Plasmons in a superlattice in a parabolic quantum well
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Well-defined plasma oscillations are observed in a superlattice miniband even though the Fermi
energy lies in the minigap. Despite the complex band structure, the resonance shows a remarkable
insensitivity to changes in the number of electrons in the parabolic well in which the superlattice is
placed, a feature of the generalized Kohn theorem that is expected only in the limit that the Fermi
energy is near the bottom of the lowest miniband.1@95 American Institute of Physics.

Infrared filters, emitters, and modulators, that are basedptical absorption of a PQW, two samples were studied:
on electron intersubband transitions in parabolic quantunPB31, a 2000 A wide PQW with the Al mole fraction
wells (PQWS have a fixed resonance frequer(dgtermined X, graded quadratically from O at the center to 0.2 at the
by the curvature of the empty parabpiahich is insensitive edgegFig. 1(a)] sandwiched between AkGa, ,As barriers,
to doping variations and bias conditions. In contrast to theand PB32, identical to PB31 in every respect, with the addi-
usual case of square quantum wells, this is a consequence ##n to the PQW of a square SL of period 200 A, barrier
the generalized Kohn theorelm® Along with the curvature, Width 40 A and Al mole fraction barrier heighkx, =0.1
another way to control the built-in resonance frequency is tdFig. 1(b)]. The distribution of the 3D electron density
make the electrons heavier by the insertion of a superlatticBo(2) in the wells were extracted from capacitance—voltage
(SL) within the well. We report in this letter that this control (C—V) measurements between a front gate and the ohmi-
can be experimentally achieved while still maintaining thecally contacted three-dimensional electron gas 3BEGig.
simple resonance spectrum of the parabolic well. 1). As expectedno(2) is seen tg be ag)prommately constant

A numerical analysis of optical absorption in such a well &t the curvature value-2.6x 10 cm™* for the PQW[Fig.
by Brey et al® shows a critical parameter to be the position

0.4

of the Fermi energ¥eg with respect to the lowest miniband 5 I()I AL B B
a

calculated for the Skassumed infinite WhenEg is near the
bottom of the miniband the generalized Kohn theorem holds
with a renormalized electron mass* =mg, , the miniband
edge mass. AEr moves up the miniband and into the mini-
gap, nonparabolicity effects become importamt} in-
creases, the main resonance frequency drops dramatically,
strong satellite peaks appear, and the resonance is expected
to depend on the number of electrong)(in the well. The
theorem is violated.

However, an experiment which changesin one such
well does not caus&g to move across the minibanB is
nearly pinned by the average three-dimensi¢B8l) density
determined by the curvature of the parabola. As more elec-
trons are added to the welEx doesnot move up Rather,
more miniband states drop below it. This is because the extra
electrons are added to the edges of the starting distribution
occupying more SL periodsWe anticipate that, for a given
well, if the curvature-determinell were to lie near the top
of the miniband or in the minigap, an-dependent complex 0
absorption spectrum, a signature of the theorem’s violation, 2300 2760 3220 A3680 4140 4600
would be observed. =@

To allow a direct observation of the effect of a SL on the

FIG. 1. (@) Three-dimensional electron density distribution in a parabolic

well (Al mole fraction profile also showrat T=4.2 K from C—V measure-

dpresent address: Jet Propulsion Laboratory, NASA, MS 302-231, 480@nents.(b) Three-dimensional electron distribution in parabolic well with
Oak Grove Dr, Pasadena, CA 91109. Electronic mail: 200 A period superlattice superimposédl mole fraction profile shown
msundaram@jpl.nasa.gov showing density modulation produced by superlattice.
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FIG. 2. (a) Cyclotron resonances at Faraday and Voigt geometries for elecFIG. 3. (a) Cyclotron resonance in Faraday geometry for electrons in para-
trons in parabolic well aB=4 T, showing the plasma frequency shift be- bolic well with superlattice aB=4 T. No absorption is observed in Voigt
tween the two. The splitting in the CR peak for the Faraday geometry is dugeometry in any field up to 8.6 Tb) CR peak positions vs magnetic field.
to the slight coupling between the CR and the plasma resonance due to the

sample wedgegb) CR peak positions vs magnetic field. Lines are calculated

curves. The additional peaks arouBe-4 T are due to the coupling between tion is observed in the Faraday geomefRig. 3a)]. The
the CR and the plasma resonance. in-plane mass of the electrons extracted from the resonance
is m* ~0.0691n, [Fig. 3(b)], slightly higher than the in-
1(a)]. It is measured to be strongly modulated for the paraplane electron mass in the parabolic well. However, no ab-
bolic well with superimposed S[Fig. 1(b)], the modulation  sorption is observed in the Voigt geometry at any magnetic
period being equal to the SL period of 200 A, and #wer-  field. An in-plane field would launch the electrons in cyclo-
agedensity being close to the curvature value of the undertron orbits in a plane where an electron has to tunnel through
lying parabola. the superlattice to complete its orbit. The diameter of
Cyclotron resonancéCR) measurements on the elec- the tightest orbit(B,,=8 T) in our experiment is R;
trons in the PQW aT=4.2 K in the Faraday geomettynag- = 2(f/eB)*/2~181 A, implying that we never reach a field
netic fieldB parallel toz) reveal resonances whose positionshigh enough to confine the cyclotron orbit entirely inside the
obey the relationw=w.=eB/m*, with m*=0.0682n,, 160 A wide well of the SL. Hence, we do not observe any
wherem, is the free-electron maggig. 2). A small splitting  completely bound orbits. Nor do we observe any barrier-
of the resonance aroung~56.4 cm ™! is due to the cou- pinned orbits, in contrast to similar experiments on
pling of the CR with the plasma or intersubband resonancenodulation-doped square superlatti¢&s? The Voigt geom-
of the electrons in the well due to the sma#2°) sample etry CR would occur at a frequency determined by the geo-
wedge?® In the Voigt geometrymagnetic fieldB perpendicu- metric mean of the in-plane mass and the SL miniband mass.
lar to z), a plasma shifted cyclotron resonan@SCR is  The latter mass is determined to bd times the formefsee
observed that obeys the relatioﬁ=w§+ w§ (Fig. 2 where below). At 8 T this gives a Voigt geometry CR at 53.6
wo~56.4 cm . This compares well with the calculated har- cm™ 1. Correction by the plasma frequency of 21 ch(see
monic oscillator(HO) frequency of~ 50 cm ! for the bare  below) yields an observable plasma shifted cyclotron reso-
parabola, which by construction is equal to the plasma frenance at 57.6 cm' at 8 T. Its absence suggests that the
quencyw,= (e?ny/em*)*/2 of a 3DEG with uniform density PSCR has perhaps been broadened out by a distribution of
ne, Wheren, corresponds to the curvature of the paraliola. orbits from those pinned at the centers of the barriers to those
For the PQW with superimposed SL, a sharp CR absorppinned at the centers of the wetlfs:*?
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sis of the square superlattidg@ssumed infinite The SL
miniband width is calculated to be-4.7 meV. The Fermi
energy is calculated to be4.8 meV above the lowest mini-
band state as determined by the curvature of the parabola. A
self-consistent Poisson—Schinger calculation at the maxi-
mum electron densitps~5x 10 cm™2 in the well, pins

Er at ~3.9 meV above the lowest occupied state. These two
estimates plac&g either in the first minigap or near the top
of the lowest miniband. Yet, a single resonance is observed,
with its frequency nearly independent of, i.e., the gener-
alized Kohn theorem is not violated even in this extreme
limit. It is possible that the conclusions drawn by Beyal ®
depend on the particular well design parameters used in their
calculations. A calculation of the optical absorption for our
wells as a function ohg, using the techniques outlined by
them, may yield the experimental results we observe.

In conclusion, the addition of a superlattice produces a
FIG. 4. Relative transmittances through the two wells in a slab geometr),arge l:edShIft in the _COIIe_CtIYe pla§ma resonance of the elec-
experiment at various gate biases show resonant absorption at th@leare  trons in a PQW. This shift is entirely accounted for by the
frequency for the parabolic welPB31) and resonant absorption at the HO increased electron mass due to the SL. The frequency is
frequency redshifted by the superlattice fqr the pe_lrabolic well with super-neaﬂy constant down to the last few electrons as the number
lattice (PB32. Both resonances are approximately independent of the num- . . . ..
ber of electrongi.e., the gate bigsin the wells. The noise at either end of of electrons is swept with a gate bias. This is a consequence
the spectral range is due to the reduced transmission of thenb@eam-  Of the pinning of the Fermi energy by the parabolic potential.
splitter at these ends. Though the Fermi energy is near the top of the miniband, the
generalized Kohn theorem surprisingly continues to hold. It

To directly excite these plasma resonances requires tHg remarkable that we cannot observe a well defined Voigt

electric field of the incident radiation to have a componentgeommry resonance, but that we see a well-defined plasma

polarized parallel to the growth direction. Hence, the unpo_resonance.
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