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Femtosecond-resolved measurements of induced Faraday rotation reveal exchange coupling between
the spin angular momenta of charge carriers and a sublattice of magnetic ions in semiconductor
guantum wells. In transverse magnetic fields, we observe terahertz spin precession of photoinjected
electrons, rapid spin relaxation of holes, and the coherent transfer of angular momentum to the
magnetic sublattice via the ultrafast rotation of the local moments. The perturbed ions undergo
free-induction decay, enabling time-domain all-optical electron-spin-resonance measurements in single
magnetic planes. [S0031-9007(96)01291-4]

PACS numbers: 78.47.+p, 42.50.Md, 75.70.Cn, 78.20.Ls

Recent interest in magnetic semiconductor heterostrucscattering. The transient hole exchange field rotates the
tures is strongly driven by the large spin-dependenhet magnetization of the Mn ions (MM") away from the
energy splittings of carriers which arise from enhancedapplied field axis. Thisoherentmagnetic perturbation,
exchange interactions with localized magnetic ions [1]. Inakin to a tipping pulse in NMR, is followed by an oscilla-
addition to revealing the physics of low-dimensional andtory free-induction decay of the Mi moments, persisting
quantum-confined spin systems through spectroscopy, theng after the carriers have decayed. This phenomenon
resulting spin-polarized energy states are potentially releenables all-optical spin-resonance measurements of mag-
vant for spin transport and related spin-effect devices. Ihetic ions in quantum geometries.
has also been demonstrated in recent years that the strongThe molecular-beam-epitaxy- (MBE-) grown samples
coupling between carriers and local moments allows oneare 120 A Zny7,Cdy,3Se/ZnSe single quantum wells
to follow the temporal variation of exciton spin states by (QWSs) on(100) GaAs having different local concentra-
enabling the magnetic tuning of electronic energy levelsions of Mr?* ions. Three are digital structures, in which
simultaneously with time-resolved spin-sensitive spectroa fixed total amount of MnSe [3 monolayers (ML)] is
scopies [2—4]. In such experiments, the evolution of arincorporated into the well in a series of equispaced planes,
optically prepared exciton spin population is monitoredallowing direct control over the average distance and
through a time-dependent optical response. In contrastoupling between neighboring Mh spins [2]. The QWs
more conventional probes of spin dynamics in condensedontain a single 3-ML barrier of MnSg X 3 ML), three
matter systems such as pulsed nuclear magnetic resonareuispaced single monolayers of Mn$& X 1 ML),
(NMR) record the precession of local moments after a per24 one-eighth ML (24 X 1/8 ML), or a nonmagnetic
turbing impulse, yielding detailed information about the control (NM). A fifth sample contains a single 4-ML
local magnetic environment. Here we present analogousarrier of Zn ooMng ;oSe (4 ML 10%). The growth rates
optical experiments in magnetic semiconductor heteof the various components of the heterostructures are
rostructures that help disentangle the interactive spimletermined to within 5% usinm situ electron diffraction
dynamics of electrons, holes, and magnetic moments istudies. X-ray diffraction studies of corresponding mul-
guantum confined geometries. tilayer samples indicate that the interdiffusion profile has

We have utilized an ultrafast optical Faraday rotationa relatively narrow widti{~1 ML) during growth, giving
technique in which the applied magnetic figld||%) re- local quasi-2D MA™ concentrations of 100%, 50%, 8%,
sponsible for aligning the magnetic Mh ions is per- and 10%, respectively [2]. The samples exhibit narrow
pendicular to both the growth axis of a quantum well(~6 meV) heavy-hole (hh) exciton absorption peaks
structure and to the photoinjected carrier spifific||z).  and g factors in longitudinal field af” = 4.6 K ranging
The strongs-d exchange interaction between the electronfrom 2 (NM) to 430 (24 X 1/8 ML) due to strongsp-d
spins and the embedded Ktnions amplifies the frequency exchange and increased spatial overlap between the mag-
of electron spin precession about the magnetic field, yieldnetic ions and the photoexcited carrier wave functions.
ing field-tunable THz oscillations in the measukedom- The samples are mounted in a magneto-optical cryostat
ponent of spin. In contrast the hole spins scatter rapidlyin transverse field¢H||%), aligning the Md™ moments
making it possible to distinguish the spin relaxation ofalong the plane of the quantum well [inset, Fig. 1(a)].
both electrons and holes in a range of applied fields an&pin-polarized electrons and holes, initially oriented nor-
temperatures and identify the enhancement from magnetimal to the plane of the wellS ¢"||2), are optically injected
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' — cump RCP This field-tunable Larmor precession frequency can be
R=IT EHH\E LOP several THz in magnetic semiconductor systems due to
: 6K the strongs-d exchange between the conduction band
: % and the local MA™ spins. The electrons are quantized
0 10 o 30 40 along the field axigS¢ = =1), thus photoinjecting elec-
Time (ps) tron spins with definiteS¢ corresponds to pumping a co-
herent superposition of the spin-split electron states.
This superposition “beats” at the frequency determined by
the electron Zeeman splittinddE = g&rupH,. Conse-
guently, the Larmor frequencf2; = AE/# directly pro-
vides the effectivey factor g&¢ and spin-splittingAE of
the electrons alone, as recently found in luminescence ex-
A0K 15 periments on nonmagnetic GaAs [7]. Figure 1(b) shows
the field dependence @t; andAE in the24 X 1/8 ML
sample at different temperatures. As expecfegd tracks
0 the magnetization of the sample, which follows a Bril-
louin furr1]2ction arising from the alignment of the paramag-
FIG. 1. (a) Pump-induced Faraday rotation, measurin nenetl-C MrP* spins [81' . Also shown is the corresponding
carrier sp(in)(Sz>, inptransverse fieIdsHy= 0, 1T for pumpin% éxc'ton Zeeman Sp“t_t'ng’ re_duced by a faCto_r of 5.7, as
with right (solid) and left (dashed) circularly polarized light in measured by the spin splitting of the hh exciton absorp-
the quantum well containing the 4-ML ggMng oSe barrier.  tion peaks in longitudinal magnetic fields [2]. These data
Inset: Schematic of experiment. Pump/probe polarizations arglearly support identification of the precession signal as

as drawn. (b) Electron precession frequency and correspondingii _ ivi -
electron Zeeman splitting at 4.6 K in t x 1/8 ML sample M8ising from the electrons alone—reflectivity measure

vs applied field. Crosses are exciton splitting scaled down b);nents in bulk Zm_{cMnxSe indicate nearly the same ratio
factor 5.7. (5.8) between exciton and electrgriactors [9].
At early times the measured Faraday rotation is fit well

) ) ) by the sum of an exponentially decaying cosinusoidal
by 120 fs pump pulses of circularly polarized light tuned pscillation (electrons) and a faster purely exponential
the sample parallel t6 is measured via the Faraday rota- re|axation of the photoinjected hole population. The holes
tion imparted to a weak, time-delayed, linearly polarizedyy not precess; their angular momenta are constrained
probe pulse. An optical polarization bridge measures thgy |ie along the growth axigc||z) due to strain and

pump-induced changes in the Faraday rotation of the probg,antum confinement [10], resulting in a vanishing hh
with submillidegree sensitivity [3]. _ ~ spin splitting in transverse magnetic fields (®r< 8 T).
Figure 1(a) shows the Faraday rotation following in-Thjs apility to clearly differentiate between the evolution
jection of spin-polarized electrors; = +3) and holes  of the net electron and hole spin enables a detailed study
(Sh = 1%) into the 4 ML 10% magnetic quantum well. of the role of applied field and magnetic environment
The Faraday rotation on these short time scales reflectgpon the individual population’s spin relaxation. In
the component of net carrier spin oriented alongileis  zero field, samples with larger overlap between the
and displays the expected reversal of sign upon pumpingarrier wave functions and embedded magnetic (6nx
with the opposite sense of circular polarization. In zerol ML, 24 X 1/8 ML) show more rapid spin scattering of
applied field, the observed superposition of two exponenboth electrong7¢) and holes(r") [Figs. 2(b) and 2(c)].
tial decays arises from the spin relaxation of the electron3his is likely due to alloy-induced fluctuations in the
and holes, which then recombine on a longer time scalegotential landscape induced by local magnetic scattering
As discussed below, the hole spins relax quidkl$s ps)  centers [11]. In a field, hole longitudinal scattering rates
in these zinc-blende structures despite the removal of thie the magnetic samples are enhanced, reflecting strong
light hole-heavy hole degeneracy by strain, while electrormagnetically mediated scattering.
spin scattering is significantly slower. Similar behavior The electron oscillations are directly analogous to the
has been predicted and observed in unstrained GaAs quafnee-induction decays of transverse nuclear spin which

tum wells, with the rapid hole spin relaxation attributed to
valence band mixing [5,6].

This monotonic behavior is significantly modified upon
application of a transverse magnetic field,. Pro-
nounced oscillations appear in the measured Faraday rota-
tion resulting from the precession of the net electron spin
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FIG. 2. (a) Induced Faraday rotation (solid) in tid X cillations of the electrons superimposed on an induced pre-
1/8 ML sample, showing the rapid initial decay of the holes C€SSION of the Mn spins in the sample containing the 4 ML

superimposed on the electron precession. (b),(c) Decay time&b.soMnooSe barrier. (b) Evolution of the Mn precession,
of the electron oscillationgr¢) and the hole componerit?) ~ Showing long-lived free-induction decay. (c) Diagram of the
vs field atT = 4.6 K for the digital structures indicated. Lines initial coherent rotation of the Mn spins caused by the hole ex-

are guides to the eye. change field.

follow a 90 tipping pulse in NMR. In applied fields, temperature independent (2—100 K), and corresponds to
we measure a transverse spin relaxatignof the pho- that expected fogy, = 2.0. The observed decay time of
toinjected electrons which is related to the longitudinalthese magnetic oscillations agrees Welll0%) with ESR
spin relaxation timé7}) and the homogeneous dephasingmeasurements of the dephasing ti@ig ") of Mn>* spins
time (T3) in magnetic resonance by the relatibfi7; =  in bulk ZnyeoMng 0Se [12], confirming the realization of
1/2T, + 1/T5. While the precise contribution from the an all-optical time-domain spin-resonance experiment that
two effects is still under investigation, it is clear that theis easily capable of probing small numbers of spins.
increase in the spin relaxation rate with field is much A possible mechanism for initiating the observed spin-
larger for those samples with little or no coupling to theresonance signal lies in the impulsive coherent rotation
Mn moments. In contrast to data drawn from the Hanleof Mn?* moments about the transient exchange field
effect, these measurements provide a direct and simpléexcnllZ) generated by the hole spins. To first order,
temporal characterization of spin scattering and offer dhe electrons can be excluded from consideration, since
new method of time-domain electron spin resonance iny contribution averages away due to_their much faster
undoped semiconductor quantum structures. precession. The sample magnetizatibf™, oriented
The utility of the Faraday rotation technique lies in its initially along the applied fieldd,, is rotated away from
ability to measure induced sample magnetizations that pethe £ axis upon application of a torqu§ by the strong
sist long after the injected carriers have recombined. Figexchange field of the holes, which persists for the hole
ure 3(a) shows the final decay of the electron precessiospin relaxation time, acting on each ion [Fig. 3(c)]. A
in the 4 ML 10% sample and reveals a surprising resultsimilar process has been invoked to explain Raman data
There remains an additional oscillation, persisting for hunin magnetic semiconductor quantum wells, where up to
dreds of picoseconds [Fig. 3(b)], with a period and decayl5 Mn spin-flip Stokes lines are observed [13]. After the
time implying the free induction of coherent Mnspins.  holes equilibrate, the perturbed Mn moment, which has
The photoexcited carriers have imparted a net transverdeeen rotated by up to a half degree from teis in these
magnetizatiofAMM") to the ensemble of local moments, experiments, then precesses freely. Strong evidence for
which subsequently and collectively precess at microwavéhis mechanism is seen from extrapolating the Mn beats
frequencies about the applied field. The signal reverselsack to zero delay, which shows the oscillations build
sign with opposite circular pump, while the precession fre-up sinusoidally as predicted in this model. The effect
quency scales linearly with applied field, is sample andf the hole exchange field is directly analogous to the
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radio-frequency tipping pulses used in NMR studies tato anisotropic and isotropic spin-spin interactions, as well

initiate free-induction decays in nuclear moments. as to static and dynamic spin-spin correlations. Note that

We rule out two other scenarios by which transversewhile the24 X 1/8 ML sample and th8 X 1 ML sample
angular momentum may be imparted to the Mn sublattice¢contain an identical number of Mn spins the different local
namely, by direct spin-flip scattering between the holespin densitie$~8% and ~50%) are clearly evidenced in
spins and the Mn spins or by a polaronic effect in whichtheir disparate decay times (230 and 70 ps at 4.6 K and
the Mn moments align witl§”. The former case would 3 T), highlighting the crucial role of nearest-neighbor spin-
yield a net long-lived magnetic signal even in zero appliedspin interactions in determining the transverse relaxation
field, which we have never observed in any sample (th@rocess. An important difference between the all-optical
Mn beat amplitude tends to zero as the field is decreaseSR measurement carried out here and conventional
to zero). In addition, Mn beats triggered by scatteringfrequency domain ESR is the capability of continuously
should preserve angular momentuih and thus have a measuring the variation af™™ with magnetic field. For
maximum amplitude at zero delay in disagreement withnstance, at low temperatures, the Mn spin dephasing
the data. As for the latter scenario, no direct evidence ofate (T%"I“)‘1 increases dramatically with field for the
polaron formation is seen in dc or time-resolved opticalsample with the highest local Mn density [Fig. 4(b)].
spectra. In addition, polaron formation is known to occurSuch a field dependence of the relaxation time may be
over much longer time scalés-50-100 ps) [14], over an  responsible for the anomalous non-Lorentzian ESR line
order of magnitude longer than the ragid5 ps) transfer shapes observed in bulk magnetic semiconductors with
of angular momenta that our data would indicate. high Mn concentration at low temperatures [15].

We use this optical generation and detection of free- This work was supported by NSF DMR-92-07567 and
induction decays in the embedded Mnions to explore NSF DMR-95-00460, AFOSR F49620-96-1-0118, and the
the spin resonance of diluted magnetic planes. Figure 4(@QUEST NSF STC DMR 91-20007.
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