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Photothermal transitions of magnetoexcitons in GaARAl,Ga; _,As quantum wells
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By monitoring changes in excitonic photoluminesce(iek) that are induced by teraherfZHz) radiation,
we observe resonant THz absorption by magnetoexcitons in Ga/&=#Al,As quantum wells. Changes in the
PL spectrum are explored as a function of temperature and magnetic field, providing insight into the mecha-
nisms which allow THz absorption to modulate PL. The strongest PL-quenching occurs at the heavy hole
1s—2p™* resonance where heavy hole excitons are photothermally converted into light hole excitons.
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Undoped quantum wellQW's) have been studied exten- ~ The undoped sample consists of fifty 100-A-wide GaAs
sively using interband optical techniquéfer examples, see square QW’s between 150-A-wide AGa, /As barriers'?
Ref. 1). These experiments have revealed a rich structurdhe free-electron laser$EL) at the University of Califor-
which is dominated by correlated electron-hole pairs knowrnia, Santa Barbara, provide intense radiatiomp to
as excitons. Excitons in square QW form hydrogenlike stated MW/cn?) that can be continuously tuned from 4 to
with binding energy of approximately 10 methe energy of 160 cni* (0.5-20 meV and 0.12-4.8 ThzAs shown in
a terahertz photorand a Bohr radius on the order of 100 A. Fig. 1, visible radiation from an Ar laser is used to create
The internal dynamics of excitons can be explored by using!ectron-hole pairs in the undoped sample. Simultaneously,
visible or near-infrared photons to create excitons, and TH Hz radiation with the electric f|elq polar!zed in the plane of_
radiation (of order 80 cm®, 10 meV, 2.4 THx to manipu- t_he QW, and therefore not coupling to intersubband transi-
late them directly. At low THz intensities, one expects directt!ons, passes thr(_)ugh the Samp"?- lv_leasur_ements are per-
transitions between even- and odd-parity states of the excitofﬁerecj with a V|st)2|e laser 'excnatlon mtgnsny B approxi-
which are not observable with linear interband spectroscopyr.nately. 1?OIW32T01,° cr?gltlng ar;l _e>;(r:]|ton delré? I'tlyh of
Such transitions provide sensitive tests for the theory of ex?gspljﬁi);:g]?,f |ys capturg(rjn by q%r SVz)in-:dr;amitZ?Zlgtic.-fib:rs
citons, Wh'.Ch IS funda'menta'l n the physics of semlconduc-that surround a central fiber used for excitation. The PL is
tors. At higher THz intensities, one also can probe thedelivered to a monochromator and detected by an image-

dephasing a“?‘ energy relaxation, rates of exqifong intensified charge-coupled devi€lCCD) camera. The out-
~ Undoped direct gaftype ) QW's are especially interest- v of the Af laser is modulated acousto-optically to pro-
ing since they are so commonly used and provide a simple

model system for theoretical analysis. However, the short VIS Laser PL
lifetime of excitons in type | QW makes it difficult to
achieve the large population of cold excitons required for
conventional THz absorption studies. Experimental progress
has been made in QW’s using photoinduced absorption in
staggeredtype 1) QW's (Ref. 3 and time-resolved THz
spectroscopy in type | QW% Optically detected THz reso-
nance(ODTR) spectroscopy was used to probe direct exci-
tations of internal transitions of magnetoexcitons in type |
QW's>® More recent work has included the study of THz Radiation
charged® as well as neutrd?"* magnetoexcitons in type |

QW's. '2 20 pus —>| VIS Pulse

PL Probe
Sample

Though ODTR has proven to be a powerful and success- —- O S q—
ful technique, it remains an indirect measurement of THz |_| THz Pulse
absorption which still is not well understood. In this paper
we use a multichannel technique to capture the full photolu- PL Pulse

minescenceéPL) spectrum as a magnetic field sweeps exci-

ton energy levels through THz resonances. We find a combi- F|G. 1. A schematic of the experimental setup for MOTR mea-
nation of resonant and quasithermal excitations argurements. Photoluminescence is detected while the THz pulse
responsible for THz-induced changes in PL. In a particularlypasses through the sample. The THz radiation is polarized parallel
striking resonant process, THz radiation converts heavy-hole the plane of the QW. The timing of the laser pulses and PL is
excitons to(radiative light-hole excitons. shown in the lower half of the figure.
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PL Difference (arb. units)

FIG. 2. (Color PL spectra without THz irradiation subtracted from PL spectra with THz irradiation at 103 ama function oB. The
THz intensity is approximately 50 kW cni. The sample temperature is 10 K.

duce a 20us visible excitation pulse that coincides with the MOTR run is made with the THz radiation blocked to serve
5-us THz pulse at the sample. The repetition rate of theas a reference.
visible and THz radiation pulses is limited by the FEL rep-  Figure 2 shows the difference of the PL spectra with and
etition rate and is on the order of 1 Hz. The ICCD is gated inwithout THz irradiation plotted as a function & The THz
time to capture the entire PL spectrum while the THz radiafrequency is 103 cm® and the intensity is approximately
tion pulse illuminates the sample. Since the THz pulse i$0 kW/cn?. The sample temperature is 10 K. Stronger PL
much longer than any carrier relaxation time, the measurequenching is represented by more negative valseewn in
ment is in steady-state. The PL change during the THz pulsklue) of the PL difference. The false color image of this
is due to carrier excitation; no lattice heating is obsertfed. surface plot is projected on the bottom of the graph. There
The measurement involves monitoring the PL spectrum agre strong qualitative differences in the PL modulation at
a function of the magnetic fielB while fixed frequency THz  different magnetic fields. Since experiments begin frBm
radiation illuminates the sample. Unlike a single channel=0 T, it is convenient to label the excitonic states using a
measurements using a photo-multiplier tube, the ICCD alhydrogenic notatior{principal quantum number, orbital an-
lows the entire PL spectrum to be captured at each value afular momentum, z-projection of the orbital angular momen-
B. This powerful technique is referred to as multichanneltum). At B=0 T, the difference spectrum shows the quench-
optically detected THz resonancéMOTR). A separate ing of the heavy hole 4 (H1s) PL peak amplitudélabeled
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Ain Fig. 2), the enhancement of high energy tail of thels
PL (B), and the enhancement of the light hole (L 1s) PL
amplitude(C). These effects were previously observed and
studied in detait* As B increases, thél1s PL amplitude is
resonantly quenched at théls—H2p*(m,=+1) transi-
tionat 3.5 T O andD"), while theL1s PL reaches a maxi-
mum (E andE"). The THz-induced transitions froid1s to
L1s states is clearly seen. At 8 T, further resonant quenching
is observed(F) which is assigned to théel2p~(m,=—1)
—H2s transition. Note that above 3.5 T, quenching is re- ‘¢
duced and the dominant effect of THz radiation is to enhance™> 8000
and blueshift theH1s PL peak F). This can seen in the &
depth (height of the PL difference surface plot above and ¢ 7000
below 3.5 T and is also shown by the color difference be- 3
tween these two regions in the projected image plot. A ridge'@. 6000
that begins at 1.58 eV at 0 T and appears to follow the<
quadratic magnetic field dependence of tiés PL peak 7! 5000 - \\j,\ ~r 500
also is indicated G). This ridge is consistently higher than x HX bl
the H1s state by one THz photon energy throughout the T 4000 L L : L 400
magnetic field range. Note that this ridge appears to cross i 2 4 6 8 10
more strongly curved second ridge at polt, which is Magnetic Field (T)
Where tthls IS res.om.:mtly enhanced. Neither ridge is con- FIG. 3. Energies relative to thd1s state of higher energy ex-
sistent with mag”e,“c field dependenqe of PL from ifies. citonic states are schematically shown(a. Solid lines indicate
Also note that the line where the PL difference sheet crosseg,ergy levelge.q.,H2p*) that are accessible from th¢ls state
zero(yellow line in the projected image plois nearly inde-  yja radiative transitions. WheB= B1s—2p+, the THz photon energy
pendent of magnetic field and does not follow Bredepen-  matches theH1s—H2p" energy separation. Note that fd
dence ofH1s PL peak energy. >3.5 T, theH2p™ state is above th&1ls state. Inset in@) are

The information contained in Fig. 2 is more accessiblesimple representations of the thermal and photothermal carrier dis-
when cross sections through this surface plot are examine#ibutions induced by THz irradiation. THels andH1s PL ampli-
The resonant enhancement of thés PL peak at the ex- tudes are plotted as a function Bfunder THz illumination at 10 K
pense of théd 1s PL amplitude is shown in Fig.(B), where in (b). These data are obtaineq frgm gross-sectional slices that fol-
theH1s andL1s PL amplitudes are plotted agair3t Note low the L 1s andH1s PL energies in Fig. 2.
that this figure shows the PL amplitudes, not the normalize
PL ratios(i.e., PL with divided by PL without THz irradia-
tion, as shown in most ODTR specitravhich adds a base-

Img that depequ OB. The H}s—>H3p featurefat 21T We propose a qualitative explanation of THz-induced
splits Into two dips fH1s—H3p" andH1s—~H3p~) above nanqes in PL which involves three processds.Absorp-
2.5 T>*The L1s PL enhancement is asymmetric B)  {jon: THz radiation is absorbed via internal transitions of
with a fast decay above 3.5 T, and a more gradual decreaggcitons>615711or by Drude-like free carrier excitations of
below 3.5 T. TheH1s amplitude shows similar asymmetry jonjzed electrons and holé$(2) Quasithermalization: Each
and reflects the conventional ODTR reS&I?SFigUre 3&) Species of excitongor examp|e’H 1s, H2p+, or Lls), is
sketches the energy difference betweentties and higher  associated with a band of states with different center-of-mass
energy exciton stategbased on data published in Refl. 5 momenta. The power transferred into the electron-hole sys-
The diagrams in the inset of Fig.(é8 sketch the photo- tem indirectly heats each band of excitons to a temperature
thermal carrier distributions at different magnetic fields, andwarmer than that of the lattic€3) Luminescence: The lumi-
will be discussed in greater detall later in this paper. nescence under THz irradiation only reflects the population
Absorption of THz radiation can heat carriers, resulting inof states that can participate in radiative interband transi-
a quasithermal distribution with a temperature above that ofions. In bands with even parity §land %, for example,
the latticel* It is thus useful to compare changes in photolu-the radiative states are those with an in-plane momentum
minescence induced by THz radiation to those induced b¥X .y near zero. In bands with odd parity, such gs 2o
changing the temperature of the sample. Figure 4 plots thstates are radiative.
L1s to H1s PL amplitude ratio as a function of inverse lat-  We now discuss the experimental data as a function of
tice temperature, withou®) and with (b) a THz irradiation  increasing magnetic field with a fixed THz frequency of
of approximately 100 W cim?. These data form Arrhenius 103 cm X. The cas8=0 T has been studied extensively in
plots where straight lines indicate thermally activated popuRef. 14. In this nonresonant case, the mechanism for absorp-
lation of theL1s from H1s states. The slopes of these lines tion was shown to be a Drude-like heating of ionized elec-
determine the activation energigg, which are shown in the trons and holes. These hot electrons and holes heat luminesc-
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?egends of Fig. 4. Note the dramatic decrease in the activa-
tion energy when the sample is illuminated by THz radiation
at3.5T.
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100 F T T — the central cartoon in the inset of Fig(@a@ THz radiation
O 0.00T:E,=16.4 % 0.4meV promotes excitons fronH1s to H2p*. The darkH2p™
® 345T:E,=9.35+0.73 meV staté is only about 1 meV below the radthel; state
8.00T:E, = 10.5 £ 0.5 meV according to PL and ODTR data. Thermal fluctuations, asso-
ciated with the quasitemperature of tH@p™ excitons, are
sufficient to then populaté.1s exciton states to a much
greater degree than they could be populated via thermal ex-
citation directly fromH1s. According to photothermal ion-
ization experiments on shallow donors in GaAshe 2p*
state allows extremely efficient ionization. Reference 17
found that the probability of ionization from thepZstate is
much larger than expected from the energy separating this
state and the continuum; the ionization probability at 4.2 K is
essentially unity® L1s excitons decay, emitting the ob-
served luminescence. The photo-thermal hypothesis is sup-
ported by the observation that, in Figb} the ratio ofL1s
to H1s luminescence is nearly independent of temperature
for the case of THz onB=3.45 T. This demonstrates an
effective activation energy which is negligible. In contrast,
without THz irradiation, theL1s/H1s at 3.45 T increases
strongly with temperature, consistent with an activation en-
ergy on the order of 10 meV.
A second hypothesis is that the THz radiation heats the
entire exciton system efficiently on resonance, but that all
1 2 3 4 bands of excitons can still be described with a single tem-
-1 perature. We call this the thermal hypothesis. The thermal
100/Temperature (K") hypothesis could be consistent with the insensitivity of the
FIG. 4. Arrhenius plot of the.1s/H1s ratio without (@) and  L1s/H1s ratio to increasing temperature at resonance. How-
with (b) THz irradiation. The THz intensity is approximately €Ver, it predicts that, as was observed Bor 0 T, the pho-
100 kW cnt 2. The straight lines represent activated behavior withtoluminescence spectrum under THz illumination at low
an activation energy that is determined by the slope of the linefemperatures can be mapped onto the photoluminescence
Activation energies that are obtained from exponential fits arespectrum without THz excitation at some higher temperature.
shown in the legends. THels-H 1s energy spacing measured from This is not the case. At 3.45 T and at a lattice temperature of
PL is approximately 14 meV for aB. TheH2p*-L1s separationis 10 K with THz illumination of 110 kW/crh, the H1s PL
approximately 1 meV at 3.45 T. amplitude is the same as for a lattice temperature of 70 K
without THz illumination at 3.45 T. However, thels peak
ing excitons. The nonresonant photothermal distribution idor the cold sample illuminated with THz is over 40% larger
represented by the cartoon on the left side of the inset in Fighan for the unilluminated warm sample. Furthermore, the
4(a). Under THz illumination, the exciton systefimcluding  L1s PL amplitude increases linearly with THz intensity at
both H1s and L1s excitons could be reasonably well de- the H1s—H2p™ resonance, while the increase in the ab-
scribed by a single temperature larger than that of the latticesence of THz illumination is consistent with exponentially
This temperature could be measured by matching the Phctivated behavior as a function of temperature. This is con-
spectrum with THz irradiation at a low lattice temperature tosistent with the photothermal hypothesis, and inconsistent
the PL spectrum without THz radiation at an elevated latticewith the thermal hypothesis.
temperature. As either temperature or THz power increases, Above 3.45 T, the changes in photoluminescence induced
the magnitude ofH1s luminescence decreases, and theby THz irradiation are qualitatively different from those in-
L1s/H1s PL ratio increases. Either of these quantities couldduced at lower magnetic fields. At high magnetic fields in
be used to measure the temperature of the exciton systerfig. 3(a), the THz photon energy is smaller than the lowest
Both measures produce consistent restits. dominant exciton transitionH1s—H2p™). The high mag-
Between O T and about 3.5 T, the qualitative features ohetic field photothermal distribution is shown schematically
Figs. 2 and 3 are similar to thoseBt=0, with a quenching in the cartoon on the right side of the inset in Figa)3In
of the H1s luminescence and enhancementLdfs. In this  this regime, lower energy exciton transitiofs.g., H2p~
regime, there are many internal states which have energies H2s) can occur, and the hot carriers can impact with and
below that of the 103-cm* pump, and which can be excited heat cold excitons, which produces a PL quenching signal at
by it. 8 T in Fig. 2. The heating is not efficient and high THz, and
One of the most striking features of the data is the resovisible intensities are required to produce tHép~ —H2s
nant transfer of PL frontH1s to L1s which occurs near 3.45 feature. There are several reasons for this reduced efficiency.
T (E andE’ in Fig. 2; also see Fig.)30ur explanation is a First, at low temperature, most of the carriers are bound in
resonant photothermal mechanism, shown schematically ifis (ground stateexcitons, so the population in excited states

10" Mgy A

LX/HX PL Ratio

102

100

® 345T.E,=0.19£0.20 meV
O 460T.E,=7.82%+0.59 meV
A 800T:E,=13.0+£0.6meV

LX/HX PL Ratio

102

(b) ®,, = 103 cm™

205301-4



PHOTOTHERMAL TRANSITIONS OF MAGNETOEXCITOIS . . . PHYSICAL REVIEW B 66, 205301 (2002

(e.g., 2~ which has an energy that has a characteristic tem¢detuning frequenayis not fixed, but is swept continuously
perature of 80 K above theslstatg, especially at low THz from positive to negative values, and hence no single laser
and visible intensities, is significantly lower than the 1 induced energy shift is observed. This may in fact lead to a
population. Higher intensities increase the exciton temperasroadening of the absorption due to the transition energy
ture, and hence enhance the population pf Zxcitons that  shifting as the detuning energy is swept through zero. Fur-
can participate in th&d2p~ —H2s transition. Second, PL  thermore, since the THz radiation is both the pump and
amplitudes are not as sensitive to temperature changes gfobe, it is more difficult to isolate THz-induced shifts in the
higherB. Finally, most hot heavy hole excitoidX's) (with  axciton transition energy.

center of mass momentukton# 0) will eventually cool to MOTR has been used to study the THz dynamics of mag-
contribute to the main HX PL line within the radiative cone atpexcitons in GaAs QW's. Excitonic transitions have been
(Kcow=0). Since radiative recombination for the hot HX'S ;jenified and are in good agreement with theory. A simple
(Kcom#0) is suppressed due to momentum conservationy ajitative model can be used to understand the PL modula-
and since nonradiative recombination is weak, most of thg;, que to THz radiation. On the other hand, this work has
hotter HX's have nowhere to go but back to tieou=0  generated several new puzzles which still require explora-
state where they can efficiently recombine radiatively. Thejon The MOTR baseline and the higher energy ridge
closest escape for HX's is thels which is over 14 meV  poiaqG in Fig. 2) that follows theH1s peak are still not
(163 K) higher in energy aB=0 [see Fig. 8)]. This acti-  jearly understood. The higher energy ridg&s gndE’ in
vated behavior can be seen in Fig. 4, Where the actlvatlo,&ig_ 9) appear to indicate mixing of excitonic and photonic
energy to populate thels state is approximately 10 meV' giaieq. Significant energy shifts of over 3 meV are observed
without (@) and with(b) THz irradiation at 8 T. As a result, i, the H1s PL close toH2p~ —H2s, which may be related
heating may increase titéls lifetime as it journeys through 14 an ac Stark effect. The information gained from studying
Kcom space, but will not significantly change the quantumeycitons in QW will provide an important foundation for

efficiency of theH1s PL nor the steady-state ODTR signal. research of excitons in even lower dimensional systems such
This model does not explain the THz-induced enhancezg quantum wires and dots.

ment and blueshift of thel1s PL amplitude. One expects an
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