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Magnetic-field suppression of THz charge oscillations in a double quantum well
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We have observed a suppression of the THz radiation emitted by charge oscillations photoexcited in the
conduction band of GaAs/&Ba _,As asymmetric double quantum wells in magnetic fields of order 1 T.
Coherent charge oscillations are created by femtosecond excitation of a superposition of two states between
which there is an electric dipole moment which oscillates in time as the wave packet evolves. The electric field
radiated by this intraband polarization is coherently detected using an optically gated antenna. The nature of the
suppression is qualitatively different for the two cases of magnetic Befrarallel and perpendicular to the
plane of the quantum wells. F&r parallel the polarization dephasing rate increases with increasing field whilst
the initial amplitude remains approximately constant. Bgerpendicular the dephasing rate does not change
significantly with increasing field but there is a reduction in the initial amplitude. The behavior in parallel field
can be understood in a semiclassical picture in which electrons are deflected as they tunnel, thus destroying the
phase coherence. The observation of amplitude suppression in a moderate perpendicular field may be partly
associated with magnetic confinement but the effect is much larger than expected. The effect of magnetic field
on the charge oscillation frequency is also discusp8d163-18208)52216-3

Semiconductor heterostructures provide a versatile labds typically a few picoseconds at low temperature. In this
ratory for the study of coherent wave packet dynamics. Thepaper we describe experiments which extend the zero
asymmetric double quantum well, which provided the firstmagnetic-field THz emission studies of Roskasal? to the
observation of the spatial dynamics of a wave packet in a&ase of moderate magnetic fields applied parallel and perpen-
solid} has been a particularly fruitful system to study. In thisdicular to the quantum well plane.
structure, the lowest energy states in the conduction bands of The nominally undoped double quantum well structure
a narrow and wide quantum well can be tuned into resonancesed in our experiments is similar to that described in Ref. 3.
by an applied electric field in the absence of coupling. Coudt was grown by molecular-beam epitaxy and consists of ten
pling leads to hybridization of the two states and the levelgairs of GaAs wells with widths of 8.5 and 13 nm, separated
then anticross at the “resonant” electric field where the en-by an Al ,:Ga, ;6As barrier of thickness 3 nm. The pairs of
ergy gap has its minimum valu&, Carriers can be created wells are spaced from each other by 20 nm barriers of the
in a coherent superposition of the two states by resonargame composition and separated from the top surface and a
excitation with a short laser pulse with spectral bandwidth500-nm-thickn® GaAs back contact layer by 200 nm of
greater tharil. The time evolution of the wave packet in- Aly»Ga 7AS. The substrate was semi-insulating GaAs. The
volves an oscillatory motion of charge density between thealloy composition was checked by means of x-ray rocking
two wells and consequently an oscillating electric dipole mo-curves. The critical layer thicknesses were verified by a com-
ment is established which has a maximum value at the resgrarison of the exciton energies obtained from low-
nant electric field where the electrons are delocalized ovetemperature photoluminescence excitatiALE) experi-
both wells. The holes remain largely localized in the widements with calculations of the energies using the methods
well but the Coulomb interaction between electrons anddescribed in Ref. 4. To varj, an electric field could be
holes is generally thought to play an important role in theapplied to the wells by means of an 80-nm-thick, semitrans-
dynamics. The time varying polarization has been observegarent indium tin oxide surface Schottky contact and an al-
as quantum beats in four-wave mixingnd time-resolved loyed indium ohmic connection to the doped layer which
pump-probe transmissiérand much more directly by the was revealed by etching.
coherent detection of the emitted electromagnetic radidtion. The coherent THz spectroscopy experiments used a
The frequency of the dipole radiation is approximately givenmode-locked Ti:sapphire laser which produces 65 fs duration
by f=(T2+A?)Y%h, whereA is the energy by which the pulses at the sample with the aid of extra-cavity dispersion
uncoupled levels are detuned from resonance. The existencempensation. The output of the laser was split into a 300
of the time-varying intraband polarization is a purely quan-mW pump beam and a 20 mW probe beam. Pheolarized
tum mechanical effect relying on the phase coherence bgsump beam was weakly focused to illuminatel.5 mnf of
tween the excited states. The lifetime of the coherent supethe sample at an angle of 45° to the surface normal. The
position state, equivalent to the polarization dephasing timesample was mounted in the variable temperature
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ST T L B T T signal contains contributions from the creation of an instan-
@ B=0| |(b) (© B, taneous polarization and the subsequent acceleration of car-

o 0.0 T fo0T riers. In the presence of a magnetic field the time-varying
z 0kViem polarization associated with cyclotron orbital motion of elec-
E i 0.5 T . trons photoexcited in the substrate can also be obsérved.
3 0T 0T Immediately following the initial transient in Fig.(4) are a
£ few weak oscillations with a frequency of 1.65 THz. This is
k

101 em 1 ]
e 15T 15T approximately equal to that of the=1 heavy-hole-light-
_15\/\/\/\/% I 11 ) hole (hh-lh) splitting in the PLE spectrum which leads us to
Difference signal

20 20T believe that these oscillations originate in the beating of co-
P , R herently excited hh and |h valence band states. An electric
5 0 2 4 68 20 2 46 20 2 4 6 dipole moment connects the states for finite in-plane wave

vector. The THz signal from such valence band oscillations
does not contribute significantly to the much stronger signal
subtraction procedure for background correction & (c) the that we measure near the resonan_t elect_ric field,_ becaus_e the
effect of perpendicular and parallel magnetic field on backgrouncph_Ih oscillations increase only slightly in amplitude with

corrected signals, respectively. The data has not been accurate!&/creallsw,:g ele(;trlc flelal.Th|s picture is CopﬂrT?hd bﬁ/hrﬁjlec- i
corrected for propagation delay. e electro-optic sampling measurements of the hh-Ih oscil-

lations at the same fluence and electric field as the THz emis-

insert of a split-coil superconducting magnet in a helium ga$ion experiments, which shows that their frequency is 0.50
atmosphere and maintained at 5 K. The time delayed prob& 0-03 THz higher than the oscillations in Figsibl and
beam was used to gate a 30n ion implanted silicon on 1(c), and that thgy have a very different electric field d.epe_n—
sapphire photoconducting dipole antenna. This receiving arflence. The rglatlve wegkness of the v_alence band oscillations
tenna allowed the coherent detection of radiation emitted byompared with those in the conduction band is due to the
the sample with a half-amplitude bandwidth extending fromStrong localization of holes in the wide wéll. .
0.1 to 2 THZ® The receiver current is proportional to the  1he traces of receiver curreh(t) versus delay, excluding
electric field E(t)=d2P/dt? radiated into free space by the the f!rst .cycle Where'th.ere is a S|grj|f|cant blas—depenQent
time-varying polarizationP, optically created in the sample. c_ontr|but|on t_o the emission fro_m the mstantane_ous polariza-
The signal-to-noise ratio in the experiment was improved bylion created in the wellwere fitted to the function
measuring the receiver current synchronously with 8 kHz
modulation of the pump beam and by averaging with the aid I(t)=1oe" Y7cog2nft). (1)
of a repetitively scanned delay line. The THz beam emitted
from the sample in the specular direction was coupled to thé\t the resonant electric field and in zero magnetic field the
receiver using off-axis parabolic mirrors and a hyper-oscillation frequencyf was 1.38:0.02 THz and the intra-
hemispherical silicon lens. The magnet has fused silica winband dephasing time was 2.5 ps. Assuming an average
dows transverse to the bore and Mylar and high-resistivityabsorption coefficient of 5000 ¢ over the spectral band-
silicon windows along the bore, thus allowing the introduc-width of the excitation pulse, the excited carrier density
tion of visible radiation and the extraction of THz radiation (electrons-holes) within a pair of wells was approximately
with low loss and dispersion. Mirrors placed within the bore1.2x 10*° cm~2. We found thatr was insensitive to carrier
allow experiments with magnetic-field parallelB  density in the range 8 10° cm 2 to 4x10'° cm™2 The ex-
=(0,B,,0), and perpendiculaB=(0,0B,), to the plane of periments in magnetic field were performed with the quan-
the quantum wells. In both configurations the alignment actum wells slightly detunedby 0.06 TH2 from resonance at
curacy wast2°. an electric field where the amplitude was a maximum but
Typical THz emission results revealing the oscillatory po-had a somewhat smaller zero magnetic field valuerof
larization associated with the lowest two conduction sub=1.75 ps. We believe that the variation of dephasing time
bands, and obtained with 804 nm wavelength, 10 nm bandwith bias may be due to sample inhomogeneities such as
width excitation are shown in Fig. 1. The traces in Fig&)1 well and barrier thickness fluctuations.
and Xc) show the difference in signateceiver currentbe- The variation in THz amplitude, frequency, and dephas-
tween zero electric field(flat band and a field of ing time deduced from fitting Eq1) to the data obtained in
~14 kV/cm, close to the resonant field of 13 kV/€émas a  the range 0—2 TFigs. 1b) and Xc)] are shown in Figs. 2—4.
function of delay for magnetic fields perpendicular and par-Above 2 T the shape of the signal changes and fitting to a
allel to the quantum well planes. The reason for the datsimple damped oscillator function becomes unrealistidfor
subtraction is that several largely bias-independent effects iwhilst for B, the signal is too weak to fit reliably, so that we
the substrate otherwise complicate the THz signal from thdnave only presented data at lower fields. The variation of
guantum wells, as shown by the zero magnetic field results iemission frequency with electric field was checked at several
Fig. 1(a). This figure shows traces at zero electric field, at thevalues of magnetic field to verify that the resonant electric
resonant electric field, and the difference signal. The flafield did not vary significantly with magnetic field.
band trace shows a single cycle-like transient near-zero delay First of all we discuss thB, case. Between O d? T the
together with a slow oscillation, both of which arise from the most significant findings are that the initial oscillation ampli-
photoexcitation of carriers in the high field region of thetude, |, in Eqg. (1), decreases by a factor of3 whilst 7
substrate near the interface with thé layer. The substrate remains approximately constant. Over the same field range

Delay (ps)
FIG. 1. Examples of THz emission spectra showiagthe data
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FIG. 4. Measured frequency of THz emissidnin Eq.(1)] as a
function of perpendiculafcircles and paralleltriangles magnetic
féeld. Continuous lines are guides to the eye, dashed lines are the-

ne . L ) |
oretical predictions for parallel fieltlipper curvg and perpendicu-
lar field (lower curve.

FIG. 2. Measured dephasing time of dipole oscillatibns Eq.
(2)] as a function of perpendiculdcircles and parallel(triangles
magnetic field. Continuous lines are guides to the eye, dashed li
is a theoretical prediction for parallel field as described in the text

:;eagsﬂfélr(;?a:gﬁ]éegf )t/hgeg ;i:?lieosr %}fl t?uizo;- c|_i|llza.1ttl)nr gggﬂg%ith increasingB, as the increase in exciton binding energy
Jeads to a reduction in the spatial extent of the exciton in all

ing time, it helps to realize that the important interactions ar ree dimensions. In a sinale particle model a reduction in
those which affect the transverse motion of the states in eac : gie p

well differently and are therefore a function of coordinatesamplltucje is additionally exp_ected when the cyclqtron en-
both parallel and perpendicular to the quantum well ppane_ergy becomes comparable with the spectral bandwidth of the

To first order this is not true of the interaction of free carriers!aser pulse and the generation of carriers able to participate

or excitons with a perpendicular field which has no effect on the coherent dynamics is reduced, but this only occurs at

the motion between wells in a collisionless approximation. Inflelds an order of magnitude higher than those in our Experi-
ents and can be neglected here. In order for magnetic con-

contrast, the interband exciton dephasing rate in quantu hement to be a significant effect the magnetic length
wells generally decreases with increasiBg for two rea- éﬁ/e B,)2 needs to be small compared with the exciton

sons. Firstly, the increased binding energy leads to a small . X .
diameter and therefore a smaller scattering cross se’(?tion,d'ameterWh'Ch requireB, >1.5 T. Calculation$' show that

and secondly the “exchange” interaction between electrorghe exciton bin_ding energy only incr_easesJe)‘LO% _between
and hole becomes a less important dephasing mechanism nd 2T, which tak_en together W'.th the opposing changes
the exciton spin degeneracy is removedhere is no evi- ' (€ interband and intraband matrix elements, suggests that
dence of a significant decrease in dephasing rate in our e}r_we initial amplitude should exhibit only a small variation of
periments, emphasizing the difference between intraband a der a few percent. We cannot presently account for the
interband scattering process&s. observed fg(_:tor of 3 changle |n'|n|t|al ampl]tuqe.

The amplitude of the THz oscillations depends principally. !n a collisionless approximation the_ oscillation frequency
on the product of matrix element&|3)(2|3)(1|z|2), where is independent oB, in a single particle model althgjg:,gh
1), [2) are the conduction band wave functiof) is the scattering processes can modify the oscillation freq_ cy
wave function of the heavy hole in the wide well, ani the and these may depend 81 but we have no way 1o estimate
coordinate perpendicular to the quantum well blalr?eTshe this effect. We can, however, estimate the effect of electron-
first two matrix elements determine the interband optical ex—hOIe corr_elauon_by calculatlng thée exciton diamagnetic shift,
citation efficiency and are expected to exhibit a small in-AE. » using variational techniquesvith
crease withB, reflecting the increase in exciton binding en-  9m2,.2
ergy with magnetic confinemetit. The third is the intraband AE, =e°Bi(rv)/8u, @

dipole moment which is expected to show a small decreas\(fvherer is the in-plane electron-hole separation ani the

reduced exciton mass. The shift of th&-hh1 exciton(i.e.,
the exciton formed fromn=1 electron and heavy hole
state$ is larger than that of2-hh1. This leads to a decrease
in THz emission frequency with increasing field which, as
shown in Fig. 4, agrees with the measurements reasonably
well.

In contrast to perpendicular magnetic field, a parallel field
decreases the dephasing time by a factor~& over the
range 0 to 2 T, whilst the initial amplitude changes by at

Receiver current (pA)

0 ! - : most 25%. The oscillation frequency increases by about 0.05
0 0.5 1 15 2 THz over the same range. In this field configuration the mag-
Field (T) netic and spatial quantization are coupled which gives rise to

FIG. 3. Initial amplitude of THz emission as measured by re-an additional dephasing mechanism. In a semiclassical pic-
ceiver currenfl, in Eq. (1)] as a function of perpendiculécircles  ture, B, deflects the motion of the electrons as they tunnel
and parallel(triangle3 magnetic field. Continuous lines are guides and drives the coupled states out of resonance so that coher-
to the eye, dashed line is a theoretical prediction for parallel field.ent phenomena are suppressed. This effect is also responsible
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for the quenching of the resistance resonance observed gualitative agreement with experiment. The results of the
coupled two-dimensional electron gas@sStarting from a  calculation, scaled to agree with experimentBat 0, are
three-level model of a single heavy-hole valence band andhown in Figs. 2 and 3.

two conduction bands, Vasko and Raichevave developed To understand the change in oscillation frequency Bith

a theory for the charge oscillations which neglects Coulomtwe have again used a perturbative approach, this time with a
interactions and scattering. Raich®vhas extended the cruder approximation for the exciton diamagnetic shift:
model, which is based on solving the equation of motion of

the conduction band density matrix in a momentum repre- AE,=e?BXr)\(z%)/8p. (6)

sentation, to incl_ude the' effects of a parallel magnetic' fieldyn addition to this shift there is an opposing contribution to
We have approximately included the zero field dephasing byhe change in oscillation frequency from the modified disper-
incorporating a phenomenological relaxation tim&,  sjon curves in parallel fielt The calculations, taking both

=1.75 ps. If the pump-pulse duration is considerably smallegtfects into account, are compared with experiment in Fig. 4,

than the oscillation periodwhich is fulfilled in our experi- \yhere reasonable qualitative agreement with experiment is
ments, the oscillating part of the electron polarization per- gptained.

pendicular to the layers?,(t), is given by In summary, we have investigated the effect of moderate
. 2 magnetic fields on the coherent charge dynamics of an asym-

P,(t)x >, f dt’ _> GZ(p,t’)e*“TOCOSwp(t—t’), metric double quantum well. The behavior is qualitatively

P Joe haop - different for the two cases of magnetic field applied parallel

) and perpendicular to the plane of the quantum wells. For
whereG, is the electron generation function, and parallel field the intraband dephasing rate deduced from the
time dependence of the emitted THz radiation increases with

howy= \/T2+(A—e3|spxlm)2. (4 increasing field, whilst the initial amplitude shows little

. . variation. This can be understood qualitatively in a semiclas-
The sum ovep in Eq. (3) takes into account the momentum gjca picture in which the electrons are deflected by the field
distribution of the electrons which are optically injected with 55 they tunnel, thus suppressing coherent oscillations. For
a range of transverse momenturyufi/m wherer is the  perpendicular field the intraband dephasing rate remains ap-
duration of the laser pulse. The term proportionalBioin  proximately constant but the initial oscillation amplitude is
Eq. (4) reflects the momentum chang®p,=eBs experi-  reduced. The decrease in amplitude appears too large to be
enced by an electron tunneling the distasceetween well  accounted for by magnetic confinement and is not presently

centers. The generation functi@y, is given by understood. The magnetic-field variation of the THz emis-
o sion frequency has also been measured and compared with

Gz:W(t)f dt'w(t+t')cosept’, (5) exci_ton models which very approximat_ely describe the be-

— havior. In both magnetic-field geometries the net effect of

moderate magnetic fields is a suppression of the coherent
charge oscillations in the conduction band. We have recently

bserved a similar suppression of hh-lh quantum beats in
wide quantum wells suggesting that this is a general phe-
nomenon. Hopefully this work will stimulate further theoret-
ical work on coherent intraband phenomena.

where e,= (pz+p7)/(2uh) andw(t) describes the enve-
lope of the optical excitation pulse. We have calculated th
behavior of the radiated electric fieE{t) = 9°P,/adt? for the
parameters of our sample and assuming a%éependence
for w(t). Significant suppression of the dipole oscillations
occurs when the energy shift Sp,/m is comparable withir
which requiresB,~1.5T. E(t) is found to have a similar This work was supported by EPSRC. We would like to
functional form to Eq(1) for B;<2 T and exhibits a dephas- thank GEC-Marconi Materials Technology Ltd. for the loan
ing time which decreases with increasiBg and an ampli- of equipment. One of u€).A.C) would like to acknowledge
tude only weakly dependent dy over the range 0—2 T, in partial support by Toshiba Cambridge Research Centre Ltd.
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