
toconductive switch is used to modify the magnetization
means of an ultrafast magnetic pulse;3,4 and ~iii ! ‘‘magneto-
optical’’ or ‘‘circularly polarized’’ pumping, in which spin
selective optical excitations cause a change in the equ
rium spin density.5–7 All configurations have the fact that th
magneto-optical Kerr or Faraday effect~or a nonlinear
extension2! is used for probing the dynamic evolution of th
magnetic state after arrival of the pump pulse in comm
Related approaches are spin-polarized two-photon photoe
tron spectroscopy, in which photoelectrons rather than p
tons are used as a probe,8,9 spin-resolved photo-
luminescence,10 and time-resolved semiconducting quantu
interference device~SQUID! magnetometry.11

It is important to realize that the different configuratio
reveal different aspects of the complex spin dynamics, si

a!Electronic mail: koopmans@phys.tue.nl
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the relaxation of a single spin depends on its orientation
energy, as well as those of all other excited electrons in
system. Exemplary in this light is the huge difference
phase space available for the relaxation of hot electrons
sus that of thermal electrons. As such, further application
development of all different configurations mentioned sho
definitely be encouraged.

In this paper we present a new technique, time-resol
magnetization modulation spectroscopy~TIMMS!, which
belongs to the third class, i.e., based on a circularly polari
pump. It differs from ‘‘traditional’’ approaches in this clas
like time-resolved Faraday spectroscopy,5 in that it applies a
high frequency modulation to the circular polarization. Thu
a sensitive scheme is achieved, some of its advantages
characteristics being discussed throughout this pa
Whereas the circular pumping generally has been applie
the spin dynamics of~magnetic! semiconductors, in which
the spin-orbit interaction provides a very efficient coupli
of the light polarization to the spins, applications to metal
systems are hampered by a weak coupling, as a consequ
of the quenched orbital momenta. We believe that the av
ability of a new, sensitive and complementary technique m
prove itself very valuable, both in applications on the sp
dynamics in ~magnetic! semiconductors, and in th
intriguing—though extremely complicated—magnetizati
dynamics in itinerant ferromagnets.

In order to asses its potential we applied TIMMS to t
spin dynamics of diluted magnetic semiconductor~DMS!
quantum wells~QWs!. DMS materials are well recognized a
spin-model systems. In a DMS, like Cd12xMnxTe, a fraction
of the cations is replaced by magnetic ions. While this lea
the semiconductor (sp) band structure intact, it contribute
local magnetic moments (d) to the system. Thesp–d ex-
change interaction between these local moments and
3 © 1999 American Institute of Physics
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band electrons gives rise to a rich spectrum of collect
magnetic behavior.12,13 Also, DMSs exhibit ‘‘giant’’
magneto-optical effects14 and a large pump-induced Farad
rotation,6 both exhibiting sharp resonances at the fundam
tal band gap, particularly in the case of QW structures. T
recent observation of photoinduced magnetic order in III–
based DMS heterostructures15 illustrates the strong mutua
influence of optics and magnetism in these DMS material
well. As such, a DMS may be considered as an ideal
interesting test system for spin-dynamical investigations.

II. METHOD

A TIMMS setup is schematically illustrated in Fig. 1
Pump and probe pulses, at a frequencyv1 andv2 , respec-
tively, are generated by a modelocked laser with a repeti
rateF rep. Alternatively, as was the case in our experimen
incident pulses may be split by a beamsplitter in pump a
probe pulses at the same frequency (v5v15v2). The
pump beam passes a photoelastic modulator~PEM! operat-
ing at a frequency ofF!F rep, and with its modulation axis
set at 45° relative to the linear polarization of the pum
Thus, the pump polarization is modulated into circular pol
ization with a handedness oscillating at a frequencyF. After
focusing onto the sample, a modulated magnetization/s
density is generated mediated by the spin-orbit coupli
This leads, even in the absence of a magnetic field or
magnetization, to a magneto-optical~MO! rotation and ellip-
ticity of the linearly polarized probe beam which is focus
on the same spot on the sample. The resulting Kerr~in re-
flection! or Faraday~in transmission! signals oscillate at a
frequencyF as well, and are picked up via an analyz
detector and lock-in amplifier.

From the resemblance of the TIMMS configuration w
that of a conventional Kerr or Faraday spectrometer
might intuitively expect the lock-in signals at the fundame
tal (V1F) and second harmonic (V2F) of the modulation fre-
quency to be proportional to the induced ellipticity and ro
tion, respectively. The following detailed analysis shows t
this is not the case!

FIG. 1. Schematic diagram explaining a TIMMS experiment. A photoela
modulator~PEM! modulates the pump between left and right-handed cir
lar polarization (s1↔s2). This results in a modulation of the magnet
optical rotation (2QMO↔1QMO), which is picked up by a lock-in
amplifier.
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The sample is assumed to be isotropic in the absenc
the pump beam, its optical response described by a scale.
The electric field amplitude of the pumpE1 and probeE2

beams are written as two-dimensional~Jones! vectors:

E1~ t !5E1~ t !S 1/&
1/& D ,

and

E25E2~ t !S 1
0D . ~1!

The two components of the Jones vector will be referred
as vertical and horizontal polarization. A common oscillati
phase vector exp(fn1iqn•r2 ivnt), with nP$1,2%, is im-
plicitly assumed throughout the analysis. The envelope fu
tions En(t) describe the temporal pulse shapes, which d
play a periodicity of F rep

21, En(t1F rep
21)5En(t). The

transmission of the pump beam through the PEM, set to
amplitude~retardation! of A0 , is described by the Jones ma
trix

M~ t !5S 1
0

0
exp@ iA~ t !# D , ~2!

with A(t)5A0 cos(2pFt). The modulation frequencyF has
to be well below the repetition rateF rep, so that the detected
intensities can be considered as quasicontinuous. In ord
show that the pump beam picks up a circular polarizat
modulated atF while passing the PEM, the transmitte
pump field,E18(t)5M( t)•E1(t), is written as

E18~ t !5FA1~ t !S 1
i D1A2~ t !S 1

2 i D G E1~ t !

&
, ~3!

with

A6~ t !5$17 i exp@ iA~ t !#%/2. ~4!

Mediated by the spin-orbit coupling, the different absorpti
of the left- and right-handed circular polarization, propo
tional to uA1u22uA2u2, causes an imbalance betwee
spin-up (N1) and spin-down (N2) density of states in the
interaction volume of the sample S. This in turn, induce
nonvanishing off-diagonal~nonreciprocal! element in the di-
electric tensor:i exy(t)52 i eyx(t), which leads to a complex
Faraday~or Kerr! rotation u2(t) of the transmitted~or re-
flected! probe beam. The relation between the pump inten

I 1~ t !5
cAe

2p
E1* ~ t !E1~ t !, ~5!

and the magneto-optical rotation of the probe polarizat
u2(t) can be described by a ‘‘response function
xMO(v1 ,v2 ,t)5xMO8 1 ixMO9 ,

u2~ t !5E dt8xMO~ t2t8!@ uA1~ t8!u22uA2~ t8!u2#I 1~ t8!.

~6!

Here we dropped the frequency arguments, introduced to
plicitly indicate the dependence on both frequencies. N
thatxMO also includes macroscopic details, such as the th
ness of the crystal.
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Equation~6! is still quite general. In particular, the MO
rotation may vary over the cross section of the beam,
cause of its intensity profile. In the following we will con
centrate on average signals, introducing a beam a
averaged laser fluence~pulse energy per area per pulse!, F1

5*0
Frep

21dt^I 1(t)&, and on the transient response at time sca
longer than the pulse width. Then, substitution of Eqs.~3!
and~4! in Eq. ~6!, yields a transient magneto-optical rotatio

u2~ t,Dt !5QMO~Dt !sin@A~ t2Dt !#, ~7!

with

QMO~Dt !5F1xMO~Dt !. ~8!

The corresponding probe field after interaction with t
sample is

E28~ t,Dt !5E2~ t !S 1
u2~ t,Dt ! D , ~9!

in the limit QMO!1. For simplicity, we assumed the tran
mission of the sample to be unity. In the more general ca
an additional scaling factor accounting for Fresnel fact
and multiple interferences has to be included. Finally,
analyzer at anglea with the horizon is almost crossed wit
the vertical input polarization. The intensity of the pro
beam after passing this analyzer reads:

I 28~ t,Dt !5I 2~ t !$sin2 a1sin~2a!QMO8 ~Dt !sin@A~ t2Dt !#

1cos2 auQMO~Dt !u2 sin2@A~ t2Dt !#%. ~10!

The corresponding Fourier components at harmonic frequ
cies up to 2F are found by expandingA(t2Dt) in a Taylor
series in powers of cos(2pFt), and assumingDt!F21. This
yields signals at the lock-in amplifier

Vdc

V0
5sin2 a1

12J0~2A0!

2
cos2 auQMO~Dt !u2, ~11!

V1F

V0
5J1~A0!sin~2a!QMO8 ~Dt !, ~12!

V2F

V0
5

2J2~2A0!

2
uQMO~Dt !u2, ~13!

whereJn is thenth order Bessel function, andV0 is an over-
all scaling factor. Now it becomes clear why almost cross
the analyzer yields an enhanced sensitivity.I 2(t) generally
contains optical noise at the lock-in frequency 1F and 2F
due to nonidealities of the laser. Therefore, it is desirable
have a highV1F /Vdc, even if this is at the cost of a lowe
absolute signal. This is achieved at smalla (uuFu!uau
!1):

V1F

Vdc
'2J1~A0!

QMO8 ~Dt !

a
, ~14!

V2F

Vdc
'

2J2~2A0!

2 S uQMO~Dt !u
a D 2

. ~15!

Thus, at 1F an enhancement on the order of 1/a is realized
with respect to the standarda545° configuration. At the
same time the 2F signal is negligible. We emphasize th
loaded 01 Sep 2011 to 131.155.151.8. Redistribution subject to AIP licens
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V1F scales with thereal part of the complex MO rotation.
Information on the ellipticity is only weakly present in th
experiment, via the 2F signal which scales with the magn
tude squared of the complex MO rotation. Only in cas
where both reflection and transmission experiments can
performed, can the full complex off-diagonal tensor elem
be accessed. For completeness we note that the equa
above are given for voltage amplitudes. Additional prefa
tors appear when using rms values.

Exploiting the 1/a enhancement factor, the optical nois
can be arbitrarily decreased as long as:~i! the reduction of
the absolute 1F signal ~scaling witha! does not introduce
any additional detector noise;~ii ! one keepsa2 well above
the extinction ratio of the analyzer~1025 for good polariz-
ers!; and ~iii ! a@QMO ~typically 1023 in our experiments!.
In practice, this means that mechanical instabilities may w
become the limiting factor, particularly when using a lo
noise laser source.

Care should be taken to exclude spurious signals du
scattered light from the pump beam, which may occur
samples of a poor optical quality. This can easily be achie
by adjusting the analyzer parallel to the modulation axis
the beam. A completely identical analysis to the one p
sented above is then obtained if the polarization of the pr
is set to2a.

Starting from Eq.~6!, the analysis can easily be gene
alized to delays short compared to the pulse width, in wh
case the beams have a finite temporal overlap. However,
ditional nonlinear optical processes may appear in this c
which will be briefly discussed in Sec. IV.

Finally, we would like to emphasize some particular a
vantages of our TIMMS technique. The high sensitivity a
background free measurement are intrinsically related to
modulation scheme. The fact that the pump intensity is
modulated~unlike its polarization! means that nonmagneti
artifacts are excluded. Furthermore, one can take advan
of measuring the phase of the 1F signal relative to that of the
modulation applied by the PEM in order to estimate tim
scales of dynamic processes that are slow compared to
repetition rate (ts>F rep.

21). In that case a remainder of th
signal is still present upon arrival of the next pair of pum
and probe pulses, which leads to a finite signal at nega
delays, its phase being a measure of the dynamic time s
This can be seen by rewriting Eq.~7! at a small negative
delay,Dt52dt, for the case of a relatively long lived signa

u2~ t,2dt !5 (
p51

`

QMO~pFrep
21!sin@A~ t2pFrep

21!#. ~16!

Terms for whichQMO(pFrep
21)Þ0 lead to a phase lag ofV1F .

The derivation of an exact expression goes beyond the sc
of this paper. A simple estimate can be achieved by o
considering a single term at a characteristic~relaxation! time
ts , defined byQMO(ts)/QMO(0)51/e. ThenV1F , which is
proportional the Fourier component of sin@A(t2ts)# to the
first order in cos(2pFts) and sin(2pFts), is found to be

V1F}QMO8 ~0!F reptsJ1@A0 cos~2pFts!#cos@2pFt2F~ts!#,

~17!
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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where the phase lagF(ts) is given by

tan@F~ts!#5
J1@A0 sin~2pFts!#

J1@A0 cos~2pFts!#
. ~18!

From the propertyJ1(0)50, it can easily be verified that th
phase lag vanishes forts!F21.

III. EXPERIMENT

Figure 1 shows the main characteristics of our setup
mode-locked Ti:sapphire laser tunable from 1.46 to 1.70
and a repetition rate of 82 MHz was pumped by a 5 Wsolid
state laser to minimize optical noise. The latter is a big
vantage since optical noise directly transfers to the signa
discussed in the previous section. A PEM was operate
F550 kHz, well below the laser repetition rate as requir
The PEM retardation was set toA052.405, at which
J1(A0)'0.519. A 20%:80% beamsplitter was used to sp
the pulses into probe and pump pulses (v25v1). All data
are obtained at pump energies of roughly 0.3 nJ, which c
responds to a laser fluence ofF51 mJ/cm2 after focusing the
pump and probe beams by a 300 mm lens to a spot of
proximately 200mm diameter. It was verified that, except fo
a small thermally induced redshift of the band gap, the
sults did not significantly depend on the fluence in this
gime. Analyzer settings betweena52° and 5° were chosen
All results presented were obtained in a transmission~Fara-
day! configuration. We checked that similar effects appea
a reflection~Kerr! geometry.

The same setup can easily be adapted to compare
spin and carrier dynamics in a pump-induced transmiss
~saturable adsorption! experiment. For this, a horizontall
oriented polarizer~crossed withE1! is inserted between th
PEM and the sample. This leads to an intensity modula
of the pump beam at 2F. The pump-induced transmission o
the probe beam is then proportional to theV2F signal at the
lock-in amplifier.

In order to test the new TIMMS method, and because
the rich spin dynamical behavior, our first experimental st
ies were devoted to the spin response of DMS QWs. Vari
CdTe/Cd12xMnxTe multiple QW structures were grown b
molecular beam epitaxy~MBE! on GaAs~001! substrates, af-
ter deposition of a 1.5mm thick Cd0.55Mg0.45Te buffer layer,
and capped by a protecting 50 nm thick Cd12xMnxTe layer.
For transmission experiments the GaAs, which has a fun
mental band gap below that of the QW, was removed
preferential etching, and the remaining multilayer film w
glued to a fused silica plate. The results of two samples
and B, are discussed in this paper. Sample A consisted o
periods of a 15 monolayer~ML ! CdTe well and a 30 ML
Cd12xMnxTe (x50.13) barrier. Sample B only differed b
the composition of the barrier, which was formed by a sh
period superlattice~SPSL!; six periods of 6 ML/6 ML
CdTe/Cd12xMnxTe were sandwiched between tw
Cd12xMnxTe layers of 45 ML~all x50.13!.

The presence of this SPSL in the barrier strongly infl
ences the~spin! dynamics. Due to different electrone and
hole h masses and barrier heights, their tunneling rates
different. So, if excited over the barriers, the carriers w
loaded 01 Sep 2011 to 131.155.151.8. Redistribution subject to AIP licens
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thermalize to the quasibound states in the SPSL, and
tunnel at a different rate to the QW. This results in a differe
occupation ofe and h states in the QW. Clearly, the add
tional channels add new time scales to the dynamics.
varying the parameters, this might eventually be exploited
separatee andh ~spin! dynamics.

The fundamental optical gaps in the multilayer structu
were determined by means of photoluminescence spec
copy at 4 K. Sample A revealed a QW exciton at 1.664 e
and emission from the cap layer around 1.78 eV. Sampl
displayed luminescence from the QW, SPSL, and cap
1.665, 1.702 and 1.804 eV, respectively. Although many
teresting phenomena in DMS materials only appear at
temperatures, and, moreover, induced Faraday signals
crease by orders of magnitude at lowT, all TIMMS investi-
gations discussed in this paper are performed at room t
perature ~RT!. At RT the band gaps are redshifted b
approximately 0.1 eV, bringing them right into the ener
window of our Ti:sapphire laser.

IV. RESULTS

Figure 2 shows a typical example of the time-resolv
TIMMS signals for our CdTe quantum structures arou
zero delay and at a photon energy slightly above the RT b
gap of the QW. The main features of theV1F signal are an
almost instantaneous peak around zero delay on top
steplike structure, which vanishes at negative delay and
cays on a picosecond time scale~out of scale of this plot! at
positive delay. These features are much weaker~in fact, al-
most absent! in the V2F signal, in agreement with our theo
retical analysis, Eqs.~14! and ~15!.

Around zero delay wild oscillations appear in the 2F
signal. After closer inspection, they are also present in
in-phase 1F measurement@signal proportional to cos(2pFt)#.
Although weaker in absolute size, they are even better

FIG. 2. Ultrafast TIMMS response at the fundamental~V1F , top! and
second-harmonic~V2F , bottom! of the PEM modulation frequency for
sample B, at\v51.625 eV, anda53°. For V1F both the in-phase
@}cos(2pFt)# and out-of phase@}sin(2pFt)# signals are presented, clearl
showing the wild oscillations related to the ‘‘coherent artifact.’’
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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served in the out-of-phase 1F signal @signal proportional to
sin(2pFt)#, due to the absence of a true anisotropy signal
the case of transient absorption experiments this phen
enon is well known, and attributed to a so-called ‘‘cohere
artifact.’’ This parametric scattering, a third order nonline
optical effect described by a susceptibilityx (3)(2v;v,
2v,v), is present if the pump and probe beam have a fin
temporal overlap. The oscillations are a result of the inter
ence between the transmitted probe beam with a fractio
the pump beam, diffracted in the direction of the transmit
probe beam by a transient intensity grating. This grating
formed by the interfering pump and probe beams, which
incident on the sample at different angles. The phase of
grating is determined by the path difference between pu
and probe, resulting in a full 2p oscillation of the diffracted
signal while scanning the delay length over a full wav
length, which corresponds to;4 fs on the time axis of Fig.
2. At low sampling rates, as is the case in Fig. 2, the os
lations appear as random ‘‘noise.’’ The width of the noi
band yields an estimate of the autoconvolution width of
pump and probe pulses at the sample:;200 fs. This is
doubled with respect to the laser output due to group velo
dispersion~GVD! of the optics. For experiments at a re
high time resolution, some optical components should be
placed or GVD precompensation be implemented.

In order to compare the carrier and spin dynamics, a
to illustrate how this dynamics is reflected in our experime
tal configuration, we present TIMMS as well as transie
transmission data in the 1–100 ps range, both for the Q
with the plain barriers~A! as for the structure including th
SPSL~B!. An outline of the results is displayed in Fig. 3.

FIG. 3. Logarithmic plots of the spin and carrier dynamics in sample
~normal barriers! and B ~including the SPSL barriers!. The pump induced
Faraday rotation~top panels! is obtained from theV1F signal in a TIMMS
experiment (a52° – 5°). Sample A displays a negative rotation at 1.5
eV, the corresponding data have therefore been multiplied by21. The tran-
sient transmission~bottom panels! is measured at 2F, after inserting an
additional polarizer in the pump beam. The time constants printed in it
correspond to the respective exponential decay at long delays.
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In the analysis of the TIMMS data we concentrate on
1F signal, which carries most of the information. The pum
induced Faraday rotation is calculated from the experim
by applying Eq.~14!, and is represented in the top panels f
a number of photon energies. Sample A shows fort.1 ps an
almost perfect exponential decay with time constantts

;15 ps. Although this relaxation time only slightly depen
on the photon frequency, the amplitude of the induced ro
tion changes sign while scanning through the band gap. T
is shown in more detail in Fig. 4, whereQMO is plotted at
fixed delay,Dt51 ps, as function of the photon energy. A
expected, the induced signal disappears at energies wel
low the band gap. The resonant structure around the b
gap, as well as the occurrence of the zero crossing will
explained in Sec. V.

The presence of the SPSL in the barriers of sample
significantly affects the spin dynamics and its spectrosco
The dominant signal has a decay time quite close to tha
A: ts510– 12 ps. However, for frequencies around the SP
transition and above, an additional faster dynamical com
nent is found with a spin scattering time ofts54 ps. Also
the sign of this second component changes while scan
through its corresponding resonance, as seen by the diffe
curvature of the 1.596 and 1.617 eV curves in Fig. 2, and
resonant structure in Fig. 4.

For comparison, the transient transmission data for
same samples are shown in the bottom panels of Fig
These were obtained by inserting a polarizer after the PE
as discussed in Sec. III. This configuration is insensitive
the magnetic or orientational effects, and only resolves
intensity dependent transmission~related to the saturable ab
sorption! due to state filling and possible thermal effects. T
observation of a completely contrasting dynamics, viz
much slower exponential decay (t>200 ps), clearly demon-
strates that the TIMMS and transient transmission exp
ments probe different dynamics, viz. that of the spins a
carriers, respectively. Apart from the slow dynamical co
ponent, however, a fasterDT/T signal is present in mos
scans. This carrier relaxation has a time scale which is q
similar to the slower spin process,tc;10– 20 ps, its ampli-
tude and relaxation rate depending on details of the sam
and frequency. At present, we do not fully understand

ic

FIG. 4. Photon energy (v5v15v2) dependence of the induced Farada
rotation of sample A and B under the conditions of Fig. 3 and at a fix
delay Dt51 ps. E0 and ESPSL indicate the approximate energies of th
lowest optical transition in the QW and SPSL barrier, respectively.
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origin of this component. Regarding a possible 4 ps com
nent, present in the spin response of sample B, we can
nitely say that there is no sign of this in the carrier respon

V. DISCUSSION

Recent work of Busset al. on a giant photoinduced Far
aday rotation deals with heterostructures that are quite s
lar to ours, viz. ten periods of 47 Å thick CdTe wells, an
Cd12xMnxTe (x50.17) barriers.6 At zero delay andT
55 K a photoinduced Faraday spectrum was found wit
maximum rotation of 0.1 rad, however using 20 ps pul
with a higher fluence of 10mJ/cm2. Thus, theirlow tempera-
ture nonlinear MO efficiency,xMO50.1/10255104 cm2/J, is
two orders of magnitude higher than ourroom temperature
result, xMO5231024/10265200 cm2/J. This is well ex-
plained by the reported enhancement of theg factor ~up to a
value of 100! in DMS materials at lowT.14 A recovery time
of ;100 ps was found for the photoinduced Faraday rota
in a magnetic field of 1 T.

Spin scattering in DMS heterostructures at zero field w
reported by Baumberget al., who found ts56 ps at T
54 K in ZnSe/ZnMnSe QWs.5 In GaAs/AlGaAs nonmag-
netic semiconductor QWs, at room temperature an insta
neous spin relaxation for the holes (,1 ps), and a 30 ps
electron spin relaxation time was found,16 whereas spin re-
laxation times of 50 ps~holes! and 100–200 ps~electrons!
where found at 4 K.17 Thus, we may ascribe the 15 ps sp
relaxation component to the electrons, while the instan
neous peak around zero delay~Fig. 2! might be due to the
holes. In addition, the appearance of the 4 ps componen
sample B could be assigned to electron states in the SP
since their larger overlap with the Cd12xMnxTe magnetic
barriers is expected to enhance the spin-flip rate. Altho
certainly more detailed experiments are required for a d
nite interpretation, we can certainly conclude that the s
relaxation rates are in reasonable agreement with forme
erature.

In order to understand the dispersion of the TIMMS s
nal ~Fig. 4! it is important to realize that:~i! in our experi-
mentsv15v2 , and~ii ! the V1F signal is proportional to the
real part of the complex magneto-optical rotation@Eq. ~14!#.
In transmissionV1F is proportional to the real part ofexy

~assuming the diagonal element ofe to be real, which ap-
proximately holds just above the fundamental band gap!.

Right after arrival of the pump pulse, the oscillat
strength atv is depleted. This causes a peak in the imagin
~dichroic! part ofexy (exy9 ) at the pumpandprobe frequency.
However, the real part ofexy (exy8 ), which is related toexy9
by a Kramers–Kronig transformation, is still zero. Only aft
the first relaxation of excitations toward lower energies h
occurred, doesexy8 start to grow. Excitations relax towards
quasistable equilibrium at the bottom of the band, with
total width of approximatelykBT;25 meV. At this time the
new population has become almost independent of the p
frequency. Theexy9 profile closely resembles the new joine
density of states. The corresponding~Kramers–Kronig re-
solved! exy8 is negative below and positive aboveE0 . The
TIMMS spectrum is given by the product of the absorpti
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of the pump beam, a broadened step function aroundE0 , and
exy8 (v). Thus, the difference in absorption below and abo
E0 explains the difference in amplitude of the low ener
negative and larger energy positive peaks in the TIMMS s
nal.

After a spin-lattice relaxation time oft;15 ps the in-
equivalent spin population starts to balance, and the m
netic signal~exponentially! dies out. Still, excitations will
survive at the bottom of the band for a time scale of thee–h
recombination time which we found to betc.200 ps in the
DT/T experiment.

This satisfactorily explains the TIMMS spectrum o
sample A in Fig. 4. The widths of the positive feature a
proximately correspond tokBT;25 meV at room tempera
ture. Also note that the temporal width of our laser puls
~70 fs! yields an additional line broadening. Furthermore w
note that even at room temperature exciton effects are
not fully negligible in QW structures, which may result in a
additional enhancement and sharpening of the TIMMS sig
around the band gap. A more detailed interpretation of
spectroscopy and its ultrafast evolution will be reported in
forthcoming paper.18

The doubly resonant structure found for sample B is
plained by the presence of a similar resonance at the S
gap. The fact that a significant 4 ps component, ascribe
the electron spin relaxation in the SPSL, is found in the s
dynamics, butnot in the carrier dynamics, implies that th
tunnel rate of electrons to the QW is lower than the spin-
rate in the SPSL.

At negative delay we measured no detectable Fara
rotation, indicating the absence of slow (.ns) dynamics.
This is in contrast with similar experiments o
Zn0.76Mn0.24Se/Zn0.77Cd0.23Se quantum structures at low
temperature, in which a slow dynamics atms has been
reported.5 Probably, magnetic imprinting of the magnet
ions, which was thought to be the origin of this long-live
signal, is absent~or at least much faster! at room tempera-
ture, far above any spin-glass behavior.

In order to study this magnetic imprinting effect, as we
as the temperature dependence of the spin dynamics, it m
be of particular interest to perform temperature depend
TIMMS. The possibility of performing a phase sensitiv
analysis@Eq. ~18!# provided by the modulation scheme, wi
offer a flexible scheme to study ultrafast and long-lived s
nals in the same experiment. Moreover, an extreme enha
ment of the signals, and thus of the relative sensitivity,
expected at low temperatures due to the enhancement o
MO response.14

VI. CONCLUSIONS

Summarizing, we introduced TIMMS as a new tec
nique for studying ultrafast spin dynamics. We demonstra
a high magneto-optical sensitivity of;1027 rad, achieved
by using a modulation scheme, an almost crossed polar
analyzer combination, and a state-of-the-art solid state pu
laser. A quantitative analysis of the signals in this config
ration @Eqs. ~14! and ~15!# revealed the dominant charact
of the 1F signal, which was experimentally confirmed. Fir
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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experiments on CdTe/CdMnTe QWs displayed a spin-lat
relaxation time of approximately 15 ps, almost independ
of excitation/probe frequency. An additional, faster comp
nent is found for samples with a SPSL barrier structure, p
sibly because of the enhanced spin scattering induced by
larger overlap of the barrier wave functions with the ma
netic ions. Many details of the spin and carrier dynamics
still unclear, however, and additional experiments will
needed to achieve a more complete understanding of the
namics, both at fast~10 ps! and ultrafast~subpicosecond!
time scales. Interesting new results may be expected f
two-color experiments (v1Þv2), tuning of the QW param-
eters~such as the compositionx, and the QW and barrie
width! and experiments at low temperature. Such extens
are a matter of current investigations.

Circularly pumping is usually less efficient in metals d
to the quenching of the orbital angular momentum by
crystal fields. We conjecture that due to its extreme sens
ity TIMMS might serve as an interesting complementa
probe of the spin dynamics of metallic systems as w
touching the complicated but fascinating field of femtos
ond spin dynamics in itinerant ferromagnets.
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