Edge magnetoplasmons in single two-dimensional electron disks
at microwave frequencies: Determination of the lateral depletion length
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We present a new method to determine the lateral depletion léh@h) at the boundary of a
two-dimensional electron syste@DES. This approach exploits the fact that in high magnetic
fields certain plasma excitations of the confined 2&®R)e-magnetoplasmons, ENIRse sensitive

to details of the density profile near the edge. Comparing the measured magnetic-field dispersion of
EMPs in a circular mesa with existing classical theories, the LDL is found to be between 0.3 and 0.6
um for an electron density of 3010 cm 2 © 1995 American Institute of Physics.

The modification of the band structure at surfaces oiGaAs/ALGa,_,As heterostructure containing a 2DES
interfaces constitutes a major issue in the physics of seminjth density ng=3.0x10** cm2? and dc mobility u
conductor devices. While the physics of two-dimensional=gx10° cn?V s at temperaturd=4.2 K. The structure,
(2D) surfaces of 3D bulk semiconductors is well establishedgrown by molecular beam epitaxy on a Semi-insu]a’[ing GaAs
much less is known about its lower dimensional analog, i.e.gypstrate, consists of a GaAs buffer layer, a 200-A-thick
the 1D edge of the laterally confined 2D electron systemp| Ga  As spacer layer, a 400 A Si-doped /Sl _,As
(2DES present in a modulation-doped semiconductor hetjayer, and a 200 A GaAs cap layer. Two circular disks with
erostructure or quantum well. Qualitatively, the situation isyizmeterd=200 and 40um were defined by optical lithog-

similar in both cases; the occupation of surface states leads Fﬁphy. Outside the disk pattern, the heterointerface was re-
a region of carrier depletion near the surface. Quantitativelymoved by chemically etching tc; a depth of about 2000 A.

however, the lateral or edge depletion lengtibL) differs  gjyar microstriplines with a thickness of 0m were sub-

from the 3D case because of the particular screening prOpegequently evaporated on opposite sides of each disk. Their
ties in lower dimensions. In devices whose operation relie

Width (2 | inan
on the presence of the edge of a 2DFhe LDL plays a idth (200 um) was adjusted so as to obtain an impedance

AP . . .of 50 () for the given substrate thickness of 2zfn. Near
role of similar importance as the ordinary depletion length in . -
. ; . S the 40 um disk, the striplines were also tapered down to a
a conventional 3D device. Information on the LDL is like-

T . width of 40 um. The spacing between the ends of the strip-
wise |mpqrtant in the context of 1I.DES and ODES' Such SySTines and thg mesa edzes V\?as chosetf2sclose enough sop
:ﬁgnssti V\Qtlz)crihc;(r; (E)urrstrcl: trlfi/ﬁa ftébje;te;:lsggia; lsr:trigji’e;r?hat the rf power seen by the disk remains comparable with
gate Zlectrode at thi surfa‘bgo y the direct crosstalk between striplines, but still far enough to
Choi et al® have first obtained the LDL from magnetore- leave the plasma oscillations undisturbed, to a good approxi-

sistance measurements in wire arrays, exploiting the theotﬁ]at'og'b-rhe S"’VT‘F’('f 'S molulnteg mV\? LHe c(;yt:]sta; and con-
of weak localization. Our experimental determination of the gcte , hy semlﬂg|h cor?x:a efa S'f N re;:]or. the tralnsms-
LDL relies on a completely different scheme. Employing rf sion either with the help of a rf synthesizer employing

transmission spectroscopy, we measure the magnetoplasigmodyne detectioff<8 GH2), or by means of a network
excitations in a finite size 2DES of circular geometry and@nalyzer(f>8 GH2. In the measurements where the mag-

compare the magnetic field dependence of the resonance petic field is swept while the frequency is held fixed, this

sitions with a classical theory that takes into account the€tup allows a range from below 1 GHz up+d0 GHz to
electron density profile at the edge of the 2DES. In a magP® covered. In frequency sweeps at fixgdve are able to
netic field B, the spectrum of plasma resonances in a 20PPserve the disk resonances up~t@2 GHz.
electron disk™® decomposes into cyclotron-resonance-like ~ Figure 1 displays the rf transmission Bt-4.2 K as a
modes whose frequency increases vBfrasymptotically ap-  function of the perpendicularly applied magnetic field and
proaching w.=eB/m* and the so-called edge magneto-the frequency. For each disk we observe two modes, having
plasmongEMPS, which decrease in frequency with increas- Poth negative magnetic-field dispersi@fig. 2). They con-
ing B. At large magnetic field, the EMP oscillations are Stitute the EMP mode®; —; andw; - if the spectrum of
localized at the edge of the 2DES, so that consequently than electron diskw, ., is classified by the radial and azi-
local electron density distribution in the vicinity of the edge muthal mode indices andm, n=1,2,..., m=0,1,... . The 200
influences the EMP frequendy. From recent wum disk also exhibits the beginning of the cyclotron-
calculation$*? is it known how the LDL explicitly enters resonance-like mode; ,; with a positive magnetic-field
the density profile. The LDL can thus be extracted from ourdispersion.
experiment. We analyze the measured resonance positions within the
Sample preparation starts from a modulation-dopedramework of the classical theory of EMPs as worked out by

Appl. Phys. Lett. 66 (17), 24 April 1995 0003-6951/95/66(17)/2271/3/$6.00 © 1995 American Institute of Physics 2271



' J ' j ' 70— T T T T T T
“““"‘THG‘SGHZ —— 200pm-disk . P & Data 200um-disk
M - <= 40pum-disk : B O Data 40um-disk
o fits 200pum-disk 1
' h=0.35ym (0.6pm)
— — ~he0
o — ---— ellipsoidal profile ]
R m=-2 mode,
h=0.41tm (0.65um)
fits 40um-disk
--------- h=0.25um (0.451m)

a DR m=-2 mode,
30 8., . h=0.25um (0.4pm) 7]

Amplitude (dB)
T
g,
D .
!
3
"‘6"6"5‘3 A
~o-o"é @

) ~—

I O =T==3

0 0.5 1 1.5 2 2.5 3
Magnetic Field (T)

Frequency (GHz)
=
oo
O

2 T T T T T

1.51 E

=0)

T®)/T(B

03¢ 55
B=68T 43 J_goT

10 T T T T T
0 ! ! ! ! f .
0 2 4 6 8 10 12 i ®  200um-disk, |
Frequency (GHz) fundamental mode
6l h=0.35um (0.6um) |
FIG. 1. (a) Transmitted microwave amplitude at fixed frequeiays mag- -e-=e-- h=0.2um (0.3um)
netic field for single electron disks. The solidotted lines display the - — e h=0.7um (1.2um)
signal for the case that the coaxial leads are connected to the striplines § — — —heo
leading to the 20Q:m (40 um) disk; the other disk is excited by crosstalk. o 6
The inset schematically shows the sample setbipNormalized transmis- -
sion amplitude vs frequency at fixed magnetic fields for the 260disk. §
3 4
Volkov and Mikhailov!® For a steplike density profile they s
obtain the resonance frequendiesal part of Eq(41) of Ref.
10 with the wave-vectoq discretized by the disk perimeter 2
P,q=2mm/P=2m/d,m=1]
1
mo d 0 ,
I Xy In +1 ’ (1) 0 1 2 3 . .4 5 6 7
' geod | mll] Magnetic field (T)
where the modulus of the quantity FIG. 2. (a) Positions of the observed magnetoplasma resonances for two
disk diameters together with magnetic-field dispersions calculated from Egs.
. (1) and (3) using the lateral depletion lengthas fit parameter. The two
I Uxx(w) different values oh are obtained for model Amodel B, respectively. Also
== 7 2) ; ; L . .
2eeqw shown are dispersions for an abrupt and for an ellipsoidal density pr(ile.

Enlarged view of the low-frequency part of the fundamental EMP mode for
. e . . . . the 200 um disk together with fits using different values lof The inset
can be identified with the width of the strip to which the shows calculated density profiles for both models.

charges and fields connected with the EMP are localized.

Realistic density profiles, however, exhibit a continuous tran-

sition of the electron density from zero to the bulk value. C=—y+ foc dgdf(&) Ini (4)
Such profiles have been calculated by Chklovekial. [Ref. —w o dE [E]”

11, Eq.(10); in the following referred to as “model A’ and

Gelfandet al. [Ref. 12, Eq.(7); “model B”) and are of the where y=0.577... is Euler's constant. Thus, fiif<h, the
form n(x) =nsf(x/h), wheref is a function that rises from EMP frequency is given in terms of edge profile parameters,
0 to 1 essentially in an intervak|/h~1 at the edge ani  in particular the LDL.

is the lateral depletion length. A generally decreases with We now compare the experimental resonance positions
increasing magnetic field, one eventually reaches the regimef the two disks with the theoretical dispersif#gs. (1) and
l|<h where, instead of Eq1), the EMP dispersion is given (3)] for both models of the density profiftand determinéa

by [Ref. 10, Eq.(71)] from a best fit to the datéFig. 2). The form factor is calcu-
lated asC=In 4—vy=0.809 for model A andC=2—y=1.423

for model B. With the Drude expression for the conductivity
tensor o using the carrier density and dc mobility of the
sample and the effective maga*=0.067m, and with
The “form factor” C, a dimensionless constant of the ordere=(1/2)(egaast1)=6.8, we thus find for the LDL

of 1, depends on the specific form of the density profile  h=0.35 um (model A or h=0.6 um (model B. These val-

m d
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ues are obtained from the fit of the fundamental EMP of thadispersion and linewidth were found to oscillate with the
200 um disk. The fit to then=—2 mode yields comparable magnetic field, have either been performed at lower
results. The 4Qum disk yields slightly lower values, which frequencie¥* such thatwr<1, or with samples having lower
may be due to the necessary thermal cycle between the tWiensities!® In these cases, the lengjih can assume values
series of measurements. In Ref. 6 it was pointed out thagyger and smaller thah depending on whether the filling
different cooling rates from room temperature to Cryogenici or is noninteger or integéor fractional at low tempera-

temperatures are believed to be the main cause for fluctuqﬂres For our choice of experimental parameters, on the
tions in the LDL. The theoretical dispersion displayed in F'g'other hand|l| is always smaller than the lateral depletion

2 Is obtained by sitably interpolating between E(d3.and length (for the magnetic fields in questipso that a detailed

(3) in the regime|l|~h (for our sample parametet§=0.5 2 .
um atB=1.7 T). We emphasize, however, that the determi-k,nOWIG(_jge ofo,, is in fact not needed for the analysis of the
dispersionw(B).

nation ofh relies on the fit at higtB, i.e., for |l|<h, where o .
Eq. (3) holds. Note that for low magnetic fields the above ~ Apart from the determination of the LDL, our experi-
analysis is no longer valid if| becomes comparable with the Ment opens the route to the millimeter wave spectroscopy
disk diametem. of single mesoscopic electron systems approaching the
To assess the sensitivity of the above procedure, wguantum-dot size. In contrast to arrays of dots, required in
show in Fig. Zb) curves for different values of the LDL. conventional transmission setups in order to obtain sufficient
From such fits we estimate the accuracy of the determinatiosignal strength, resonances in single dots can be studied
of h—for a given model—to be of the order of 20%. Figure without effects of inhomogeneous broadening or interdot
2(a) displays in addition the dispersion obtained numericallyinteraction'® The necessary shift of the frequency range of
for a rectangular profilé,i.e., h=0 [whose highB side thus  the present setup to the millimeter regime can be achieved by
comZC|S<255 with Eq.(1)] and the dispersiono=(wc/4  ysing waveguide instead of coaxial leads. The problem of
+wg) 2~ wc/2, valid for an ellipsoidal density profile. increasing crosstalk between the sender and detector stripline

Thhese allpproxifmations, ‘I’Vhiclh Qav_e eafrlier bﬁen employed i the dot at higher frequencies could be diminished by scal-
the analysis of EMPs, clearly deviate from the experlmentalng down the stripline geometry and working with a triplate

data at highB. (screenejlstripline. Other promising approaches to the prob-

The differences in the functional forfie/h) of the den- lem of the spectroscopy of single dots may involve the use of
sity profile arise from specific assumptions of the extension P Py 9 y

of the edge surface charge. In model A the edge of the opg§2vities, (_jlaphragms, or plangr aptennas.
is supposed to originate from a negatively biased gate, so & Wish to thank S. A. Mikhailov for helpful comments
that the external charge seen by the 2DES is distributed ové@nd acknowledge financial support by the Deutsche For-
the gate, whereas model B assumes a line charge at the sigghungsgemeinschaft.
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