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Optical spin resonance and transverse spin relaxation in magnetic semiconductor quantum wells
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Ultrafast optical pulses are used to initiate and measure free-induction decays of coherent conduction
electron spins and of embedded magneticMions in a series of magnetic-semiconductor quantum wells.
These time-resolved Faraday rotation experiments in transverse applied magnetic fields complement previous
studies of spin dynamics in longitudinal fields by unambiguously distinguishing between the spin relaxation of
electrons and holes, and by identifying a mechanism by which angular momentum is transferred from spin-
polarized carriers to the sublattice of local moments. In transverse fiéigt geometry, the precession of
the photoexcited spins about the field axis can be measured as an oscillatory induced Faraday rotation signal.
We observe the THz free-induction decay of spin-polarized electrons in meddsT) magnetic fields and
separately identify the more rapid spin relaxation of the holes as functions of field and temperatuge. The
factors of the electrons and holes are accurately measured as a function of well width. The role of quantum
confinement on the stability of the hole spin is discussed, with particular attention given to the observed ability
of the transient hole-exchange field to coherently rotate a macroscopic ensemble of I6tahbments. This
“tipping pulse” initiates a free-induction decay in the sublattice of Mrspins and enables electron paramag-
netic resonancéEPR) studies of the fractional monolayer magnetic planes. These time-domain EPR measure-
ments reveal a significant magnetic field dependence of the Mn transverse spin relaxation time.
[S0163-18297)02535-9

[. INTRODUCTION tional spin-resonance techniques, we recently introduced an
all-optical method for initiating and measuring free-
Pulsed spin-resonance techniques are powerful experinduction decays of photoinjected electrons and of the local
mental tools aimed at the recovery of dynamical informationrmoments (MA") in magnetic semiconductor quantum wells
in polarizable materials through the response of a spin sysn transverse magnetic fieldsThe recovery of these oscilla-
tem to a “Sfunction” tipping pulse. The measured spin- tory transients complements existing data taken in longitudi-
relaxation rates, precession periods, and saturation recovenal fields by distinguishing between electron and hole spin
times elucidate a variety of static and dynamic material parelaxation, by identifying the Zeeman splitting of the elec-
rameters such as structural information, chemical shifts, anttons alone, and by revealing a mechanism by which the
crystal fields, as well as dephasing and dissipation mechailectronic carrier spins couple to the magneticMmo-
nisms. In semiconductor heterostructures, spin resonangfents.
teChniqueS are often hindered by the limited Signal levels In this paper, we describe a method of time-resolved Far-
inherent in nanometer-scale quantum-confined systems angjay rotation to study the dynamic spin behavior of both
by the extremely rapid spin-relaxation times of electrons angyotoinjected excitons and of the embedded magnetic sub-
holes. Rather, a variety of time-resolved optical techniquesggice The technique permits measurement of pump-induced
which can energetically pinpoint specific optical trans't'onschanges to the net carrier spin and sample magnetization
fPom femtosecond to microsecond time scales with excellent
'signal to noisé_’.'galn transverse applied magnetic fields
iyoigt geometry,H1 cliz, whereH is the applied magnetic

to monitor the spin dynamics of photoexcited electrons
holes, and excitons in semiconductor quantum weftske-
cent interest in nanometer-scale magnetic semiconduct
structures, which exploit the spin degrees of freedom in W o : L X
crystal sublattice of magnetic ions, has benefited greatl ndz is the_d|rect|_on of op_ﬂpal exmtaﬂOnthe selection
from these optical techniques. Femtosecond-resolved studi gles governing opy.cal transitions are mod|f|gd as compared
of exciton spin scattering and dephasing in magnetié"”'[h the more famlllgr cgse of IonglFudlnaI flgIdEaraday
heterostructur@s’ are shedding light on how populations of 9e0metry,HIicliz). Spin eigenstates in the Voigt geometry
spin-polarized electronic carriers interact with a matrix ofare guantized in the plane of the quantum well along the
local magnetic moments. In an effort to combine the utility transverse fieldHlx), perpendicular to the direction of laser
of time-resolved optical methods with the power of tradi- excitation klz). Photoinjected populations of electrons, ini-

leld, € is the growth axis, normal to the quantum well plane,
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tially spin polarized normal to the quantum well plane, arewells, within which are incorporated discrete fractional
observed to precess about the orthogonal applied field ahonolayer planes of the binary magnetic semiconductor
field-tunable terahertz frequencies, permitting precise meavinSe. The quantum well region hence consists of monolay-
surement of the enhanced electpfactor in these magnetic erg of the randomly diluted quartenary all@&n,Cd,MnSe

guantum wells. Comparison with the exciton Zeeman Sp"t'separated by nonmagnetic layers of oZsCch,Se. The
. . . . 0 21 .
ting (measured in the Faraday geomegtajso allows identi- “digital” distributions of the magnetic MA" ions allow

fication of the holeg factor, completely specifying the rela- great flexibility in designing magnetic heterostructures with

tive strengths of the-d and p-d exchange interaction. The o . . . o .
electron and holg factors are found to decrease in concertspecnclc magnetic environments, while providing dlrept con-
rol over such factors as the shape of the electronic wave

as a function of decreasing well width, due to a reduction of

the overlap between the carrier wave functions and the rdunction and the local in-plane spin densittike their
gions of magnetic moments. diluted-magnetic-semiconductor alloy counterparts, the in-

In contrast to the electrons, the hole spins are not obtroduction of magne.tic ions into the crystal lattice greatly
served to precess. Rather, in narrow quantum wells the hoenhances the effectivg factors of the electron and hole
spins are constrained to lie normal to the quantum well plan®ands through the strong spin-sensitiig 4 exchange inter-
(along the direction of observatipiby the effects of quan- action between the-like (p-like) conduction(valencé band
tum confinement. With increasing transverse fields the lightand the local 8 electrons that comprise the spin-5/2 para-
and heavy-hole bands become strongly mixed, leading tmagnetic MA™ moment!®
rapid hole spin relaxation. Due to their distinct temporal evo-  In previous experiments, we studied the effects of succes-
lutions, the electron and hole spin relaxations can be sepaive division of afixed number of Mn spins in otherwise
rately identified and the effects of carrier density, temperaidentical quantum wells and found that the excipfactors
ture, applied field, and magnetic environment on the electroBng spin-scattering rates in longitudinal fields increased sig-
and hole decay are examined. Concurrent time-resolved angicantly as the MnSe planes were further distributed, due
spectrally resolved absorption measurements illuminate th%rgely to the increased overlap of the excitonic wave func-
processes involved in carrier spin relaxation and reveal &, yith regions of magnetic material, and the larger num-
strong dynamic splitting between exciton spin states in zer er of uncompensated Nh moments at the

field. On longer time scales, the magnetic sublattice is COherﬁeterointerfaceé. It was also observed in optical spin-

ently perturbed by the torque on the local magnetic momemsesonance experiment® transverse fieldsthat the larger
generated by the transient hole-exchange field. This “tippin P 9

pulse” rotates the sample magnetization vector away fro ocal magnetic de_nsities in thicker MnSe_ p'a”‘?s displayed
the axis of the applied field and initiates a free-inductioncréased dephasing rates of the Mriree-induction decay
decay in the magnetic sublattice, which persists for hundreddue to ion-ion exchange interactiohs.
of picosecondslong after the carriers have recombined In the present experiments we maintain a fixed _Ioca[ mag-
The measured decay of the oscillatory signal is the transverdeetic environment and vary the quantum well width in an
spin relaxation time of paramagnetic Rinspins as mea- effort to identify the role of quantum confinement on the spin
sured in traditional electron paramagnetic resonaif®R relaxation _of electronic carriers in a constant-densny matrix
studies, and thus we are able to perform all-optical time0f magnetic moments. The samples are fabricated by mo-
domain spin-resonance studies of fractional magnetic mondecular beam epitaxy ofl00 GaAs substrates at a substrate
layers in quantum-confined geometries. Analysis of thd€mperature of~300 °C with 7000 A buffer and 1000 A
Mn2* oscillation’s initial phase and amplitude support the cladding layers of ZnSe. Each of the four samples contains a
proposed model of coherent rotation and indicate an inSingle quantum well with quarter-monolayer planes of
creased stability of the hole spin in narrower quantum wellsMnSe, spaced by 2.75 monolayers ofo4§Cdy ,05e. The
Finally, we investigate the EPR transverse spin-relaxatio$@mples contain 3, 6, 12, and 24 quarter-monolayer magnetic
rates observed in quarter-monolayer MnSe planes, which ré2lanes, for net widths of-30, 60, 120, and 240 A, respec-
veal a marked field dependence. tively. Excitons in each structure experience similar mag-
This paper is organized as follows: Section Il details theNetic environments, although the binding and exchange en-
series of digital magnetic quantum wells, their linear absorp€rgies increase with decreasing well width. In addition, a
tion spectra, and the optical selection rules in both longitul20-A ZnSe/Zpgfch ,05€ nonmagnetic quantum well was
dinal and transverse magnetic fields. Section Ill discusses tH#own as a control. The monitoring of oscillations in specu-
method of time-resolved Faraday rotation and describes thigrly reflected 12 keV electrons during growth allows the
zero-field and longitudinal-field dynamic responses of pho-<calibration of ZnSe, ZggdCd, 205€ and MnSe growth rates
toinjected excitons. In Sec. 1V, the ultrafast spin dynamics ofwith a reproducibility of~10% from sample to sample. We
electrons and holes in transverse fields are presented. Sectifte that during the growth of the fractional MnSe layers,
V focuses on the induced free-induction decay of the Mnthere are no other atomic fluxes incident on the sample sur-
sublattice and presents the results of electron-paramagnetitace. While the detailed nature of the MnSe nucleation and

resonance experiments. The conclusions are summarized $ibsequent surface diffusion cannot be assessed at this stage,
Sec. VI. the growth mode employed likely favors the formation of

MnSe islands. X-ray-diffraction studies of thick epilayers of
Il. SAMPLES AND STATIC MEASUREMENTS such digital alloys show distinct superlattice peaks. In con-
junction with magneto-optical studies of systematically var-
ied digital quantum wells and transport studies of doped
Our samples are wide-band-gap ZnSe/#fidy,.Se  DMH epilayers!! these x-ray measurements suggest that the
molecular-beam-epitaxy{MBE-) grown single quantum interdiffusion profile of Mn atoms in such digital structures

A. Digital magnetic quantum wells
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FIG. 1. Normalized absorption spectra of the 240-A ZnSe/ ] )
ZnCdséMnSe digital magnetic quantum well &t="5 K. (a) In the FIG. 2. (a) Measured field-dependent energy shifts of the ab-
Faraday geometrgHI|ICliz, wherec is the growth axis and is the sorption resonances shown_ln Fig. 1 for the Faratmjid I|_n¢s)
observation direction the ¢ (o) polarization state is right- and Voigt geometrydotted lines. (b) Calculated band splittings
(left-) circularly polarized.(b) In the Voigt geometry Ié\lf(), the and gptlcal sglecﬂon ruIe; in the_ Voigt _geome_tﬂylllé‘() for the
two absorption resonances are linearly polarized orthogonal angjzo‘ magnetic well, showing the isotropic splitting of the conduc-

parallel to the applied magnetic field. Spectra at different fields aré'o'? bant_j and the anisotrc_)pic Zeeman pattern of the valence band,
offset for clarity. which arises from competition between the Zeeman energy and the

confinement potential. The spins of the healyy and light- (L)

h idth of— | in th . hole mixed valence bands are labeled in a basis akgnghich
as a width of~1.5 monolayers. Hence, in the present S€MeY%ecomes exact only in the limit of large Zeeman splittings.

of samples, we may view each digital MnSe region as a

diluted quasi-two-dimensiondlquasi-2D square lattice of prijouin function dependence for spin-5/2 paramagnetic
antiferromagnetically interacting spins. Static magnetoyn2+ jons. The optical selection rules for these and other
optical studies of these samples indicate that they remaigi,._pjiende semiconductore.g., GaAs in longitudinal

paramagnetic down to 300 mK. magnetic fields are well knowt.In this Faraday geometry,

the J=1/2 conduction band and=3/2 heavy-hole valence
B. Longitudinal magnetic fields band are spin split according g andg", and the lower-

In the presence of longitudinal applied magnetic fields €Nergy(S,= +1, “spin-down”) exciton couples tor” cir-
low-temperature(5 K) static luminescence and absorption cularly polarized photons, while the higher-energ,=
measurements show strong heavy-hole exciton resonancesl: ‘SPin-up”) exciton couples to oppositely handed
with linewidths of 6—10 meV. No evidence of light-hole or Polarized light.
higher-lying resonances is seen. As shown in Figa) and
2(a), the fundamentahh exciton is Zeeman split bAE C. Transverse fields and Voigt selection rules
?190 me_V até Tin theei/wdes_t magnetic well. TES “effec- The experiments presented in the first half of this manu-
tive” exciton g factorg,”, defined througlAE=g;"xgH;,  script center on the measurement of electron spin coherence
characterizes the magnitude of the splitting in fields parallebnq hole spin relaxation following injection of spin-polarized
to z and ranges frongz*= 330 in the narrowest 30-A well o carriers with circularly polarized, broadband femtosecond
g;=490 in the 240-A well. The observed increase in Zee-pulses of light in the Voigt geometry. A clear picture of the
man splitting with well width originates in an increased over-pand-to-band optical selection rules of quantum-confined ex-
lap of the exciton wave function with the magnetic MnSe citons in the presence of transverse applied fields is required
planes. Note that to lowest ordgf*=gS+3g"", the sum of in order to extract meaningful interpretation of the data. Op-
the individual electron and heavy-hole effectigdactors in  tically allowed transitions in the Voigt geometry are quite
longitudinal fields. Characteristic magnetoabsorption datalifferent as compared with those in the Faraday geometry, as
taken from the widest quantum well are shown in Fige)l  shown in Fig. 1b). With increasing field in the quantum well
where the Zeeman splitting of theh-excitonic resonance is plane, two clearly visible states emerge which both decrease
clearly seen. The magnitude of this spin splitting tracks thén energy and which are predominantly linearly polarized
magnetization of the sample, which follows the expectedparallel and orthogonal to the applied field. The energy shifts
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of the main absorption peaks for both Faraday and Voigsuperposition of the state&=|+1),, and holes withJ}"
geometries are plotted in Fig(&. These asymmetric energy =|3), are created from a superposition of the mixed bands
splittings in the Voigt geometry are the direct result of 2D|H—3) and|H—3). The coherence of the superposition of
spin quantization of heavy holes in quantum wells and themixed hole states decays rapidly and corresponds to a rapid
competition between this initial confinement potential andspin relaxation of the holes. The distinct electron bands pre-
the Zeeman energy. serve theirintraband coherence over much longer time
The reduction from cubic to tetragonal crystal symmetryscales, and a temporal evolution of this coherent superposi-
produced by the in-plane compressive strain and quanturiion corresponds to a classical precession of the electron spin
confinement results in the preferradiirection for quantiza- about the applied field.
tion of both spin and orbital angular momenta in the valence
bands'® Specifically, the heavy-hole spins are projected nor-
mal to the quantum well plane and the light-hole spins  !ll. CARRIER SPIN DYNAMICS IN ZERO FIELDS
project in the plane of the quantum well. This spin quantiza- AND LONGITUDINAL FIELDS
tion phenomena originates in the strong spin-orbit interaction
of the hole bands, which couples the spin and orbital motion o . .
so that (for heavy holes both are projected along the Faraday rotation is the phenomenon by which the linear
z-confinement axis. This effect, as detailed in earlier workpolarization of a laser directed alokghrough a magnetized
with 2D hole gases in strained heterojunctidhsgsults ina  medium will be rotated by an amount proportional to the
vanishing Zeeman splitting of heavy holes in small trans-component of magnetization alokg The rotation originates
verse fields. in the fact that a sample magnetization aldngresents dif-
Physically, the heavy-hole spins are constrained to ligerent indices of refraction for left- and right-circularly po-
normal to the quantum well plar@@longz) and the strength |arized light. In addition, the presence of unequal populations
of the confinement potential can be quite large in narrowof photoexcited carriers in the two spin states (o) af-
quantum wells, leading tdvh-1h splittings in the tens of fects the indices of refraction unequally and also leads to a
meV. With the application of a sufficiently large transversemeasured Faraday rotation. In this way the measurement is
magnetic field, the holes experience a reorientation of theigensitive to the net spin of the photoexcited carriers. Extend-
total angular momentum from the growth directiar) fo the  ing these results to the time domain, we measure the pump-
field direction &). The relevant field scale is set by the mag-induced changes to the Faraday rotation of a time-delayed
nitude of the Zeeman energy compared to the confinemergrobe. As such, the method allows a femtosecond-resolved
potential, and this field scale increases with decreasing welheasurement of net carrier spin and also of any induced
width. In magnetic quantum wells the strodg 4 coupling  perturbations to the underlying magnetic moments in a
leads to very large Zeeman energies which rapidly overcomgample, which may persist long after all carriers have recom-
the largehh-1h splittings in fields of order 1 T. In effect, bined.
there is a competition between the hole’s initial quantization In preparation for time-resolved Faraday rotation mea-
along z due to the confinement potential and the Zeemarsurements, the samples are epoxied facedown on fused silica
energy which would orient the hole spins alodg No  slides and the opaque GaAs substrates are mechanically
“good” quantization axis exists in this intermediate regime; thinned, polished, and chemically removed with a powerful
the hole bands are coupled and become mixed, and excitongpray etch down to the ZnSe buffer layer. The etched struc-
transitions radiate into an admixture of circular and lineartures are mounted in an split-cqi)—8 T) magneto-optical
polarizations. In the limit of very large Zeeman enerdi@s  cryostat with a variable-temperature insgrt5—300 K. The
alternatively, very wide bulklike quantum wellsthe hole  output from a Ti:sapphire laser is frequency doubled in an
spins are entirely oriented along the transverse field, the vaexternal BBO crystal, giving 120-fs optical pulses in the
lence bands can be diagonalized in a basis algngnd the  440-510 nm range. The laser energy is tuned to the
exciton states couple to linearly polarized light. hh-exciton resonance energy. The 76-MHz repetition rate of
The mathematics detailing this anisotropic Zeeman patthe optical pulse train is reduced with a synchronous external
tern in magnetic quantum wetfs*®and strained epilayers  acousto-optic pulse picker. The pulse picker is adjusted to
in transverse magnetic fields has been described in detailliffract every 40th optical pulse, reducing the repetition rate
Figure Zb) shows the results of a calculation of the splitting of the optical pulse train te-2 MHz. This reduction is es-
of the electron and hole bands in the 120-A magnetic quansential in the study of magnetic systems, where the magnetic
tum well. The bands are labeled by their representation in &covery times can be of orders. The pulse train is split
basis alongx, which for the mixed heavy- and light-hole into pump and probe beams, which are separately polarized,
valence bands is exact only in the limit of large Zeemantime delayed, mechanically chopped and/or modulated, and
energies. The two strong resonances observed in Fij. 1 directed to the cryostat. Typical average powers are/A\00
correspond to transitiond) and (2) in Fig. 2(b), and their in the pump beam and aW in the probe. We estimate
energy difference is a measure of the energy splitting of theoughly 5x 10° excitons created per pump pulse erl0'
uppermost two hole bands. In the majority of our opticalexcitons/cr.
spin-resonance experiments, circularly polarized optical As shown in Fig. 8), the circularly polarized pump pulse
pulses are used to inject excitons from the upper two holexcites an initially spin-polarized population of electrons and
bands with definite spin along theaxis. This necessarily holes, and the “instantaneous” net carrier spin or sample
corresponds to exciting a superposition of transitiéhls-  magnetizationalong z is measured as a function of time
(4). Electrons with definit&S=|3), correspond to a coherent delay through the Faraday rotation imparted to the weak,

A. Experimental design
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spin-polarized exciton population. As shown in Figb)3 the
pump-induced Faraday rotation signal measures the net car-
rier spin, which decays rapidly to zero after a few picosec-
onds as the excitons and their constituent electrons and holes
spin-flip scatter and equilibrate between the nominally de-
generate spin states. Pumping with the opposite handedness
of circularly polarized light shows the expected sign reversal
of the Faraday rotation signal. The excitons themselves re-
combine on much longer time scales, as is verified by simul-
taneously measuring the sum of the photodiode currents.

o~

to lock-in /

This measurement records the exciton lifetime through the
pump-induced changes in the total transmission of the linear
probe and is sensitive to the nettimberof carriers(which
bleach the transitions due to phase-space filling effeéts
shown by the thin lines in Fig.(B), this transient absorption

is long lived and independent of the handedness of the opti-
cal pump, as expected.

In general, the measured decay of the Faraday rotation is
not purely exponential. Much experimerftahd theoreticaP
work has been aimed at understanding the spin relaxation of
resonantly pumped excitons in quantum wells. Separate con-
tributions have been identified for individual hole and elec-
tron spin flips, which take optically activé,= =1 excitons
to “dark” J,==*2 states, as well as exciton spin flips be-

FIG. 3. (a) Experimental schematic, showing the balanced photWeen optically active states in which the electron and hole
todiode bridge(b) Zero-field time-resolved Faraday rotation show- SPin flip together in an interaction mediated by the exchange
ing rapid spin relaxation of excitons in response to photoexcitingeNergy between them. Other scenarios, such as enhanced ra-
the o or o~ state, as measured by the difference in photodiodediative recombination of excitons on short time scilesd
currents. Also showthin lines is the much longer, polarization- spectral diffusion of excitons away frohk|=0, have been
independent carrier recombination time, as measured by the sum gbnsidered® A guantitative analysis of our observed Fara-
the photodiode currents. day rotation decay, which in these magnetic systems must

certainly also include the role of the local Kfhmoments, is
linearly polarized probe. Extremely sensitive measurementbeyond the present scope of this paper. Rather, our aim is to
of the induced Faraday rotation (19rad) are made using a illustrate the general trends of spin relaxation present in mag-
balanced diode bridgeWith the pump blocked, the broad- netic quantum wells in the presence of applied fields and,
band half-wave plate rotates the transmitted probe beam tmore importantly, to demonstrate that in transverse magnetic
45° with respect to the Glan-Laser polarization beam splitterfields precessing moments permit clear identification of elec-
giving equal insensities in both arms of the bridge and a nultron spin dynamics distinct from the dynamics of the holes.
signal in the difference of the two photodiode currents. To In the present series of digital magnetic guantum wells,
first order all laser noise is canceled out with this detectiorthe spin-relaxation signals measured in transient Faraday ro-
scheme. The small pump-induced deviations from this nultation contain no contribution from interbar{donduction-
condition constitute the signal and are measured with lock-itvalence coherence effects, which are found to occur on time
amplifiers. . scales faster than the experimental resolutior-860 fs. In

In Fig. 3(a) the applied magnetic field is drawn alongk  general, resonant excitation of semiconductors with ultrafast
or in the plane of the quantum well. Switching from this pulses induces a coherent polarization between the valence
Voigt configuration to the case of longitudinal fielBara- ~ and conduction bands, which decays rapidly as the excitons
day geometryH|12) involves only a 90° rotation of the field. l0se memory of the optical excitation phase through
In some of the experiments to be discussed, mechanicomentum-, spin-, and energy-relaxation processes.ifrhis
Chopper wheels are used in the pump beam to enable |Ock_ﬁ¢rbandC0herence is eXpllCltly measured in coherent Optical
detection, and in this way we measure the Faraday rotatioPectroscopies such as four-wave mixing or in pump-probe
induced by the photoinjection of a particular orientation of€xperiments where the incident laser polarizations specify
exciton. We alternately use a high-frequency photoe|asti§ensitivity to coherent polarization decay. Interference be-
modulator to modulate the pump between right- and lefttween polarization decays, arising from coherent excitation
circular polarizations, and in this way only the part of theof more than one optical transition, results in quantum
signal that depends explicitly on the photoinjected spin Oribeaté21 Measured time scales for interband coherence in
entation(pump Orientatioh is recorded. -V and nonmagnetic 1-VI quantum wells are typ|CaHy5
ps, but vary dramatically with sample quality and the specif-
ics of sample growth which, for example, méyadvert-
ently) lead to roughening of the heterointerfaces and local-

In zero applied magnetic field, photoexcitation with eitherization of the excitons. It has been observed that localized
right- or left-circularly polarized light results in an initially excitons in disordered samples maintain their phase much
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longer than in higher-quality samples where the wave func- a)
tion is spatially extendet?'?* due to a reduction in phase- {500 fs
breaking exciton-exciton scattering events. Furthermore, the i
inclusion of magnetic moments into 1I-VI quantum wells is

found to greatly accelerate exciton phase relaxation, al-> 10
though with suprisingly little dependence on applied ffeld.
Coherent polarization “spin beats” have been measured i
magnetic 1I-VI quantum wells with transient Faraday rota-
tion experiment$? yielding fast dephasing times ef1 ps.

(pump, probe)
(c*. ¢"

/T (arb. units)
<

AT,

H=0T

These samples exhibited broad15 me\) inhomogeneous '1;’;0 XIS T=5 12£74 4 .
linewidths, long spin lifetime$>70 p9, and weak coupling : : 14270 2.72 2.74
with the magnetic sublatticevidenced by small effective b5 ?“efgyi(eY) | | Energy (f;V)
factors g®*~ 30), suggesting an exciton population that was c) E=2.718eV
largely localized. Nominally identical samples grown later ool — (o*, 6% 1
with improved MBE techniques showed narrgw6 meV)

linewidths, strong coupling with the magnetic iong®{ < B

~190), and fast spin relaxatiof~5 ps and exhibited no 5 ol

sign of interband coherence outside of the 250-fs experimen

tal time resolutiorf> Our present series of magnetic wells are sl

of this latter variety, and the static and time-resolved data

indicate high-quality samples and delocalized excitons with 0 ‘ ‘
; ; 0 20 40 60 80 100
extended wave functions encompassing a large number ¢ Time (ps)
local Mn moments, as evidenced by the greatly ampli§ed o
factors, increased rate of spin scattering, and ‘“instanta- FIG. 4. Zero-field time-resolved and spectrally resolved absorp-

neous” (<250 f9 dephasing of the induced interband coher-tion of the individual exciton spin states. Spectra are tal@im-
ence. mediately following excitation andb) at 50 ps, after spins have

equilibrated.(c) A time scan at the peak of the exciton resonance
showing fast spin equilibration followed by slower exciton recom-
C. Time-resolved and spectrally resolved absorption bination.

in zero field ) ]
for the difference between the two curves, and following

. lZu_rtheIr insi%h; into ;[]he exciton Tpir:j dyr:jamics inllzerocomplete spin relaxation by20 ps, the identical decays are
leld is gleaned from the time-resolved and spectrally _re'simply given by the carrier recombination time. The dynamic
solved absorption of the two spin eigenstates. Followin

S ; i T Shlueshift and redshift observed at short time delays have
resonant excitation of thé,= +1 exciton with ar™ circular oo measured and discussed in detail in GaAs quantum
pump pulse, the induced absorption @ and o~ probe

ot , ! wells and are elegantly explairf@d’ as the mutual repulsion
light is measured as a function of wavelength and time delay('attractior) of excitons with similaxopposité spin. Excitons

The bandwidth of the lasér-4 nm at 470 nmis sufficient a6 composed of fermions, and the interaction between the

to encompass the entire exciton resonance, and the transmifs \stituent electrons, much like molecular hydrogen, is re-

ted probe beam is dispersed in a scanning monochromatey,sive (antibonding for similar spins and attractivébond-
and detected with a photomultiplier tube. Figui@4shows ing) for opposite spin.

the pump-induced absorption immediately followiag ex-
citation, well before appreciable spin scattering can populate
theo™ state. Regardless, the data clearly show that both spin
states are immediately affected: Thé resonance has blue- The spectral information revealed by the transient absorp-
shifted to higher energy, and the™ state has redshifted to tion techniqgue complements the Faraday rotation data, but
lower energy(negative signal or induced absorption on thelacks the signal to noise afforded by the balanced diode
low-energy side indicates a redshift and vice versghe  bridge. Superior noise rejection is essential in measuring the
larger positive signal in the case of a copolarized pump an@xtremely small pump-induced perturbations to the magnetic
probe(solid line) reflects the additional induced transmission sublattice that arise when transverse magnetic fields are ap-
due to bleaching of the* exciton resonance through phase- plied. Some of the features seen in transverse fields are more
space filling(PSH effects. Thus the differences between thereadily explained, however, with a clear understanding of the
two traces are indicative of imbalanced exciton spin populalongitudinal-field case shown in Fig. 5. In longitudinal mag-
tions. As the excitons scatter and the net carrier spin apnetic fields, the energy degeneracy betweenJfre+1 ex-
proaches zero, the two traces collapse on top of one anotheitons is lifted and the lower-energy spin-down exciton state
and are identical by 50 ps, as shown in Figh)4With equal becomes energetically favorable. The induced Faraday rota-
population in each spin state, the energies are again degetien signal, shown for the narrowest magnetic well, develops
erate and the observed signals simply reflect carrier popula pronounced asymmetry resulting from the preferential spin
tions through bleaching and a slight broadening of the exciscattering of excitons into this lower-energy state. Spin scat-
ton resonance. With the detection wavelength at the spectrégring from theo ™~ state to thes™ state is enhanced, and
peak of the induced transmission, the two spin states evolvafter ~2 ps the majority of the injected™ excitons have

in time as shown in Fig.#). Spin-dependent effects account flipped to thes™ eigenstate, as evidenced by the negative

D. Time-resolved Faraday rotation in longitudinal fields
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FIG. 5. Time-resolved Faraday rotation in small longitudinal  FIG. 6. (a) Time-resolved Faraday rotation in transverse mag-
magnetic fields(Faraday geometjy showing (a) on short time  netic fields(Voigt geometry, showing strong electron spin beats
scales the excitons preferentially scatter to ¢he state, and ther-  which follow the zero-field envelopéb) The electron Larmor pre-
malize by 20 ps(b) At longer times, the excitons recombine and cession frequency vs field in the different well-width samples.
the magnetic sublattice dynamically warms slightly over hundredsvieasured electron and hotefactors as a function of well width.
of picoseconds. The dotted line is a calculation of the carrier wave function overlap

with the planes of MnSéarbitrarily scalegl

sign of the Faraday signal. Conversely, spin scattering out of ] . ) )
the favorables™ state is suppressed. The initial spin- through spin-lattice relaxation and requires hundreds of

scattering rates in these samples appear to be driven thermig@noseconds or even microseconds depending on the

- o - _temperaturé.
dynamically by the Zeeman splitting between the exciton I
y y by P 9 In no case have we observed a long-livegin-dependent

states, similar to previous measureménf@egardless of : . . = .
T . . . : . magnetic response in the present series of digital magnetic
pump orlenta.tl'on', the relative e>.<C|to.n populaﬂon; aCh".evequagntum weIIF; in Iongitudigal fields. There is grJ]1o evideg-]nce
gomplete equilibrium aftefzo psin th|s'sample. Thls €U ihat the spin-polarized carriers directly impart any persistent
librium state, corresponding to a_ma!orlty of excitons m_the r long-lasting angular momentum to the magnetic sublattice
fg:g;egﬁ;gsy tsot a;e sgddegegigef:vfeénudcl:ﬁ;dinFatlLid?gt;'gnaf rough the carrier-ion spin interactiodsgd§- S). Instances

Ip tizati The " it : iented of optically induced magnetization in magnetic semiconduc-
sample magnetization. 1he - exciion spins areé oriented y, 4 5r0 not uncommon, however: The diagonal or mean-field
antiparallel to the longitudinal field, resulting in a small tran-

art of this interaction $,s,) has been identified in polaron
sient demagnetizing field in the sample. P %.5) P

\ _ _ _ formatiorf® and in photoinduced magnetization studi®s.
As the excitons recombine, the net carrier spin measuregim”arly the off-diagonal or “spin-flip” terms §.s

through the Faraday signal decays to zero. However, this S_s,) are thought to be responsible for the long-lived

decay Ferminate_s after-100 Ps and th_e §igna| begin; to magnetizations observed in earlier time-resolved Faraday ro-
slowly increase in the negative directigRig. Sb)]. This  (ation experiments on weakly coupled magnetic sanfdlés.
nonzero, pump-orientatiomdependentong-lived S%'%”al_'s will be important to distinguish these mechanisms from
direct evidence of the dynamic heating of the Mrspin e which induce the long-liveascillatory magnetizations

sublattice, which reduces the net sample magnetization iyhich occur in transverse applied fields, as discussed in Sec.
accordance with the Brillouin function. The observed signal,

shape in Fig. ) is simply the superposition of the decay of

the few remaining excitons and the slow rise from zero of the

warming Mn momentsthe slight difference between the two IV. TRANSVERSE APPLIED FIELDS
traces is an experimental artifact—data taken with the polar-
ization modulator verify that this difference is identically
zero beyond~20 ps. The dynamic heating of the Kfnmo- When the applied field is rotated to lie in the plane of the
ments, which occurs or-300 ps time scales, saturates at aquantum well {HIIX), strong oscillations appear in the mea-
value which scales roughly with temperature Bs® in a  sured Faraday rotatiofFig. 6(a)] that result from electron
constant applied magnetic field and Bs® in constant Zee- precession about the field axis. In this situation, electrons and
man splitting (sample magnetizationThe final cooling of holes are photoinjected into the quantum well with their
the Mn sublattice back to equilibrium temperature proceedspins initially oriented normal to the quantum well plane

A. Electron Larmor precession
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(S*NI2). The electron spins precess about the applied field 25 ' b)
with a Larmor frequency determined by the electron spin
splitting in transverse fields. Quantum mechanically, injec-
tion of electrons with definite initia, corresponds to the
creation of a coherent superposition of the spin-split electron
eigenstates which are quantized along [S;=+3)
+=|S,=—3%). The projection of this superposition onto the
measured axis will oscillate with time. This population of 0T
precessing electrons will also manifest in time-resolved ab- 1.5¢ > 1
sorption or luminescence measurements, where it was first s 3T
studied in GaAs? and has since been used to measure elec- ) \
tron g factors in various semiconductor compouriti§he 10 100 10 100
conduction band in zinc-blende semiconductorslike, and Pump power (pl/pulse) Pump power (pl/pulse)

so the electrorg factor and Zeeman splitting are isotropic  F|G. 7. Pump-power dependence @) the electron spin-
(gx=9y=g3). Consequently, the frequency of oscillation, relaxation time andb) electron precession frequency in the 30-A
QO =gugH, /A enables very precise measurement of themagnetic quantum well at=>5 K. Solid lines are guides to the eye.
electrong factor alone, which in magnetic quantum wells is . ] .
amplified manyfold through the strorgd exchange inter- P0dy screening of the electron-hole exchange interaction
action. The electron Larmor frequency % K for all four within an exciton. It is possible that the longer precession
magnetic wells is shown in Fig.(B). The beat frequency period at high carrier densities may be the result_ of a slight
follows the expected Brillouin function, and the correpond-average warming of the magnetic sublatt_|ce at higher pump
ing energy splitting &85 K and low fields indicateg® powers, even though the sgm.ple was excited only once every
~38.3, 55.2, 69.6, and 75.8, in order of increasing welmicrosecond. However, similar results were obtained at

ST T T T P higher temperature0 K), where magnetic heating effects

e i

width. The increase ig" with well size, plotted in Fig. &), are reduced. Alternatively, this effect could result from de-

results from a greater overlap of the electronic wave function

with the MnSe planes, which is qualitatively reproduced in acreasedg factors for electrons with largk vectors, as was

simple 1D Schrdinger equation solution for the particular observed in nonmagnetic GaAs quantum wéllsowever, a

well geometrieqddotted ling. Comparison with the Zeeman population of electrons experiencing a s_pectrungcﬁactors
splittings of theexcitonspin states measured in the FaradaywoUId be expected to dephase more rapidly, in contrast to the
geometry[see Figs. (@) and Za)] enables accurate identifi- observed results.
cation of the heavy-holg factors throughg®=g®+3g"".
Hole g factors are not isotropic; the valence banditike
and therefore subject to spin-orbit effects as discussed in Sec. In addition to the precessing electrons, there are an equal
II. Both hole and electrorg factors are found to depend number of optically excited holes present in the quantum
strongly and similarly on the quantum well widtRig. 6(c)].  well, which raises the interesting question of whether or not
In direct analogy with the free-induction decays of the data reflect their presence. Previous studies in zero field
nuclear spins in NMR, the exponential envelope of the elecand in longitudinal fields have revealed monotonic decays of
tron spin precession signal indicates the electron transversmrrier spin that are not single exponential, and separate con-
spin-relaxation time or, alternatively, the electriotraband  tributions from electrons, holes, and/or excitons are inferred
coherence time. Inhomogeneous dephasing in the magnetimm the shape and time scale of the decay comporerits.
wells, arising from excitons in different regions of the Alternatively, spin relaxation inn- or p-doped quantum
sample experiencing larger or smaller magnetic fields, appeavells identifies the separate contributions from holes and
to be insignificant—the envelope closely follows the zero-electrons’’ In the present study using transverse fields, the
field spin decayFig. 6(@)]. This is an indication that in these electron population generates a unigue oscillatory signal, so
magnetic wells the magnetic environment is laterally uni-that spin contributions from other sourcémles, magnetic
form on length scales larger than the spatial extent of theublatticg can be readily distinguished. The data reveal that
exciton wave function. Monitoring the envelope decay of theafter the first few picoseconds following excitation, the sig-
electron beats is a powerful method of measuring the spimal oscillates about zero, indicating that on these time scales
relaxation of the electron population alone. As an example othe measured spin dynamics contaia contributionfrom
the utility of this method, Fig. 7 shows the effect of excita- hole or exciton relaxation. Also, because the decay envelope
tion density on the spin relaxation and Larmor frequency ofof the beats in the magnetic wells generally follows the zero-
the photoinjected electron population. The electron spinfield spin relaxatiorisee Fig. €a)], it can be reasonably as-
relaxation time increases with higher exciton density and isumed that electrons account for the “longer-lived” spin
accompanied by a reduction of the Larmor frequency. Theimes in the zero-field double-exponential spin decays ob-
photoinjected carrier density is fairly large—of order 5 served in these samples, while hole or exciton spin relaxation
X 10! excitons/cr at the highest pump power, and so the occurs on the faster time scales.
observed effects may be due to screening between the delo- However, the data immediately following zero time delay
calized excitons and their constituent electrons. Slower elecshow electron oscillations whose average value is offset by a
tron spin-relaxation times at high pump powers have beepositive, exponentially decaying quantftyThis additional
observed’ in I1I-V systems and were attributed to a many- contribution to the measured spin dynamics has been inter-
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30 2 Nommag 120A well 3 b) 120 A magnetic wall ~9 ps at 8 T. In contrast, the magnetic sample, which is a
25K ToS K 120-A well containing 12 quarter-monolayers of MnSe,
2 2 shows nearly the opposite behavj@ig. 8b)]: In zero field
b 20 e eloctrons ) g2'~ ) the spin-relaxation times are much faster: about 2.2 and 1.2
5 ——holes 5 ps for 7, and 7,, respectively. With increasing fields is
-l: =1 e gloﬁcetsron | only weakly affected, whereas, decreases sharply until it
g3 & becomes too rapid to measure. Figufl)8s characteristic of
all the strongly coupled magnetic wells we have measured,
0 : — regardless of well width.
Field (T) We infer that in zero field the incorporation of local mag-
100 netic moments into an otherwise nonmagnetic Il-VI quantum
%0 B Non-méﬁl_l%t%c %)Aweu | well opens new channels for spin scattering which greatly
ol k B accelerate the measured spin relaxation of electrons and
™ —— 100K i holes. Two mechanisms are considered: alloy disorder spin-

flip scattering and magnetic spin-flip scattering. In the former
scenario, carrier spins are scattered by the fluctuations in the
energy landscape due to the presence of alloy matdiials
this case, the monolayers ¢Zn,Cd,MnSeg]. In the latter
case, carrier spins interact directly with the local magnetic
0 20 40 60 80 100 impurities and flip their spins in an angular-momentum-
Time (ps) conserving process. We consider it unlikely that the intro-
duced alloy disorder is responsible for the observed increase
in spin-scattering rates. As discussed earlier in this paper,
there is evidence that alloy disorder acts to further localize
excitons and thudecreasespin scattering. Furthermore, in a
related four-wave mixing experiment it has been observed
that the introduction of nonmagnetic impurities into a Il-VI

preted as arising from the very fast spin relaxation of theduantum well results in longer exciton phase scattering
holes. In the present series of magnetic wells, the measurdlin€s, while the introduction of a similar number ofag-
hole spin-relaxation rates are very rapid in zero field.3  heticimpurities leads to very fast dephasfhghus we be-

p9 and become faster as the transverse field is applied, unfifVe that the strong couplin@r overlap between the carri-
they fall well below the experimental time resolution-ag €S and the magnetic sublattice which is responsible for the

T. Against expectation, the measured hole relaxation time§réatly enhanceg factors also directly leads to the rapid
show little difference between the four well width samples,SPin relaxation of electrons and holes through the dominant

in contrast with our earlier experiments on samples containchannel of carrier-Mn spin-flip processes.

ing varied magnetic environments which showed longer hole When transverse fields are applied, there appear contrast
spin relaxation with less dependence on field in weakly mag!Nd trends between spin relaxation in the magnetic and non-
netic and nonmagnetic samples. Evidently, quantum confingl'@gnetic samples. It is important to recall that the Zeeman
ment effects play a minor role in determining the hole spin-SPlittings in the magnetic sample are two orders of magni-
relaxation dynamics, even though heavy holes in narroWude larger than in the nonmagnetic sample and that this
wells are assumed to possess additional stability against sc€€man energy may dominate certain processes in the mag-
tering by the increasetih-lh energy splitting. Rather, the netic well while remaining insignificant in the nonmagnetic

specifics of the magnetic environmestrongly coupled and We!l. As discussed in Sec. I, quantum—confir_]ed heavy_ holes,
roughly identical in the present series of samplesem to which are generally thought to undergo spin relaxation by

determine the fate of the holes, suggesting strong mixing of"iXing with the light-hole band away fork=0, would not
the valence bands, which is driven by the large magneticall?€ xpected to spin relax faster until the Zeeman energy was
enhanced Zeeman splittings. commensurate with theh-1h splitting. In the nonmagnetic

well the Zeeman energy is always much less tharhtheh
splitting, and indeed no dramatic change in the hole spin-
relaxation time is observed. On the contrary, the huge Zee-
man splitting of the hole bands in magnetic wells readily
The role of the magnetic sublattice upon the electron andnixes the hole states in modest magnetic fidlsise Fig.
hole spin-relaxation timesr(,7,) is illustrated in Figs. &) 2(b)], leading to the observed strong enhancement of the
and 8&b), which show representative plots @f and 7, vs  hole spin relaxation with applied field. However, this sce-
applied field in weakly and strongly magnetically couplednario would imply that samples with larger well widths,
guantum wells at low temperatures. Figui@8hows data which possess smallérh-Ih splittings, would show a faster
from the nonmagnetic ZnSe/ggdy ,Se 120-A quantum decrease ofr, with field, and in fact this is not directly
well, where we measure electron and hole spin-relaxatiombserved within the limits of experimental uncertainty.
times of 27 and 5 ps in zero field. As the transverse field is To explain the unusual behavior ef vs field in the non-
increased;r, remains largely unchanged, white shows a magnetic samplgFig. 8@)], we tentatively suggest the pos-
dramatic decrease to6 ps at 3 T, followed by a slow rise to sibility that the observed minimumt & T results from the

OF (arb. units)

FIG. 8. Measured electron and hole spin-relaxation timeg)jin
a nonmagnetic quantum well afig) in a strongly coupled magnetic
quantum well.(c) Time-resolved Faraday rotation in the nonmag-
netic sample at 4.6 and 100 K, showing much longer electron spin
relaxation times at elevated temperatures.

C. Temperature and field dependence
of transverse spin relaxation
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destabilization of the electron spin, which in low fields is 20 gy . —r
pinned to lie along the growth axis by the exciton exchange 2)
energy. This exchange energy-250 ueV), which favors 10 Il
antiparallel electron and hole spin alignment, acts as an in-
ternal magnetic field along and is equaled by the electron
Zeeman energy in this sample &3 T. At this point the
applied field alongk can rotate the electron spin away from i
the growth axis and into the plane of the quantum well, -10 | .
where it may experience increased scattering. By contrast, in i 30A magnetic well
the magnetic samplgFig. 8b)], the electron-Mn spin-flip _20? K ‘ T=5K H=3T
scattering dominates over other processes and is relatively 0 5 10 15 20 25
insensitive to the applied field. Time (ps)

Temperatures of up to 130 K are found to have little ef- 10 g : -
fect on the measured spin-relaxation times in strongly
coupled magnetic samples. Although the electron precession 5 ]
frequencies slow considerably at elevated temperat(ines
accordance with the Brillouin functionthe decay envelope
remains almost exactly identicéhot shown. In stark con-
trast, temperatures abover0 K result in a dramatic length-
ening of the electron spin-relaxation time in nonmagnetic -5 1
wells, as shown in Fig. @) at high temperature. Electron
beats now persist for hundreds of picoseconds and roughly -10 . . )
follow the zero-field envelopésolid lineg, showing no evi- 0 200 400 600
dence of the rapid decrease in spin-relaxation time seen at 5 Time (ps)
K. The hole relaxation time, on the other hand, remains
largely unchanged.

In the present series of magnetic quantum wells, the fin
decay of the electron precession occurs-1/0-25 ps. Be-

yond this point, the electron@nd holes have completely which is measured as a small Faraday rotation. This field
relaxed and are oriented along the applied field, giving ngyscillates in time as the moments precess and decays away as
Faraday rotation signal in the orthogonal observation direCthe ensemble spin scatters or dephases, in direct analogy
tion. The eventual recombination of the excitdnsl00 p3  wijth nuclear free-induction decays in NMR. The measured
is invisible to the Faraday rotation method as they project n@scillation frequency increases linearly with field and corre-
net spin along the growth axis. However, their presence igponds to the accepted Myfactor equal to 2.01. The signal

the well can be indirectly inferred, as will be discussedjs gpsent in the nonmagnetic sample and preésith the

BF (arb. units)

‘b)

OF (arb. units)

FIG. 9. Time-resolved Faraday rotation in the Voigt geometry,
ith (a) the last few electron beats, revealing the presence of man-
aganese beat$b) Expanded view of the Mii free-induction decay.

shortly. sameg facton in every magnetic sample. As expected, the
Mn oscillation frequency is independent of temperature, as
V. COHERENT ROTATION OF THE Mn SUBLATTICE shown in Fig. 10. Here raising the temperature is shown to

reduce the electron Larmor frequenéyhich follows the
Brillouin-like sample magnetizationbut have no effect on
Following the complete spin relaxation of the electrons,the frequency of the Mn precession, in agreement with the
the data in transverse fields reveal a much smaller oscillatoriemperature-independent mangangdactor.
signal with a completely different periodFig. 9a)]. This
new signal persists for hundreds of picosecoffeg. Ab)]
and results from the free-induction decay of a coherently
perturbed ensemble of Mh spins precessing about the ap-
plied field in synchrony. Note that all photoexcited carriers
have recombined completely by 100 ps, and so the long-
lived oscillation is purely magnetic in origin. In the absence
of a pump pulse, the M spins are preferentially aligned
along thex axis of the applied field, where their net magne-
tization M, is “invisible” to the Faraday rotation probe
which measures only induced magnetizations alangror
this reason, time-resolved Faraday rotation in the Voigt ge-
ometry is also insensitive to pump-induced warming of the
Mn sublattice(as was seen in longitudinal applied fields
other changes in the magnitudeMf, . Rather, the observed
signal must arise from a macroscopic number of Mn spins
having acquired a net magnetization in a direction orthogo-
nal to the applied field. These “tipped” Mn spins precess FIG. 10. Free-induction decays () the photoexcited electrons
about the applied field, projecting a small field alomg and(b) the Mr?* ions at 4.6 and 12 K.

A. Free-induction decay of the Mrf* sublattice
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0.2y T O TR the transient hole exchange field, af@l remain to precess about

the applied field for long times.

a) modulating pump ¢*<> ¢ a)
) probing ¢* 20 M/\/ H © H
—1.1 ps R D
FER N Mt
Mn

E "’.‘
£ I
2 . B
g 2 H=2T <0 ps t~1 ps t>>1 ps
5 0.4 :
i b) 1 Ly FIG. 12. Model for coherent rotation of the Mn sublattice about
2 0.3F | ——24ps 0 M the transient hole exchange field. The Mn spins @eoriented
g2 | | 33 ps 1 initially along thex axis of the applied field, aréh) tipped intoy by

33 ps, where the Mii spin ensemble is slightly tilted paral-
lel and antiparallel to the observation directi¢mong z).
These oscillatory absorption resonances for circulaly polar-
0.2t - : — ized light are necessarily associated with their respective dis-
270 Energi'ZeZV) 2.74 persion curve$ . (\),7_(\)], and it is the difference be-
tween these dispersion curves which is directly proportional
FIG. 11. Time-resolved and spectrally resolved absorption ofto the measured Faraday rotation. As a final note we point
the individual (*,0 ) exciton spin states in a transverse applied out that a comparison between Figs.(dland 11b) indi-
field. Here the signal is spin sensitive: One measures onlylifie  cates the decreased carrier population—the absorption reso-
ferencein induced absorption between pumping with ando™  nances have narrowed and redshifted at the longer times,
light. The signals, measured at the times indicated by the arrows igyhere they are no longer broadened by the presence of as
the insets, derive fronfa) precessing electron spins which bleach many carriers, and PSF effects are reduced.
the preferentially occupied spin state afixl the precessing M

spins which induce an oscillatory Zeeman splitting between the spin
states. B. Model for coherent rotation

The observation of Mn precession following optical

Transient absorption measurements help to clarify the oripumping of spin-polarized excitons implies a mechanism in-
gin of the observed Faraday rotation signals by spectrallyolving the simultaneous “tipping” of a large number of
resolving the absorption resonance shifts of specific polarizaMn?* spins all in the same direction. If the Mn spins were
tion orientations. Figure 11 illustrates such a measuremenperturbed in random directions or if the tipping process oc-
In this case, the probe ig™ polarized and the pump is curred over time scales comparable to the Mn precession
modulated betweea* ando~ circular polarizations. In this  period, then no signal would be observed due to the arbitrary
way we record only thedifferencein transient absorption phases of the individual spins. The effect is not large—we
between pumping witlr* light and pumping witho~ light.  calculate that if every Mn spin within the laser spot is
In effect, this is equivalent to taking the difference betweenrequally affected, then the average tipping angle is of order 10
the solid and dotted traces in Fig. 4, and is therefore sensitiveh deg at 1 T. There is no “dc” or long-lived spin-dependent
only to the net carriespin rather than the total carrier popu- offset to the signal—the Mn beats oscillate about exactly
lations in each spin state. In transverse magnetic fields, theero within the noise limits of the experiment. Moreover, it
data in Fig. 11a) show transient absorption spectra taken athas been verified that an oppositely oriented circular pump
the minima (1.1 p9 and maxima(2.2 p9 of the electron results in a 180° phase shift of the Mn beats and that no
oscillations shown in the inset. The data effectively indicatdong-lived signal is observed for a linear pump. We propose,
that electrons have precessed halfway around the appligtien, that the mechanism lies in the coherent rotation of the
field and now preferentially occupy the opposite spin stateMn ensemble about the transient exchange field generated by
so that thec” and o~ absorption resonances, which were the photoinjected hole spins. This model is illustrated sche-
originally redshifted and blueshifted at 1.1 ps, are now bluematically in Fig. 12 and proceeds as follows) Before the
shifted and redshifted, respectively, giving the inverted sig-arrival of the pump pulse, the Mh spins are preferentially
nal at 2.2 ps(the blueshifted state is also preferentially aligned along the&x axis of the applied transverse fielth)
bleached due to phase-space fillingfter the electrons have Immediately following photoexcitation, the electrons and
spin relaxed, it is still possible to measure a similar effect inholes are spin polarized alorig The electron spins begin
the transient absorption arising from the precession of th@recessing, and the polarized hole spin population, which is
Mn momentgFig. 11(b)]. As the Mrf* ensemble precesses, constrained to lie along by the effects of quantum confine-
it projects a small magnetic field onto the measuzeakis, ment, generates an exchange field al@gwhich decays
causing a small oscillatory induced Zeeman splitting be-exponentially with time. This exchange field exerts a torque
tween thes™ ando~ absorption peaks. This difference be- on the Mrf" spins, rotating the net Mn magnetization ini-
tween the two absorption resonances is measured at 24 atidlly into the y axis. (c) At long times, after the holes and
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FIG. 13. () Normalized amplitude of the Mn beats vs applied Time (ps)

transverse field for different We||-V\./i.dt.h sampld®) The Faraday FIG. 14. (a) Intial phase of the Mn free-induction decay, as
responséVerdet constant or “sensitivity)' of the 240-A magnetic  measured by fitting the Mii beats toAe ""sin(@y,t+ ¢) and
well to longitudinal fields as a function of applied transverse f'ems-extrapolating back to zero time delan) Dynamic phase shifting
of the Mrf* free-induction signal with respect to the fixed fre-
electrons have recombined, the perturbed Mn magnetizatiofiency of the fit. The phase shift at short times is due to the pres-
remains to precess about the applied field, leading to smafi"c® .of “invisible” carriers which gengrate a demagnetizing field.
oscillations in the measured magnetization alangh very "€ fit to the data is excellent for all imes35 ps.
similar mechanism was invoked to account for the observa-
tion of up to 15 Mn spin-flip lines in the Raman spectra of sample magnetization along). Regardless, the linear in-
magnetic quantum wells in transverse fielédn effect, a  crease in the Mn beat amplitude beld T is strong evidence
single hole is tipping a large number of Mn spins within thein favor of the proposed model. In addition, this result rules
spatial extent of its wave function. We do not consider theout the possibility of polarization of the Mn sublattice by
exchange field of the electron spin because of its weakedirect spin-flip scattering with the carriers, which would be
coupling to the Mn sublattice and its rapid oscillation which expected to induce a long-lived magnetization al@ngven
averages to zero. in zero field.

This model of coherent rotation about the exchange field The normalized magnitude of the Mn oscillation signal is
of the holes predicts several trends which are readily conlargest in the narrowest quantum well and decreases with
firmed by experiment. The first prediction involves the mea-increasing well width. This trend is consistent with a sce-
sured amplitude of the Mn beats, which is expected to beario of increased hole stability provided by the stronger
proportional to the net sample magnetization and thus inquantum confinement in the narrower wells. The observed
crease from zero with the applied field. This trend is indeedehavior is also qualitatively consistent with recent calcula-
observed, as shown in Fig. (3 where the normalized am- tions that show a decrease in the number of Raman spin-flip
plitude of the Mn beats is measured as a function of appliedlesonances with increasing well widthA longer-lived hole
field for all four magnetic samples at 5 K. In zero field thereexchange field in narrower wells tips the fnmoments
is no net magnetization and no Mn beats are observed. Forfarther away from the axis of the applied field, leading to
given sample, the amplitude of the Mn beats increaserger amplitude beats. Similarly, Raman studies have dem-
roughly linearly with applied field up te~1 T. In the ab- onstrated an increased number of Mn spin-flip peaks in nar-
sence of other effects, the amplitude of the Mn beats wouldower wells®2 However, as mentioned in Sec. IV C, we do
eventually saturate, in keeping with the sample magnetizanot directly observe these implied longer hole spin lifetimes
tion. The observed rolloff beyah1 T in all the magnetic  in the narrower quantum wells; all four magnetic quantum
samples is due to the effect of the decreasing hole spinwells showed similar hole spin-relaxation times within ex-
relaxation time and also due to the fact that the samplesperimental error. This discrepancy remains puzzling.

Verdet constants begin to decrease. The Verdet constant, a Last, because a rotation of the Kinspins about the hole-
material parameter which characterizes the amount of Faraxchange field initially tips the moments into thieaxis, the
day rotation evoked per unit length and ufigld along”z  Mn?* precession signal should commence as a sinusoid.
(deg/cm T, is found in these samples to fall off in transverse That is, if the Mrf* beats are fit to an exponentially decaying
fields greater than 1 fFig. 13b)]. This is because the exci- sinusoid,Ae™"7sin(Qunt+ ¢), the oscillatory signal should
ton absorption broadens and moves to lower energies, dextrapolate back to zero amplituder, alternatively, zero
creasing its spectral overlap with the ladar effect, the phasé at zero time delay. Figure 1@ shows the initial
measurement becomes less sensitive to a given oscillatinthase of the Mn beatd & K as afunction of applied field.
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The data indicate that in the limit of small fields, the initial ing: (a) The linewidth is inversely proportional toTf),
phase approaches zero. In fieIds, an extrapolation of the Mwhere y, is the Curie-Weiss static magnetic susceptibility,
beats back to zero time delay indicates that the Mn oscillaand (b) the linewidth is proportional to a function involving
tion signal is initially positive, with negative slope. However, dynamic spin-spin correlations. The former accounts for the
this effect is artificial. Careful analysis of the signal as com-temperature dependence at higher temperatures, while the
pared to t.he fit at times near zero reveals an interesting pheatter becomes important at low temperatures on approaching
nomenon: The fit and the data develop an increasing phasg spin glass transition. At the lowest temperatures studied
shift as one looks “backward” in time towards zero delay, (1.5 K<T<~20K) and high Mn concentrations, the EPR
as shown in Fig. 14). Evidently, the MR" spins initially  |ine shapes deviate significantly from Lorentzian behavior
begin precessing slowly and then accele':riilte to a higher fregng shift to lower fields. Despite detailed efforts to account
quency commensurate wig=2.01. The Mi™ moments ex-  for this effect within the context of a variablg factor or
perience an initially reduced magnetic field which grows asysing an internal magnetic field along some preferred direc-
ymptotically to the applied magnetic field. This effect o “there is no satisfactory explanation for this behavior. It
accounts for the nonzero initial phases shown in Fidall4 5 precisely within this regime of low temperatures and high
We believe that during the-30 ps over which this effect is \n concentrations that spin-spin correlations betweeR™Mn
seen to occur the M spins are experiencing the applied moments dominate and lead to freezing of spins in bulk
flelq reduced by the demagnefuzatlon field _of the sp_m-relaxe@ammes; unfortunately, analysis of EPR line shapes in this
excitons Recall that the exciton recombination times are|oy.temperature, high-concentration limit becomes difficult
much longer than the spin lifetimes, and thus they are stilloth pecause of the large linewidtfall width at half maxi-
preser)t in the sample t650 ps. The excitons hqve relgxed mum (FWHM) >2 T] and the absence of a theory for the
to their lowest-energy state and are preferentially orientegyon-| orentzian line shapes. Our expectation is that an all-
antiparallel to the applied field and are ostensibly invisible tooptical technique providing true time-domain ddtather
the Faraday rotation p_ro_be. Howgver, these oriented excitongan spectral dajaon the spin resonance of strongly spin-
generate a demagnetizing field in the sample, as was se@@related Mn moments can illuminate the interactions in-
directly in Fig. 5a) in the case of longitudinal fields. As the yq|yed, especially within specifically engineered magnetic
excitons recombine, the strength of the demagnetizing fieldnyironments possible with MBE-grown heterostructures.
decays to zero and the Mn spins precess faster about thgrowth of dilute magnetic semiconductor heterostructures
bare” applied field. Thus the presence of the “invisible” (egyits in three-dimensional distributions of Mn spins, and

excitons is indirectly inferred through the precession fre-the crossover to two-dimensional spin distributions can be
quency of the Mn moments, and we conclude that the megwgjized with “digital” growth.

sured Mn spins do indeed commence as a sinusoid, in SUP- The time resolution of the optical method is well suited to
port of the model for coherent rotation. study the very fast Mn dephasing times that occur at low
temperatures. Moreover, this optical scheme works equally
well over a wide range of applied magnetic fiel@s25-6 T

in the present experimenipermitting frequency-dependent

The decay time of the long-lived M free-induction en-  spin-resonance studies of the #nmoments from~7 to
velope should therefore be a measure of the Mn transverse’O GHz. Tunability of the microwave frequency can be
spin-relaxationdephasinytime, and indeed the times are in difficult to realize in traditional high-frequency EPR spec-
agreement with those measured using traditional electrortrometers where the frequency scale is set by the geometry of
spin-resonance spectrometers in bulk samples with simildihe resonant cavity. Using this optical technique, spin-
Mn concentratiorf. This allows for the exciting possibility of resonance studies of 2D spin distributions of MnSe were
performing all-optical paramagnetic spin-resonance studietecently conductefiwhere it was found that as the fractional
of the small numbers of Mn spins present in single quantunmonolayer coverage of individual MnSe planes was in-
wells or heterostructures, where the reduced dimensionalitgreased from roughly 10% to unity, the Mn spin dephasing
directly affects formation of frustrated and ordered magnetigate increased dramatically, indicating the strong short-range
phases*3® spin-spin interactions between the fnmoments. Also,

It is relevant to briefly review the essential findings of temperature-dependent studies revealed longer dephasing
earlier EPR studies in bulk diluted magnetic semiconductoréifetimes at elevated temperatures, in agreement with the nar-
so as to compare these with the time-domain EPR measureswing linewidths measured in bulk systems with traditional
ments in the present samples. Extensive studies of EPR iBPR methods. Exploiting the field tunability of the optical
the bulk magnetic semiconductor alloys have revealed thdechnique, it was observed that the field dependence of the
the linewidths, which are Lorentzian at high temperaturesgdephasing rate was relatively weak in the case of low local
broaden with either increasing Mn concentration or decreasMn density, but very strong in the case of high
ing temperaturé®~3°The high-temperature values of the ob- concentratiorf.
served linewidths can be understood within the framework of In no case do the time-resolved data show evidence of a
exchange narrowing models which consider the effects of thgariable manganesgfactor, even in samples with very high
strong isotropic and weak anisotropic contributions to thdocal Mn density at low temperatures. However, the free-
superexchange between nearest-neighbor Mn morigffts. induction decay of the MiT ions develops a markedly non-
The broadening of the EPR linewidth with decreasing tem-exponential behavior. Figure (& shows one such free-
perature has been attributed to two contributions that arisenduction decay, takent® K and 1 T(28 GH2 in a digital
within the Mori-Kawasaki formalism of exchange narrow- sample with discrete full monolayer planes of MnSe. In this

C. Electron paramagnetic resonance of the Mn spins
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ing a direct measure of the electron intraband coherence time
(spin-relaxation timgdistinct from the spin relaxation of the
holes. Measurements in a series of magnetic quantum wells
of different widths reveal terahertz Larmor precession of the
electron spins, indicating amplified electrgnfactors rang-

ing from g®=38.3 in the narrowest 30-A well tg°=75.8 in

the widest 240-A well. Moreover, comparison with the exci-

0_ (arb. units)
o

F

b ¥§§I{ ton Zeeman splitting in longitudinal magnetic fields yields
0 1(‘)0 200 300 4(‘)0 500 precise measurement of the hgldactors. The electron and
Time (ps) hole g factors decrease in concert with decreasing well
300 b) T T width, in accordance with their calculated overlap with the
a9 avell magnetic planes.

Based on present and previously published data, we em-
pirically distinguish between weakly and strongly coupled
magnetic quantum wells. In the former case, the carrier wave
functions have only a limited overlap with the magnetic Mn
ions, possibly due to intrinsic disorder which can localize the
carriers. Such samples exhibit broad absorption linewidths,
small effective g factors, and longer spin- and phase-
relaxation times. In contrast, strongly coupled magnetic
samples exhibit large effectivg factors, suggesting higher-

FIG. 15. (8) Nonexponential Mf" free-induction decay in a quality samplegnarrow linewidth$ containing delocalized
sample with very high local density of M ions. The data deviate carriers with a large wave function overlap with the local
considerably from the smooth line, which is an exponentially de-magnetic moments. However, this strong interaction with the
caying best fit.(b) The measured manganese transverse Spinmagnetic moments can lead to rapid spin and phase relax-
relaxation time as a function of field in the 60- and 120-A magnetication of the photoinjected carriers.
quantum wells. Lines are guides to the eye. Electron and hole spin-relaxation times in magnetic quan-

tum wells are found to be much more rapid than in their
sample, the local Mn density is very high, of the order of nonmagnetic counterparts, suggesting the role of the local
50%, accounting for interdiffusion during growth. The free- Mn moments in dominating the measured carrier spin relax-
induction signal is seen to decay initially rapidly, followed ation through carrier-ion spin-flip interactions. With increas-
by a slower decay. This behavior is made more clear byng photoinjected carrier density in magnetic quantum wells,
noting the disparity at long time delays between the data anghe electron spin-relaxation time, is observed to increase in
the smooth line in the Fig. 18), which is a single exponen- conjunction with a decreased Larmor frequency. At elevated
tially decaying best fit to the data. A Fourier transform Oftemperatureiup to 130 K, 7, remains unchanged in mag-
shape, but does not exhibit a shift in the resonance peak. —70 K in nonmagnetic strucutres. With applied fiekg, in

In the present series of magnetic wells, the transverse Sp%nmagnetic and weakly magnetic wells shows a marked
relaxation or dephasing tim@¥§™) of the Mr?* spins occurs  minimum at fields of 2—3 T, which we tentatively ascribe to
on a time scale of roughly 275 ps at (28 GH2 for all four  the sjtuation in which the electron Zeeman energy over-
well widths. The four wells possess nominally identical mi- comes electron-hole exchange energy250 weV). In
croscopic densities of Mn spirtguarter-monolayer planes of strongly coupled magnetic wells, is much less and shows
MnSe, and so only small differences y" between the only slight field dependence, reflecting the dominance of the
wells is measured. Characteristic field-dependent Mrelectron—Mn-ion scattering interaction over other, less effi-
dephasing times in these samples are given in Fih)l&nd  cient scattering mechanisms.
show a marked field dependenceTin”. At high ﬁelds,Tg’In Measurements of hole dynamics suggests that the hole
decreases as the interacting Mn spin dephase more rapidlgpin-relaxation times+,) are governed by mixing between
However, our data show that at the lowest field¥' is also  the hole bands, which in turn is determined by the competi-
found to accelerate, giving a broad peak in the measuretion between the confinement potentiah-lh splitting) and
dephasing time at-1 T. the Zeeman energy. In nonmagnetic quantum wells the field-
dependent hole spin-relaxation time is minimally affected,
because the Zeeman energy remains much less than the
hh-1h splitting and the hole bands remain unmixed. In con-

In summary, we have described an all-optical techniqudrast, the Zeeman energy in magnetic quantum wells rapidly
suited to ultrafast time-domain spin-resonance studies idominates théh-Ih splitting in modest applied fields ang
magnetic semiconductor heterostructures. This pump-probdecreases dramatically with applied field as the hole bands
Faraday rotation experiment reveals the spin dynamics ahix and the hole spins reorient from the growth axis to the
excitons in zero field and in longitudinal applied magneticaxis of the applied field. Against expectation, we did not
fields. In transverse magnetic fieldgoigt geometry, the  observe significant variation i, for the different well-
oscillatory free-induction decays of photoinjected electronwidth samples.
spins can be measured with excellent signal to noise, provid- Free-induction decays of Mn ions are induced by the co-
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Mn dephasing time (TzMn) (ps)
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VI. CONCLUSION
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herent rotation of the Mn sublattice about the transient eXContaining quarter-mono|ayer p|anes of Mngél,n is mea-
change field of the photoexcited holes. The Mn beat amplisyreq at frequencies of 7-170 Giz25-6 T and is found
tude is linear with small applied fields, and the beatsyy pe markedly field dependent. We anticipate that the opti-
commence sinusoidally, in support of the proposed model fog,| gpin-resonance methods described in this paper will aid
coherent rotation. The Mn beat signal increases with decréags the understanding of carrier spin relaxation in magnetic

ing well width, providing indirect evidence that the hole Spin gemicondctor heterostructures and also elucidate the reso-
acquires additional stability against scattering with increasy,5nce pehavior of paramagentic ions in quantum confined

ing quantum confinement. In direct analogy with EPR eX-;aometries.

periments, the Mn free-induction decay provides a measurg

of Tg"", the transverse spin-relaxation time. This all-optical

method of time-domain EPR enables the study of monolayer

and fractional-monolayer magnetic planes, and the femtosec-

ond time resolution is especially suited to the regime of low This work was supported by Grant Nos. NSF DMR-92-

temperatures and high magnetic concentrations, wﬁ&é‘?e’s 07567, NSF DMR-95-00460, AFOSR F49620-96-1-0118,
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