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We report the observation of  low frequency collective excitations of  the two-dimensional electron 
system in a GaAs/GaA1As heterojunction in a magnetic field. The excitations are present for temper- 
atures less than 2 K and fields corresponding to filling factors between v = 1/2 and v = 7. Their disper- 
sion relation is linear in the wave vector k, and shows no evidence of a gap. These modes vanish 
between the Hall plateaus and elsewhere their propagation velocity follows a H -  i l n (~H)  field de- 
pendence. The features of  these modes are consistent with a propagating perimeter wave in a quan- 
tum 2D Coulomb system, 

1. In~oduction 

The discovery of the quantum Hall effect [ 1 ] has generated much interest in the 
excitation spectrum of the 2D electron system in a magnetic field. The nature of 
the spectrum depends on the region of phase diagram explored. 

In the classical regime [2 ], kBT>> hO~c, h2n/m *, the collective excitation are by 
now fairly well understood. Here o;~c=eH/m*c is the cyc]otr<}n frequency, H is the 
magnetic field and n, m* are the electronic surface density ar, d effective mass re- 
spectively. Thus, in the weakly correlated (liquid) phase, the spectrum consists of 
a single, mostly longitudinal, cycloplasmon branch [3] which has a gap of wc at 
k=0: 

= , ( 1 )  
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where oJt= (2~neZl¢rn *) takU2 is the unscreened plasmon frequency, and E is the 
dielectric constant of  the medium. When the correlations are strong and the system 
crystallizes, the appearance of shear elasticity [4] gives rise to an additional, mostly 
transverse, excitation branch: 

CO_ ,~03103t[O)cock 3t2, O)c>>031,  c o t ,  (2) 

where oJ t = # (  nU2e21Em *) t/2k, is the frequency of  the shear mode in the absence of 
a magnetic field, and [ 5 ] fl = 0.245. For  fixed k, co_ decreases with magnetic field 
and vanishes for k = 0 .  This lower excitation branch, which indicates elastic re- 
sponse to shear, is considered to be the signature of  the 2D electron crystal. 

In the dense quantum regime which concerns us here, knT<< ti2n/m*< e2n 1/2/~, 
the electrons form a quantum liquid which exhibits the quantum Hall effect in 
magnetic fields until the Landau length, /¢= (hc/eH)ta, becomes about 5 times 
smaller than the interelectronic distance. Beyond this field, corresponding to fill- 
ing factors v = 2Tt nl2~ < 1/7, and for temperatures kB T<< e2n t/2/~ o n e  expects [ 6 ] 
the formation of  the Wigner crystal. This has not yet been observed directly but 
approximate theoretical calculations [ 7 ] predict that its excitation spectrum would 
consist of the same two branches, co + and co_, that are present in the classical 
crystal. At intermediate and low fields where the quantum Hall effect is observed, 
~, > 1/7, theoretical treatments of the problem [ 8-10 ] predict a gap in the spectrum 
at k = 0  of order ~e2/lc for 1/7< v< 1, while for v> 1 the gap is of order ~o)c. 

In a finite sample, in the presence of  a perpendicular magnetic field, a collective 
boundary excitation is expected to appear, which propagates around the perimeter 
within a str:.p of  width Is= (oMo)c)k-~. Here l~ is the magnetic screening length, 
and the wave vector k is determined by the length of the perimeter.The perimeter 
waves have recently been obse~'ed in a classical 2D-electron system [ 11,12 ]. They 
are the dynamic manifestation of the Hall effect as can be seen from the dispersion 
relation 

4~r~,k r ~__..t~ ] (3) 
¢_.0-" "- I n  , ¢O<<O9 c .  

e L~p j  

Here a.,~,, is the Hall conductivity, 0% = (2rc ne2/em *) ~;2 (k tgh kd) ,2 is the screened 
plasmon frequency, and d is the electrostatic .~;;~ ~,zai,,ag length. The details of the 
screening are accounted for in the logarithmic term. For the quantum system it is 
useful [ i3] io rewrite eq. (3) in terms of  the filling factor v: 

4e2 
,(4) 

Our experiments revealed low frequency excitations in the quantum regime over a 
wide range of frequencies and temperatures, consistent with perimeter waves [ 14]. 
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2. Experiment 

We designed an experiment capable of  detecting both longitudinal and trans- 
verse modes of  the 2D electron system for filling factors v>_ 1/10 and for low fre- 
quencies to << toc. 

Our samples were GaAS/GaAIAs heterojunctions of  effective mass 0.07me, apd 
dielectric constant ~ = 12 and of dimensions 0.8 × 0.6 × 0.05 cm 3. We measured two 
samples of densities 7 .8× 10 ~° and 4 ×  10 ~t cm -2 and mobilities 1.5× l0 s and 
0 .9×  105 cm 2 V-~ s- f  respectively. The front of  the sample, located 1000 A from 
the electron layer, was placed flat on top of  a 50 f l  meander transmission line, 
which is part of  a broadband (10-1500 MHz) swept spectrometer. The coupling 
between the transmission line and the electrons allows probing of the electronic 
properties without contacts. This technique simplifies sample preparation, and en- 
ables the investigation of  low density samples for which Ohmic contacts with the 
electron layer cannot be made reliably. As explained in ref. [4], in presence of  a 
magnetic field the meander  line can excite both longitudinal and transverse modes, 
by means of the field it creates in the electron layer, derivable from the potential 

V= Vo ~'. e-~'ae "k~~-~'t~ , 
s 

where Vo is the effective potential on the transmission line and d is its distance 
from the electron layer. The wave vectors of  these excitations are imposed by the 
half  period of the meander 2 = 16/1= k ~ l, and thus can assume a series of  discrete 
values k~=toa/c+SkL, s=0 ,  1, 2, ..., where a =  100 is the aspect ratio o l ive  mean- 
ders, and toa/c << kL. In order to improve our signal we used phase sensitive detec- 
tion locked on a low frequency ( < 1 kHz) modulation of  the electronic density 
upon applying a potential between an electrode located on the back of the sample 
and the transmission line. Although there were no contacts on this sample, we 
nevertheless could determine the density in situ from a direct RF absorption mea- 
surements at a fixed frequency of ~ 8 MHz, located far below all resonances of  the 
system, which gave a direct measurement of  the magnetoresistance pxx(H). 

To ensure good thermal contact and temperature control down to the lowest 
temperatures, the ~ample and the transmission line together with a thermometer 
and a heater, were mounted in the dilute phase inside the mixing chamber of our 
dilution refrigerator. Our refrigerator could attain temperatures of ~ 80 mK in 
fields up to 24 T. 

3. Results 

We measured the RF power absorbed by the electrons in the frequency range 
10-1000 MHz for a sequence of magnetic field values between 0-24 T. In the range 
of filling factors v> 1/2 we found a series of  up to seven sharp resonances ( Q.~ 20) 
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Fig. 1. Absorbed power versus frequency for filling factors ranging between 0.5 and 2. 

which appear in an aproximately harmonic frequency sequence fig. 1. Their  fun- 
damental frequency coo, shows a plateau structure at integral filling factors v falling 
offtowards zero and decreasing in intensity on each side. For magnetic field values 
when the Fermi energy is close ~o half  integer filling factor v, the resonances could 
be made to decrease in frequency and vanish by heating the sample. The tempera- 
ture increase that produced this effect varied from ,,-20 mK for very small devia- 
tions away from half-integer v, to ,,- 2 K near integer v. 

As illustrated in fig. 2, the mode frequencies on the plateaus have the field and 
wave vector dependence consistent with that of perimeter waves: 

e)v =Bkv I n ( a / v ) ,  (5) 

w h e r e / / = 9  MHz and a = 3 4  and 90 for the samples of aensities 7.8X 10 ~° and 
4 X 10 ~' cm -2 respectively, also in accord with "~'"~,,~ den~i~y~., denendence~ of perime- 
ter waves. 

To remove ~ m b i m d * v  ~hm,, ,  th,~ , ' l ~ m ~ i n  ,".¢',,,,o.r,~ .,.~,.,.," ; . . . .  1.,.,4 r ~ - - n  ! 3 : )  

we inserted a 12 pm Kapton sheet between the meander line and the sample so that 
it is subjected only to the low wave vector ( s=0 )  induction field; all the resonances 
disappeared. Either the modes are excited by the s>  1 ( k >  4000 cm -~ ) field or, if 
they are of low wave vector they must have vanishing amplitude at the position of 
the line which covers an area of 2 × O. 5 mm 2 in the center of the 8 × 6 mm 2 sample. 
But conceivably the modes were excited by the tow wave vector fringe fields on the 
edge of the 2D electron gas, via its capacitive coupling to tbe !ine, We t.berefore 
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Fig. 2. Frequency of fundamental ( • )  and first harmonic ( o )  versus ~, In(ix/z,). The frequencies of  
the fundamental and four harmor, ics as a function of  wave vector are plotted in the insert. 

replaced the meander by a straight strip line some 250 #m wide which ran from 
edge to edge of the sample; those resonances we describe here returned, so we must 
conclude that they are of  low wave vector and of  vanishing amplitude in 2D bulk. 
Suspicion lies heavily on perimeter waves. To exclude all uncertainty we reduced 
the perimeter by 30% by cutting the sample in two. The resonance frequencies 
increased. 

We plotted eq. (4) as a hashed line in fig. 2 by using n = 7 . 8 ×  101° cm -2, k=2 .2  
cm-  ' which correspond to the density and circumference of  our sample, e = 6 the 
average dielectric constant, and d =  10/zm, an adjustable screening length. The 
agreement is quite good. We conclude that the excitations described here are in- 
deed perimeter waves in the quantum electron gas. These modes are localized within 
a narrow strip of  several microns (or less) on the perimeter of  the sample, and are 
a direct probe of the current carrying extended states in the quantum Hall system. 
The decrease in frequency and broadening as well as the temperature dependence 
observed for half-integer u are consequences of the increase in dissipation near 
half-filled Landau l e ve k  
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