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Relaxation of quasi-two-dimensional electrons in a quantizing magnetic field
probed by time-resolved cyclotron resonance
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We have measured the picosecond time-resolved cyclotron resonance of photogenerated transient carriers in
undoped InSb/A)odng 9:Sb quantum wells by two-color pump-probe spectroscopy in a magnetic field. The
strong conduction-band nonparabolicity of InSb causes the average cyclotron mass of the electrons, which we
monitor directly in time, to decrease as the electrons relax towards the band edge. In addition, the nonpara-
bolicity results in multiple resonances due to the strongly energy-dependent mag$aatat, allowing us to
determine the time evolution of the Fermi-Dirac distribution function for the excited carriers in quantizing
magnetic fields.
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I. INTRODUCTION ral mechanism for CR to expose the electron energy distri-
bution, which evolves in time; and its strong spin-orbit cou-
Two-dimensional2D) electron systems in high magnetic pling makes it an ideal system in which to compare different
fields have been studied intensively for the past two decadespin-relaxation mechanisms. Our data unambiguously dem-
exhibiting a fascinating array of electron correlation effécts. onstrated that thgaveragg electron cyclotron mass de-
Equally importantly, they can provide a unique spectroscopi€reases as the electrons relax towards the band edge.
environment that is not achievable in atomic or molecular Our technique is unique because it is two coldHR
systems. Landau and Zeeman quantization lead to externalgump/FIR probg while previous time-resolvéd and
tunable, nearly equally spaced multiple energy levels, or anonlineaf® FIR work on Landau levels in 2D systems was
energy ladder. Various orbital, spin, and combined resosingle color. Because CR occurs only across the Fermi en-
nances have been spectroscopically investigated in Landa@+gy, the previous studies were applicable only to samples
quantized systenfsespecially in two dimensions, providing having a large density of 2D carriers present through, e.g.,
significant insight into the low-energy quantum dynamics ofmodulation doping. For highly nonparabolic systems, in
charge and spin carriers in the frequency domain. which different transitions can be resolved at different mag-
However, there has been very limited success in directlyetic fields, only about two spin-split transitions can be ex-
probing carrier dynamics in these ladder systems in the timgited and probed by one color, prohibiting a thorough study
domairt~® with ultrashort and/or intense far-infrardIR) of the carrier distribution. In contrast, the two-color nature of
pulses. In particular, to our knowledge, there have been neur experiment allows us to creatansient hot carriersvith
studies on spin relaxation in a 2D system in high magneti@ Wide range of energy and then probe their distribution over
fields, although the corresponding 3D situation is kndwn. all magnetically accessible energy levels. Furthermore, since
Understanding different spin-relaxation mechanisms in conour technique can be applied to samples in which there are
fined structures in the presence of spin-orbit coupling is cruno carriers present at low temperature, it is uniquely posi-
cial for developing novel spin-based devides. tioned to expose the existence or absence of a spin-relaxation
Here we report results of a picosecond time-resolved cybottleneck. Let us specify each state by three quantum num-
clotron resonancéTRCR) study of photogenerated electrons bers, i.e. ,N,s), where n=1, 2 (subband index N
in undoped InSb quantum well@W’s). TRCRis arecently =0,1,2 ... (Landau index ands=*+1/2 (spin indey. A
developed spectroscopic method for studying intraband caspin bottleneck is predicted for relaxation from the (1,0,
rier relaxation in a magnetic fiefi Specifically, this tech- —1/2) to the (1,0 1/2) level. Because the (1;01/2) to
nique allows us to monitor the effective mass of relaxing(1,1,—1/2) and (1,0 1/2) to (1,1;+1/2) transitions occur
carriers as a function of time. An ultrashort near-infraredat different magnetic fields due to nonparabolicity, it should
(NIR) pulse creates transient carriers and the subsequent dge possible at long time delays to distinguish between
namics are probed by a delayed FIR pulse. InSb is an ideaqually populated (1,6,1/2) and (1,0 1/2) levels, which
material for TRCR studies. Its small effective mass and largevould indicate the presence of the spin bottleneck, and a
g factor result in large Landau and Zeeman splittings; its(1,0,+ 1/2)-dominated resonance, which would demonstrate
strongly energy-dependent mass ajfdctor provide a natu- the absence of the bottleneck.
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Il. EXPERIMENTAL METHODS

The sample studied was an undoped multiple QW struc-
ture, containing 25 periods of 35-nm InSb wells separated by
50-nm-thick Al odngg:Sb barriers, grown by molecular-
beam epitaxy on a semi-insulatif@01) GaAs substrate. The
sample growth procedures and basic sample characteristic
have been described previoushBecause of the lattice mis-
match between the well and the barrier materials
(~0.5%), the wells were under compressive strain. In order (To- T/,
to eliminate any effects of photoexcited carriers in the GaAs
substrate, we etched away the substrate using bromine an
methanol with the sample mounted on a sapphire plate usin
low-temperature epoxy. We coated the sample surface witt
semitransparent NiCr ~20 nm) in order to reduce un-
wanted Fabry-Perot interference effets.

The experimental setup for the two-color TRCR spectros-
copy of this work was similar to that used in our previous
work #1213 The FIR source was the Stanford Picosecond 6
Free-Electron LasefFEL), which was tunable from 3 to
80 um and emitted a transform-limited and diffraction-
limited pulsed beam with durations between 600 fs and 2 ps
and energies as high asuJ. The NIR source was a mode- : _ ey _
locked Ti:sapphire laser seeding a Ti:sapphire based regefflSP QW's. The photoinduced transmission change is plotted as a
erative amplifier operating at 800 nm. The FIR and NIRSmultaneousiunction of time delay and magnetic field). The
beams were combined by a Pellicle plate and then focuse%"o.to'nduced transmission change is definedRsT)/To, where

. . o is the transmission value before the arrival of the NIR pump
onto the sample, WhICh. was placgd in an 8-T superconducks oo “pq wavelength of the FIR radiation was ## and the
ing magnet with sapphire cold windows and polypropylene;

' sample temperature was 1.5 K.
room-temperature windows. The measurements were per-

formed in the Faraday geometry at three FIR wavelengths Typical magnetic-field scans are shown in Figa)Zor six
(46, 42, and 38.5um) either by varying the time delay at a . ypical magn
' oo X o different fixed time delays. These traces show the smooth
fixed magnetic field or by varying the magnetic field at a : .
fixed time delay. The FEL produced millisecond macropulsesevoIutlon of CR _from 25 ps to 1.3 ns, a time scale_ mgch

e : X ; horter than the interband lifetime. At 25 ps after excitation,
at 10 Hz, which contained picosecond micropulses at 11. T . .

e CR line is significantly broadened to high@ri.e., to

MHz. The Ti:sapphire oscillator was locked at the seventrheavier effective mass. As time progresses, the electrons re-

harmonic of the FEL micropulse repetition rate, i.e., 82.6 Y .
o . lax towards the band edge, resulting in a lighter mass at 1.3
MHz, and our synchronization electronics allowed us to ob-

tain one NIR pulse from the regenerative amplifier for every">: The average cyclotron mass, total carrier density, and
P oo 9 p yaverage scattering time, obtained through Lorentzian fits to
FIR macropulse. A liquid-helium-cooled Ge:Ga photocon-

ductive detector was used to collect the FIR beam transmit—he traces in Fig. @), are plotteq vs delay in Figs(2-d.

he resonances observed are fitted best as the sum of two to
ted through the sample. f . o . .

our Lorentzians, which is consistent with our Landau-level
calculations below. We note that the magnetic-field width
corresponding to the spectral width of the FEL pulaeB(

Figure 1 shows typical TRCR data. The photoinduced~0.087 T, using m*=0.025m;, where m;=9.11

transmission change of the FIR probe pulse is plotted as & 10 >' kg) is much smaller than the width of any of the
simultaneous function of magnetic field and time delay in the'@sonances we observe. The wavelength dependence of the
ranges of 0—-8 T and 0—600 ps. The photoinduced transmigesonance position is consistent with CR.
sion change is defined a§{—T)/T,, whereT, is the trans-
mission value before the a_rri\_/al of the NIR pump pulse. The IV. DISCUSSION
wavelength of the FIR radiation was 4#m and the sample
temperature was 1.5 K. These data clearly demonstrate the To better understand the TRCR spectra, we calculated en-
power and usefulness of this unique spectroscopic techniquergy levels in the QW structure. We first used a four-band
containing a wealth of information on carrier dynamics in ak-p model in the absence of a magnetic field to calculate the
magnetic field. While time scans at different magnetic fieldssubband energies in the conduction and valence bands by
can provide insight into how intraband carrier relaxation istaking into account the energy dependence of the electron
affected by the applied magnetic field, magnetic-field scan@nd hole masses in the envelope function formali$ive
at different time delays exhibipicosecond time-resolved also included strain effects using a method similar to the
snapshots of CR spectfar the photogenerated transient car- work by Kurtz and Biefeld on InASb _,/InSb
riers. superlattices® For the 35-nm InSb/50-nm Ahdng ¢:Sb QW
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FIG. 1. Picosecond TRCR spectra of photocreated electrons in

IIl. EXPERIMENTAL RESULTS
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0 2 4 6 8 0 1000 FIG. 3. Conduction-band Landau levels calculated using a
Magnetic Field (T) Delay (ps) modified Pidgeon-Brown model, which takes into account confine-
ment and strain effects. Blacgray) lines are for the firstsecond
FIG. 2. (a) Transmission change of the FIR probe pulse as asubband. Soliddashed lines are spin-ugspin-down states. The
function of magnetic field at different time delays. The wavelengtharrows show the possible CR transitions for 4@ radiation.
of the probe was 42m, the sample temperature was 1.5 K, and the
NIR fluence was~ 1.3 mJ/cra. (b) Average cyclotron mass vs time -
delay.(c) Total carrier densityn) vs time delay(d) Average carrier AN=1, ar'd As=0. The elecmc'f'eld_ vector of our .FIR
scattering time ) vs time delay. probe lay in the QW plane and thus did not couple with the

intersubband transition An=1). Electric-dipole-excited

structure, we found three subbands in the conduction banelectron spin resonanceAf,AN,As)=(0,0,1) cannot be
with energies 12, 42, and 83 meV, assuming the well andbserved at the same FIR wavelengths as CR in the
barrier band gaps to be 249 meV and 416 meV, respectivelynagnetic-field range available to %2 Finally, combined
and the conduction-band offset to be 62% of the band-gapesonance An,AN,As)=(0,1,1) is not allowed in the Far-
difference’® The first three heavy-holéHH) subband ener- aday geometr§! In Fig. 3, the allowed CR transitions for
gies were calculated to be 1, 4, and 9.5 meV. The strain id2-um probe light in the first and second subbands are indi-
this system gives rise to a large splitting between the HH andated by arrows. Because the individual CR transitions are
light-hole (LH) bands of~30 meV. For the structure studied too broad to resolve separately, however, we do not directly
here, two LH subbands are expected at 7 and 25 meV beloabserve spin- or Landau-level-resolved CR.
the top of the LH confinement potential. Because different transitions occur at different magnetic

We took into account a magnetic field applied along thefields, it is possible to combine the data and the calculation
growth direction[001] using a modified Pidgeon-Brown in Fig. 3 to extract the time evolution of the energy of the
modell”*8In this model, the bulk energy gap is replaced byexcited carrier population. Our detailed simulation of the
the effective band gap, i.e., the energy separation betweefRCR spectra obtained for 42m probe light is shown in
the lowest conduction and highest valence subbands. Sevelfilg. 4. The fixed parameters in the simulation were the cal-
calculated low-lying conduction-band Landau levels areculated magnetic-field positions of the CR transitions and, at
shown in Fig. 3, where the bladgray) lines originate from each time delay, the carrier density, which accounts for re-
the first(secondl subband and solidashedl lines represent combination, and scattering time, taken from fits as in Fig. 2.
spin-up(spin-down states. This calculation shows the strong The scattering time was kept the same for all single-particle
energy dependence of tigefactor and of the effective mass, resonances at a particular delay. By doing so we are assum-
which cause different transitions to occur at different mag-ing that the same broadening mechanisms act on each tran-
netic fields. We have neglected transitions in the hole bandsition at the same density. The variable parameter was the
However, because the band-edge LH effective mastemperature of the Fermi-Dirac distribution of the excited
(0.016n,) is close to the electron effective mass carriers. We neglected continuum states above the barrier
(0.0139), it is possible that LH CR overlaps electron CR. energy and many-body effects such as band-gap renormaliza-

The calculated electron energy levels in Fig. 3 stronglytion. We took into account the reduction in CR-active popu-
suggest that the resonances we observe consist of multiplation that occurs when the upper level of a transition is
transitions. The allowed transitions are such that=0, populated. The results accurately reproduced the observed
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LA (%812 \2m* hw o€, ' — €y t) in 2D,22 wherem* is the

|
180 ps a) - b) carrier mass, and,, and e, are the optical and static dielec-
=) tric permittivities, respectively. For InSky o can be esti-
| GCJ mated to be~400 fs in 2D. In this simple model, we ob-
260 ps Ll tained7~5 ps at 25 ps delay time, which increased smoothly

to 61 ps at 1300-ps delay. Hence, the scattering time due to
LO phonons is almost two orders of magnitude larger than
— 675 ps E j — Density of States the scattering times deduced from the fittirsge Fig. 2d)],

indicating that some other scattering mechanism is dominant.
— — While there are a number of possible scattering mechanisms,

Transmission (20% per div.)

1000 ps g 250 the most important one, especially in the early high-density
o regime, is carrier-carrier scatterifgOur recent TRCR work
131 5 200 on bulk InSb (Ref. 13 clearly showed that this is the main
—1315 ps -] "@ scattering mechanism, and it is consistent with the observa-
B 12 150 tion that the scattering time is roughly inversely proportional
£ to the density>?3 A full treatment of carrier scattering and
Ll 1Y, |1’ 100 cooling mechanisms will be given separaﬁé‘ly.
0 2 4 6 8 0 1000
Magnetic Field (T) Time Delay (ps) V. CONCLUSIONS AND FUTURE WORK

FIG. 4. (a) Simulated TRCR spectra for the traces in Fig. 2, In summary, we have performed picosecond two-color
based on the energy levels shown in Fig. 3. Simulation successfullfNIR and FIR time-resolved cyclotron resonance spectros-
reproduces the main observed features arising from nonparabolicitgopy on undoped InSb/AlInSb quantum wells. We monitored
(b) Cartoon at left(right) shows a Fermi distribution at shdtong)  the dynamics of FIR transmission while we varied the mag-
time delay, when the carrier population is large and (satall and  netic field and the time delay between the NIR and FIR
cold). (c) Simulated carrier temperature as a function of time delaypulses. The strong nonparabolicity of the InSb conduction

features, which arise from the strong conduction-band nont—)and allowed us to study the relaxation dynamics of

parabolicity. Namely, the initially excited carriers, having aqua3|—2D electrons in a quantizing magnetic field in unprec-

high carrier temperature, populate some states with higﬁdented detail. Specifically, we successfully determined the

Landau indices, where the cyclotron masses are higher tha{'me evolution of the Fermi-Dirac distribution function of a

that of the lowest electron Landau level. This is the mainprhotogenerated 2[.) plasma n a_magnefuc field. .
cause for the significant initial broadenifighomogeneous - These observatlons promise interesting future studies us-
broadening As time progresses, the electrons relax towardsm%J the_ TR.CR teﬁhmqﬁe. Fotr) Instance, we exﬁeﬁt a fa_stelr
the lowest Landau level, and, as a result, the number of tran< axation time when the probe Is resonant with the optica
sitions contributing to the observed linewidth decreases Witlgrongir\]/icejggrgy;(’r'ﬁl:';g'%’%fg (e)yz:ar?iznﬁa m()_:‘,r tﬁtﬁes?ﬁgogoenno-n
time. In addition, the linewidth of individual CR transitions 9y -0 by an ger, . 9 °s the ph
decreases with time. This indicates that each energy level ghergy. !t IS p055|blg for us to mvesugate this intriguing re-
initially broadened due to the high scattering rate in the high-g'.rne using th_e equipment available 1o Usek=26 um).
density and high-temperature regirfeomogeneous broad- Finally, we point out that the present results suggest the pos-

ening. As time progresses, both the electron temperature an%i'bIe use of TRCR for studying spin relaxation near the

density decrease, making individual transitions narrower.qu"jmtum limit at low densities and in high magnetic fields,

; . : . where relaxation slowdown and even nching are pre-
The simulation was not representative at very short time de-, ere relaxation slowdown and even quenching are pre

lays (<200 ps) because it did not include the dynamics Ofdlctefl. rI:urther efforts are in progress to observe such un-
highly excited carriers relaxing into the well. The simulation, usuat phenomena.
Landau-level calculation, and fittings are consistent with
each other, indicating that our single-particle analysis is valid
and that Coulomb collapse of the nonparabolicity-induced
CR splitting is not present. J.K. gratefully acknowledges support from NSF DMR-
The simultaneous determination of the scattering lifetimed049024, DMR-0134058CAREER, DARPA MDA972-00-
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ing. Cooling occurs through energy transfer from the carriegram, and NEDO. M.B.S. thanks NSF for support through
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optical (LO) phonon emission in polar semiconductors suchris for support. We are grateful to S. Q. Murphy for the
as InSb. Based on the simulated carrier temperatures, wew-temperature epoxy and to H. A. Schwettman, T. |. Smith,
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