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Resonant Terahertz Optical Sideband Generation from Confined Magnetoexcitons
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We have probed the internal structure and nonlinear response of magnetoexcitons jfAlGaAs
guantum wells by resonantly driving one- and two-photon internal transitions with intense terahertz
electric fields. Strong near-band-gap emission lines, or optical sidebands, appear at frequencies
wNR T 2nwth,, Wherewnr is the interband exciton-creation frequenayy, is the frequency of the
driving field, andn is an integer. The intensity of the sidebands exhibits pronounced enhancement when
wTH, coincides with transitions between magnetically tuned energy levels in the excitons, providing new
and accurate information on the internal dynamics of excitons. [S0031-9007(97)03865-9]

PACS numbers: 78.20.Jq, 78.20.Ls, 78.66.—w

The dynamics of effective-mass particles and theimonlinear optical process involving one NIR photon and
complexes in an intense electric field strongly modifies thewo THz photons, and is explained well in a theoretical
optical properties of a semiconductor in the vicinity of themodel which treats both the NIR and THz fields as
absorption edge. In the well-known Franz-Keldysh effectperturbations. The intensity of the sidebands exhibited
a strong dc electric field induces absorption below theronounced resonances as a function of applied magnetic
edge [1] and oscillatory behavior of the absorption abovdield. We attribute the resonances to virtual internal
the edge [2]. These electro-optical (EO) effects are welkxcitonic transitions. The results provide information on
understood in many bulk and low-dimensional semiconthe internal structure and dynamics of confined excitons
ductor systems [3]. Terahertz (THz) electric fields couplen unprecedented detail.
strongly with various elementary and collective intraband The sample consisted of 25 periods of undoped
excitations in semiconductors, and we expect driven inGaAyAl ; :Gag;As (10 nny15 nm) multiple QW's on
traband excitations to significantly alter interband optical30 periods of GaASAl 3dGag3:AS (4 nmy40 nm) etch-
properties. Theoretical studies [4—6] have predicted fasstop layers grown on a semiinsulating GaAs substrate.
cinating new phenomena for the emission, absorption, and/e selectively etched off the substrate, and measured
reflection properties of THz-driven semiconductors. Mostthe transmission spectrum with weak white light from a
notable is the ac Franz-Keldysh effect [4,6], which is pre-quartz-tungsten halogen lamp in order to determine the
dicted to be distinctly different from the dc versions. unperturbed energy levels at different magnetic fields.

Recently, a new type of two-color optical method for For sideband generation, we employed a two-laser-
investigating THz resonances in semiconductors employseam setup, similar to what is usually used in ODTR
ing THz radiation and near infrared (NIR) or visible radi- spectroscopy [7—-9], in a transmission geometry. Near-
ation has been developed [7—9]. When the THz radiatiotband-gap NIR radiation from a tunable cw Ti:sapphire
induces arintraband transition, the intensity afiterband laser passed through the sample, creating correlated
photoluminescence (PL) changes resonantly. This highlglectron-hole pairs, or excitons. The strong THz electric
sensitive THz EO technique, optically detected THzfields required for this experiment were provided by the
resonance (ODTR) spectroscopy, has detected not onlyCSB Free-Electron Lasers, which are tunable between
free-carrier cyclotron resonance (CR) but also a variety ot and 160 cm! (or 0.15 and 5 THz) and can attain
THz resonances such as internal transitions of neutral argeak powers of~20 kW. The strong THz radiation
negatively charged donors [7] and excitons [8,9] in quanpassed through the sample collinearly with the NIR beam.
tum wells (QW'’s). The transmitted NIR radiation, consisting of the NIR

In this Letter we report a very clear and dramatic THzfundamental, sidebands, and PL, was collected and sent to
EO effect. Incorporation of intense and coherent THza monochromator—CCD camera combination via optical
radiation in the above two-color scheme has resulted ifiber. Magnetic fields up to 12 T were applied in the
a complete modification of the emission properties ofgrowth direction, parallel to both laser beams.
undoped GaASAIGaAs QW’'s. We observed very strong  Figures 1(a) and 1(b) show typical sideband spectra
NIR emission lines, orsidebands[10], at frequencies at B = 10T. The frequency of the THz radiation
wNIR T 2noTH,, Whereonr (wTh,) i the frequency of was 115 cm! for both figures. In Fig. 1(a) NIR
the NIR (THz) beam and is an integer. The generation radiation resonantly creates thes heavy-hole (HH)
of the two-photon sideband is shown to be a third-ordeexcitons at 12745 cim. A strikingly narrow (width
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_ Ao ration of the NIR power dependence. Thus at low NIR
— e 11,50"' . B - 1.°T S — power the+2w sideband emission can be described by
(a) a third-order nonlinear optical process involving one NIR
4+ . photon and two THz photons. The same conclusion can
20 sideband be drawn for the-2w sideband from power dependence
: studies, but we have not been able to perform system-
! atic studies on thet4w sideband because of its small
—_ 2F 5 20, . intensity.
= | ¥ The sideband emission is strongly dependent on the po-
© larization of the THz beam. We continuously changed
= 0l /\ x 400 the degree of circular polarization of the THz beam while
D N monitoring the intensity of thet2w sideband atB =
B 12500 12600 12700 12800 10T for wyr = 12531 cm™" and wrp, = 115 cm™".
c L L (I'a)' The NIR laser beam was linearly polarized. The side-
L . band intensity was strongest when the THz radiation was
‘E 4r 20 S|.deband ] linearly polarized (parallel to the NIR polarization), de-
- H creased with increasing degree of circular polarization,
+20,,,. +40 sideband and became weakest-0% of the strongest) when the
ol S : i THz radiation was circularly polarized. This strongly sug-
: geststhat in order to produce thet2w sideband there
+4Q,,,. i must be both right£* or electron-CR-active) and left
J (o0~ or electron-CR-inactive) circularly polarized THz
0 x 400 X 4000 radiation
e In Fig. 2 the +2w sideband intensity is plotted B
12600 12800 13000 for o, = 115 cm™! with wnir = w1, at all magnetic
1 . . .
Energy (Cm ) fields, wherew;, is the creation frequency forslHH
FIG. 1. Typical sideband generation spectra Bt= 10 T. — T T T
oy, = 115 cm™! for both figures. (a) Down conversion: (c)
wNiR = w2, = 12745 cm™! and wgideband = @NIR — 20TH, = sk o= i
12515cm™t. (b)Up conversion: wnig = w1, = 12515¢cm™ !, NIR -~ T1s
Wgideband = WNIR + 201H, = 12745 cm™!,  and  wnig + o, = 115 cm” l

4wy, = 12975 cm L.

<2 cm™') emission line, the—2w sideband, is seen
at exactly 12515 cm! [=12745 — (2 X 115) cm™!]
only in the presence of THz radiation. In Fig. 1(b) the
up-converted sidebands, the2w and +4w sidebands,
are seen above the NIR fundamental which resonantly
excites the & HH excitons at 12531 cm. The typical
intensities of the—2w, +2w, and +4w sidebands are
0.05%, 0.15%, and 0.0015%, respectively, of the incident
intensity of the fundamental, which was, in this case,
about 100 mWcm?. The +4w sideband was observed
only at the highest THz intensity~10 kW/cn?).

We studied the dependence of the intensity of the
+2w sideband on the powers of the incident NIR and

+2» Sideband Intensity (a.u.)

THz beams atB = 10 T for wnr = 12531 cm™! and s 4 8 8 10 12

wTH, = 115 cm™ !, THz power was varied from 100 W . :

to 1 kW, and NIR power from 0 to 1 W. We focused both Magnetic Field (T)

laser beams on the same spot on the sample tanm.  FIG. 2. The magnetic field dependence of th€w side-
The intensity of the+2w sideband increasequadrati- ~ band intensity for wry, = 115cm™' and wnir = wi, at

all magnetic fields. The data demonstratenlinear opti-

cally with increasing THz power for a constant NIR
For a constant THz power and low NIR owerca”y detected THz resonances. Pronounced resonances occur
POWET. P P when (@)wth, = wip+ — Wi, (b) 201y, = Wi, — wi,, and

(<50 mW) the sideband intensity increaskdearly with () w1y, = wy,— — wy,. Note that the two-photon resonance
NIR power. At higher NIR powers we observed satu-(b) is forbidden in linear ODTR.
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excitons. The data demonstrate nomehlinearoptically The 2w sideband generation can be de-
detected THz resonances. There are three distinct reseeribed in (tgrms of a third-order nonlinear sus-
nances at 4.5, 9.5, and 11.5 T, labeled as (a), (b), and (geptibility x;, defined by P;(wnir * 207H,) =

. — 3 p
respectively. These resonances occur whenw(@, S Xi(lel E;(* orn,)Ex(* o1, E/(wnir).  Here P(w)

wp+ — @15, (D) 20mH, = wps — w15, AN Qi = oy E(w) are the Fourier components of the polarization

wy,— — wig, In the low-field 2D hydrogenic notation. - o .
The resonance positions are in excellent agreement with) @nd the photon electric field=(r), respectively.
P(t) =2, Plw)e ', etc] It is important to realize

those expected from linear ODTR experiments [8,9] an ; . S
theory [11] on magnetoexcitons in 10-nm-wide GaAsthat while the process resonates with certain intraband

QW's. Note that the two-photon resonance (b) is forbid-and interband excitations, no excitations of the material
den in linear ODTR. system are created. Thus the sideband generation is a

We also studied in detail how the intensity of th@w parametric process [12], i.e., the initial and final states of

sidebands vary withoxir at a constant magnetic field. the material are identical. Af = 0, this is the vacuum

We found that the sideband intensity is resonantly ensState with no electron-hole pairs (the valence band is full

hanced whenever eitherg Of oxr * 2w7TH, IS r€so- and the con_du_ctiorj band i; empty). Let us assume that
nant with an interband exciton-creation frequency suctihe NIR radiation induces interband transitions (exciton
as w;; and ;. The strongest-2w sideband was ob- creation) and the THz radiation intraband transitions

served when we satisfied the double-resonance condieXciton internal transitions). Then, in the case of the
tion, wnir = @i, andwnir + 2wTtH, = @o,. Similarly,  +2 sideband, the standard perturpation theory [13] with
the strongest-2w sideband was obtained wheny;g —  the exciton-photon interactiorp - E (p is the exciton
2wTtH, = w1 aNdwNiR = wa;. These resonance condi- polarization operator) leads to the following expression
tions are well explained within our perturbation theory,for y®:

which will be discussed next. |

3 _ —Nyen 5 ©lpily)<ylpi|B){Blpkla){alp:|0)

Xijkl = : : ;
Y 3 (oNiR + 2071H, — @y — i) (wNiR + @TH, — @ — i) (0NR — @ + iT)

aBy

+ (nonresonant terms 1)

(The expression for the-2w sideband is obtained b)} (@) oniR = W15, ONIR T @TH, = W2+, (D) wNiR =
simply replacingwru, by —wrh,.) Here Ny is the  wi;, wonir + 20TH, = @25, and (C)wNirR = w1y,

well layer density;«, 8, and y run over the exciton wnir + wrh, = w2,—-. In (b) [(c)] the detuning
states;w, = (E, — Ey)/h where E,(Ey) is the energy of the remaining unsatisfied conditioA = (wonir +

of the exciton statda) (vacuum statel0)); and I' is  wrn,) — @2y [(0NiR + 20TH,) — w2,] iS also small

a phenomenological damping factor. Numerical eval{less than10 cm™'), consistent with the observed large
uation of Eq. (1) gives very larga® ~ 107° (1073)  peaks (see Fig. 2). On the other hand, the large detuning
esu for off (on) resonance fdr ~ 1 meV. If we treat

the exciton in the spherical approximation, its state

can be specified by using the 2D hydrogenic notation

(1s, 2s, 2p*, 3s,3p*, etc.). Then symmetry requires (@) (b) (c)

thata andy in Eq. (1) bes states ang3 be ap state.

Equation (1) indicates thaty® is resonantly en- : 125> - I2$>-—--;—--—:—-———
hanced when (Alwnir = w,s, (B) onirR + @TH, = l;:;; """ ; ek AL 12— S
@ppm(m = *1), or (C) wxir + 20TH, = @ur5. These 6+“0‘)THz 12p->=== 0. A -
resonance conditions agree with the experimental obser- Ns>—p——--| I1s> Me>—p—"--
vations and can be well visualized by using the diagrams
shown in Figs. 3(a)-3(c). Here the dashed lines are ONR
the intermediatevirtual levels [14] that exist only when o> o> L Y

the material system is interacting with the laser fields,

whereas the solid lines areal magnetoexcitonic levels FIG. 3. Diagrammatic representation of the resonant pro-

such adls), |2s), and|2p=). If one of the real levels is cesses responsible for the observed three resonances in Fig. 2.

| incident with f the virtual | I tThe dashed lines represent virtual levels, whereas the solid lines
nearly coincident with one or the virtual levels, resonan represent real magnetoexcitonic levels. Resonances occur when

enhancement of® occurs. In all the three cases (a)—(c), real levels coincide with virtual levels. The shaded area repre-
two of the above three conditions (A)—(C) are satisfied:sents the magnitude of the detuniag
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