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Light scattering by Landau levels driven by intense terahertz radiation
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An analytic theory of near-infrare@NIR) light scattering sideband generatigpiby an undoped quantum well
subjected to intense terahertz radiation and a quantizing magnetic field is presented. The response of Landau-
quantized carriergcreated by the NIR lightto the terahertz field is singular at cyclotron resonance due to the
characteristic energy structure of the Landau levels. These singularities, absent in the conventional optical
Stark effect of atoms, manifest themselves as disappearance of sidebands at resonance or in the limit of strong
terahertz intensity.

Discrete electronic systems, e.g., atoms, usually have a Let us consider an undoped GaAs multiple quantum-well
distribution of energy-level spacings. In discussing the interstructure aff=0 (growth axis|z) in a quantizing magnetic
action of such systems with intense monochromatic radiatiofield B=(0,0B) irradiated simultaneously by THz and NIR
(optical Stark effedt it is permissible to single out a few radiation, both polarized linearly in the well plagiig. 1).
pairs of levels that are close to resonance and neglect atthe barrier layers are sufficiently thick that the wave func-
others. The interaction merely renormalizes the level enerjons of different wells do not overlap with each other. The
gies and other dynamic quantitiés.g., velocity by a finite g5 mpje is taken to be rectangular with side lendthsand
amount and no singularity arises even at resonarieis L,. We adopt a simple two-band parabolic approximation,
simplified dressed-atonpicture fails for Landau-quantized 5yinq into account the lowest conduction subband and the
electrons in a parabolic band. There being an infinite n“mbel’iighest valence subband, with in-plane effective mass
of equally spaced levels, it is necessary to treat the Whole->0 and —m. <0 resp'ectively Electron-electron and

v ’ .

ladder of levels on an equal footing. In this paper, we will gjoctron_hole interactions are neglected altogethie lat-
first show that, in the absence of level broadening, the dyfer approximation is valid ifeB/ucs uet/2«2, where u
namic response of Landau leveéld’s) to an ac electric field —(m- 1+ m- Y ~is the reduced massthe Iight, velocity in
divergesat resonance due to their characteristic energy Struc&acuﬁm « ?he static dielectric consta,nt and we put 1
ture. We then argue that this singularity drastically alters thq:Or GaA'\s this condition is satisfied Ef»,l T] '
scattering of light(weak probe beajnby ac-driven LL'’s. ' ;

This is substantiated by a numerical calculation that takem(f‘izl:]rglsngrﬁzaér:ri Tzl:réizek:r:z rll\IC)IthS%eSIt;Ofr(])? ?ﬁetomrgxé?]f
into account LL broadening. 9 g ’

. . . . o . . the two bands can be treated separately. Writing the THz
In discussing light scattering, we specifically investigate L . .
the setup use% ?n the recer?t expeFr)iment b);/ Konoganglecmq field as Ery,Sinet,0,0) and choos_lng the vector
co-workeré~® who examined the scattering of weak near- potential asA=(0Bx,0), the envelope functiong® for the
infrared (NIR), near-band-gap, radiatiofirequencyQ) in conduction bandCB) electrons, with charge-e<0, driven

GaAs quantum wells subjected to a strong magnetic field anBy the THZ.f'eld ff“.‘ b% obtamed by solymg_thﬁtg effective-
driven by intense terahert@Hz) radiation (frequency w) mass equatioli ;)"=igy~/ot with the Hamiltonia
generated by a free-electron laséin GaAs, the electron
cyclotron frequency is in the terahertz range for magnetic B
fields >2 T.) Aside from usual photoluminescence, sharp
emission lines, or sidebands, were observef at2nw (n
==+1,+2). We formulate an analytic theory for these side-
bands taking into account the THz field nonperturbatively Q (NIR)
while treating the NIR field in the first order. A remarkable hithdda
finding is the disappearance of the sidebands for sufficiently Q20,Qrd0,.. o (TH2)
large THz intensity or very close to a cyclotron resonance - U —
(CR), which is a consequence of the aforementioned
singularity’

So far, experiments have shown no evidence of such sin-
gularity 2~ and they can be described adequately by a per-
turbation theory that assumes the weakness of both THz and \\ l /
NIR fields®® Since the novel phenomena predicted are non- G
perturbative effects, their observation would require a THz FIG. 1. Schematic of the light-scattering setup studied. The
source of strongefbut not unrealistically strongntensity or  magnetic field and the wave vectors of the light bedME&R and
a sample of higher quality. THz) are all perpendicular to the well plane.

aAs

0163-1829/2000/623)/156104)/$15.00 PRB 61 15610 ©2000 The American Physical Society



PRB 61
1 @ 9* 2ieBx 9 eB?
H= - X
2me\  gx% gy? c dy c?
+eErpy X sin(wt). (1)
Now, we set y°(xy,t)=L, "exd—ieBXyc

+ieErp, X cost)/ w]¢(x—Xt) whereX=—cp, /eB with p
=(px.Py.P,) denoting the electron momentum(x,t) can
be shown to satisfy the Schidimger equation for a driven

harmonic oscillator. The stationary solutions of this equatio

read*
¢C(X:t):XE(X_ '}’c)eXF< - iEﬁt—i_ imC:}/C(X_ Ye)

+iftLC(s)ds). 2

Here x{(x) is thenth harmonic oscillator eigenfunction with

energyE;=wq(n+1/2) (n=0,1,2...), wg.=eB/mc is
the CB cyclotron frequency,y.(t)=eEqy, Sin(wt)/my(e»?
—wgc) is a classical trajectory, Lc(t)sz'yCZIZ
—Mewa, y212— eEqy,ye Sin(wt) is the Lagrangian fory(t),
and 'yczdycldt. Combining all these, we get

1 e, -
llfﬁx(x,yat)z\/TyXﬁ(X—X—%)e Ept=iXyl7%+iGe - (3)
with
Gc(t) =gc1 COg wt) +gcp SiN(2wt), (4a)
— 1 e%E2
Eﬁ:(”+§) woﬁ%, (4b)
Amy(w*— wpe)

wheren=0,1,2 ..., /=+/c/Beis the magnetic length, and

Jc12 are functions ofw, B, E1y,, X, andX.

If Evy,=0, it is well known that the eigenfunctions bf
can be designated by the quantum numingiisandau index
and X (cyclotron center coordinaté? Equations(3) and (4)

show that even wheky,# 0, the stationary solutions can

be designated by the same parameteasid X. The electron
undergoes a cyclotron motion with frequenay, around the

movingcenter whose coordinate isY(t)EXﬂL vc(t). Note
that X(t)=X at t=(27/w)n (n=0,£1,=2,...). In the

classical limit, the cyclotron center revolves along an elliptic

orbit with frequencyw and radiio Eqy,/| 0% — 03,|.
It is seen from Eqs(3) and (4) that ¢ (x,y,t) has tem-
poral Fourier component&;+nw (n=0,12...),i.e., the
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denote the VB counterparts ¢€,(x,t), e, c(t), andES
by %y (X,1), wg,, ¥,(t), andEL, respectively-?

Now, let us introduce the NIR field, which couples the CB
and VB, in the lowest order. This requires the use of the full
wave functions, including the Bloch parts, instead of the en-
velope functions. Tildes will be used to denote the full wave
functions, i.e. Sy (xt) is the product of4S,(xt) and the CB
Bloch function at the Brillouin zone center. Starting

from yy(x,t) at t=t, (long past, and turning on the

'NIR field Eyr slowly with the interaction Hyr(t)

=—ieEyr(t) - p/mpyQ2 (my is the bare electron mgsshe
wave function at>t, to first order inHy, g, can be written

asPly+ Sy With

lim

tg——o

~ ~ t ~
Stx(D)=—1 2 Yy (D) Jd5<¢ﬁrxr(8)
n’x’ to

X |Hyir(S)|#x())es, (5

wheree (e>0 is a small numberwas inserted to ensure
slow switching of the NIR field. To discuss NIR light emis-
sion, we need the interband current

) 2eN ~ ~ ~ ~
(0= = 7= 25 (0 + 8P OIPlIR0) + 8x(1),
(6a)

2eN ~ ~
=== 2, (U plSdnx(t) +c.c, (6b)
0 nX

whereN is the number of wells per unit thickness and the
factor 2 accounts for spin. Singeis parallel toEy,g and
isotropic in the layer plane, it suffices to sdiyg

= (EnirSINQt,0,0) and calculatg¢=j, .

In deriving Eqs(5) and(6), we assumed that the electrons
and holes created by the NIR field are described bysthe
tionary wave functionsySy(t) and ¥, (t), respectively.
This condition, together with the slow switching of the NIR
field, limits our theory to stationary scattering, precluding
any transient effects that might arise from the sudden appli-
cation of the THz field.

To evaluate Eq(6b) using Eq.(5), we need the matrix

elements ofp, betweenyC,,, and iy

0!

(tnxl px|‘~ﬂrvw><r>=5xx'Pei(E”_E"’)t|:2_m D(l,n,n")e et
7

LL's split into THz side levels. Furthermore, the THz field Where P is the bulk interband matrix element of

shifts these levels uniformly bye?EZ2,,./4m.(w?— wge)?.

momentum? the prime over the summation denotes that

Namely, the level energies diverge at CR while the levelfUns over everiodd integers if i—n') is even(odd), and

separation is kept unchanged at the unperturbed vajde

D(l,n,n") is an analytic function ofv, B andE,. Com-

Other dynamic quantities, e.g., velocity, diverge as well.PiNing Eqs.(5)—(7), we obtain

This behavior is totally different from the usual dynamic
Stark effect, where these quantities are dressed without any . 1

singularity.

As for thevalence bandVB), the solutions are obtained

by simply replacingn. by —m, in Egs.(3) and(4). Let us

©

_ = i A= i(Q+2n)t
=5~ 2 i :

®

with
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FIG. 2. |xn=»| vsB calculated for(a) E+y,= 1 and(b) 20 kV/cm
with broadening paramete®=e=0.1 meV. At eachEyy,, Q is
tuned to the(),,, resonance, while is kept constant at 15 meV.
Similar results calculated for larger broadenifig e=1 meV are
presented in (3 and (B). In (a) and (d), the results obtained by
settinge *=1 are plotted by dashed lines. Throughout the paper,
the following parameters are used for numerical calculations:
m./my=0.067, m,/my=0.11, N=4x10° cm !, and P=1.29 E1hz (KV/cm)
x107° gcm/s.

I%Xn! (cgs)

FIG. 3. Calculatedy,| vs Eqy, for various sidebands at
5 y e e =15 meV.(a) and(b) correspond t@>=e=0.1 and 1 meV, respec-
. Ne’EyrBP tively. At eachEqy,, Q is tuned to the,, resonance.
= MBT S S S :

ZCI’T‘I(Z)Q I=0 1 =g r=-—
=wqg) and hole w=wy,) CR's, respectively. The occur-
y D(r+2n,l",1)D*(r,1",1) (g rence of CR peaks is consistent with our perturbation
Elc_Elv,+ Ec—Q—(r+2n)o—ie calculation®® A feature of our nonperturbative approach is
the emergence of sharp downward cusps at the centers of the
whereEg is the bulk band gap. Note that only even-orderCR peaks. This phenomenon arises from the faetot in
sidebandsQ)=2nw appear and thaj, is resonantly en- Eq. (10). (This is understood by comparing the solid line
hanced wherf) =), ,qEEic_E;’,+qw+ Eg, whereqis an  With the dashed line, which is obtained by replaceig* by
even(odd integer ifi—i’ is even(odd. (.4 can be ex- um;y. l\_lote the absence of any cusp in the latt€he explq—
perimentally obtained from interband absorption spectra. hation is as follows: The recombination of an electron with a

In real systems, we expect the divergence at[@Rseen, Nole is possible only when they share the safri&q. (7)].

e.g., in Eq.(4b)] to be suppressed by level broadening. ToHence the dls_tance between theomponents of their cyclo-
take account of finite LL widths in the relaxation time ap- on centers is|[X+ yo(t) ] =[X+ v, () 1[=|rc(t) = %, (1)],
proximation, we replaceyi(t) (i=c,v) by a(classical tra-  Which increases resonantly as— wq. Or wo, . (For §=0, it
jectory of adampedharmonic oscillator: éEqy,,/m.)sin(et diverges in this limit) This resonant electron-hole separation
+¢)/[(w2—w§c)2+ 5207] where¢=arctarﬁ6w/(w2—wgc)]. In- (.REHS causes the exponential .deda)O) qf the rle.comblna—
serting this into Eq(2) and proceeding as before, we obtain f[lon probability and hence of sideband |nt'enS|t|es. B\g1,
modified expressions for Eqs(4): G(t)=g., cost) increases, the cusps broaden_and evolve into gaps, suppress-

. = ing completely the CR peaK§ig. 2(b)].
+9c223'2(2“’t)+gc3 203(22"0 ) andz , Egzz(n“Ll/Z)ch In Fig. 2a), there is also a smaller peak at 10.9 T corre-
+ (8B /4me) (0 — wp) [[(07— wpe) “+ 6°w?]. Although  sponding tow= (wge+ wo,)/2. This peak, together with the
the final expression fob(l,n,n") is complicated, we note, one at 5.4 T, results from the denominator of E9). It is,
for later convenience, that at CR and for small therefore, unaffected by REHS and exhibits no cusp. As

2 s noted earlier, the denominator of E®) gives a number of
D(l.n n’)~exp< — BT/ ) e A resonances, of which only the one aio(+ wg,)/2 is domi-
b 452 ' nant at smallEqy,. As Eqy, increasegFig. 2(b)], more
terms under the summation in E®) start to contribute with
We evaluate Eq(9) using these generalized expressions.comparable weight, generating fine structures.
Sincej,<Eyr, We definey, by j,=—iwx,Enr and give Figure 2(a) presents the result fdy,= 1 kV/cm cal-
our numerical results in terms gf, .*° culated for larger level widtt= e=1 meV with (solid line)

The solid lines in Figs. @) and 2b) present tha depen-  and without(dashed ling the REHS factore™*. The two
dence of| x,,—,| calculated with level width=€e=0.1 meV lines are quite similar, indicating that REHS is almost negli-
for (8 Ery,=1 and(b) 20 keV. Q is tuned to the();,q  gible compared to the smaller broadening ciSig. 2(a)].
resonance and is kept constant at 15 meV. In the weak- (The sharp drop near the center of the electron CR peak is
field case(a), there are two main resonances located &ar not due to REHS®) This is consistent with Eq(10): level
=8.7 T and 14.4 T, which correspond to electrom ( broadening weakens REHS. To observe REHS-induced ef-

(10
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fects at this broadening, we need larger THz intensity. Figurédroadeningé=e=1 meV. The larger threshold intensity
2(b'), obtained for Ery,=20 keV, shows clear REHS- (=12 keV) is consistent with what was stated above. Imme-
induced gaps near CRThe gaps are, of course, narrower diately to the left of the threshold is a large peak whose
than in Fig. 2b).] shape is nearly independentmfThis peak results from LL
Figure 3a) plots theEyy, dependence ofy,| (n==2,  proadening and is higher for largét The oscillations are
+4) calculated foB=8 T, @=15 meV, (1= (at each  tj|| clearly visible (insed in the low-field regime. They
Etiz), and 6=e=0.1 meV. Note that is chosen close 0 eyentually disappear asincreases further.
woc=13.8 meV. Itis seen thai,|, which initially rises as In conclusion, we have theoretically discussed NIR side-
(Etnz)", in agreement with the perturbation thedysoon g generation in an undoped semiconductor quantum well
saturates and starts to oscillate. EventuallyEer,>3 keV, subject to intense THz radiation in quantizing magnetic
all the | x| decay_eAxp_onentiaIIy to zero. This decay is alsOfig|g \When the THz frequency is close to a CR, it drives the
due to the factpe : 1€, RE.HS' It can .be shown that the recombining electron and hole, created by the NIR light,
threshold THz intensity at whick decays is roughly propor- 54y from each other and reduces their recombination prob-
tional to \/(w— woc) *+ 6%wg, (near electron CR Thus, the  apjjity. This resonant electron-hole separation causes the
sidebands persist up to highBf, if the detuning oré is  sjdeband intensity to oscillate as a functionEg,, and de-
large. This THz-induced REHS also explains the oscillationcay exponentially to zero d@;,— . The CR peaks exhibit
of x at intermediateEry,. The recombining electron and 3 sharp downward cusp at their centers, which broaden as
hole, revolving along different trajectories, sense THz fieldse .o Although the predicted effects are weakened by
of different phases. This allows THz photons to be absorbegbye| proadening, they should still be observable in, e.g.,
or emitted during recombination. Therefore, it is no coinci- Gaas quantum wells if the level width- 1 meV.
dence that Fig. @) resembles the current-voltage character-
istics of photon-assisted tunneling in multiple quantum The author would like to thank J. Kono, T. Ando, H.
wellst’ Sakaki, M. S. Sherwin, and S. J. Allen, Jr. for illuminating
Figure 3b) presents similar results calculated for largerdiscussions.
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