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Symmetry breaking of the admittance of a classical two-dimensional electron system
in a magnetic field
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The symmetry properties under magnetic-field reversal are reported for the elements of the admittance
matrix of a set of probes that couple capacitively to a nondegenerate two-dimensional electron system, which
in itself is not connected to an electron reservoir. Strong asymmetries are observed in multiterminal measure-
ment configurationgthree probes or moyewhereas two-terminal measurements are symmetric. The asymme-
tries are explained in terms of classical edge magnetoplasmons and satisfy the generalized Onsager-Casimir
symmetry requirement$S0163-182@06)50320-§

Measurement techniques involving one or more capacihigh magnetic field$? In many respects, the SSE system is
tively coupled probes have been extensively used to investfar more simple than the 2DES’s in semiconductors. Because
gate the properties of two-dimensional electron systemshe system is nondegenerate, quantum edge states are absent.
(2DES'S. They have been used for studies of the energyn this paper, we report the magnetic-field symmetry rela-
level structure of the 2DES-hosting semiconductortions for theadmittanceof the capacitively coupled SSE sys-
structures, for the electronic density of stat¢BOS) deter-  tem. It is shown that these are qualitatively very similar to
mination of a 2DES in a magnetic fietd,and for convenient those for the pure capacitances of the degenerate sfstem.
contactless - measurements of the 2DE@nagnetd  por the present case, however, they can be directly under-
conductivity” In spite of this, an incomplete basic under- g1 in terms of the classical phenomenon of edge magne-

standing of capacitance techniques still leads to amb'gu't'eﬁ)plasmons{EMP’s). This is a direct result of the Hall effect

in the interpretation of experimental data in terms of DOS or, is believed .
- ) i ; . to be the low-fl I I | f
conductivity effectd:®> A new interpretation, implying that and is believed to be the low-frequency classical analog o

X : ; . ; the quantum edge state, although the direct relation is not
the capacitance is determined simply geometrically by th%lear Because of the absence of any direct electrical contact
conducting part of the area of the 2DES, was proposed ) Y '

recently® In the modern concept of edge statdbe conduct- the present 2DES will be described by a canonical ensembl_e,
ing area of a 2DES varies from the total area to a series oS OPPosed to the degenerate systems where the chemical

small strips near the edges, depending on whether the FerfRptential usually is fixed by_direct electrical contac_ts., forcing
level in the bulk is near the center or in between LandaPn€ o use a grand-canonical ensemble. In addition to the
levels’ standard geometries with the contacts at the efipese also
Another issue of fundamental importance concerns théhe Corbino geometry has been investigated where edges are
symmetry properties of the capacitance tensor of a 2DES in BOt Important.
magnetic field® In a multilead(number of leads>2) mea- The system under study consists of an assembly of
surement configuration an almost complegymmetrywas  conductors, which all capacitively couple to the electrically
observed in the capacitances between a gate and a dc contfleating 2DES'® An oscillating potentiab applied to termi-
under magnetic-field reversal. In order to explain the physinal k will cause an oscillating curren to flow through
cal origin of this asymmetry a model was presented based oierminall (k,I=1,... N). Analogous to Ref. 10, an admit-
current flow along edge statB$lo interpretation in classical tance matrix is defined a&,=1,/vy. Yy is a complex quan-
terms was given, but it was clearly stated in Ref. 8 that thdity and its phase may have any value due to phase shifts
asymmetry should be caused by a classical effect, as it wagused by series resistance effects in the 2DES. This is a
observed at temperatures above 100 K. The observatiorgore general situation than in Ref. 8, where only pure ca-
were consistent with the fundamental Onsager-Casimir synpacitancegphase shiftr/2) were considered. Only in the
metry requirement$as were worked out for capacitances in low-frequency limit does the admittance become purely ca-
Ref. 10. Partial density of states concepts as used in Ref. gacitive. The field dependence ¥f, is determined by the
are general and can be applied to either quantum or classicabnductivity o of the 2DES. In the presence of a magnetic
systems, just like the Onsager-Casimir symmetry requirefield, o is an antisymmetric tensor because of the Hall effect.
ments. Generalizing the symmetry relations found for pure
Capacitance methods form the only method for measuringesistances and pure capacitanc@sijt is expected that
the (low-frequency transport properties of the 2DES formed Y,(B) =Y, (—B).
by surface state electroSSE’S on liquid helium*! There- The sample cell is a cylindrical, parallel plate capacitor of
fore, the method is highly developed here, even in the case dfeight 3 mm and radius 7.5 mm. The sample space is filled
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FIG. 1. Absolute magnitude of (divided by angular frequengy FIG. 2. Absolute magnitude of (divided by angular frequengy
for a three-terminal measurement, = 1.9 K, areal density for a two-terminal measurement for the same parameters as for Fig.
n=1.78< 10" m~2, frequencyf =30 kHz. The inset ofb) shows 1. Thea andb terminals for(a) are as indicated in the inset (a).
the electrode layout of the bottom plate. The inseté&jrshow the  For (b), the voltage and current terminals are interchanged.
a, b, andc terminals. The arrows indicate the direction of propa-

gation of the EMP for both field directions. F), the voltage and ~ Cillatory fashion, resulting in an asymmeti dependence
current terminals are interchanged. of Y,,. The phase off continuously varies and may attain

any valuet®!*

. . i i Figure 2a) shows the data for a two-terminal measure-
up to a height of 1 mm with superfluitiHe. The surface is et where the geometry of the electrode arrangement has
charged by pulse heating a tungsten filament. Suitable dg, (simple® symmetry axisY,,, however, displays perfect
potentials applied to the top plate and wall electrodes providqanagneﬁC field symmetry, as expected for a two-terminal
the holding fields. The radius of the 2DES is typically 6.6 measuremerit.

mm. The bottom plate is divided into ten electrodes as shown For the measurement in Fig() [and 2Zb)], excitation

in the inset of Fig. 1. The mobility. of the 2DES at tem-  and detection terminals are interchanged with respect to Fig.

peraturesT<2 K exceeds 2 A V! s ! For magnetic 1(a) [and 2a)]. The admittance element,, exhibits the

fields B>0.5 T the system is in the classical strongsame behavior a¥,, but with a reverse field dependence,

magnetic-field regimegB> 1). Different configurations can i.e., we observeY,,(B)=Y(—B) within experimental er-

be realized by electrically combining different electrodesror, which corresponds to th@nsager-Casimir reciprocity

into N groups for a measurement with terminals. The ter- ~ relation.®

minals in a three-terminal configuration are denotedaby The asymmetry ir¥ ,,(B) for the three-terminal case can

b, andc, wherea andb are either Vo|tage or current termi- be understood in terms of EMP’s, which are reviewed in Ref.

nals, andc is at fixed potentialground. The Y,,’s are de- 15. These modes have been inveftigated in detail for the SSE

termined by phase-sensitive current measurements at frénder the present cwc;umstan&éé. For the present discus-

quencies of the order of 10 kHz. It is sufficient for the Sion, EMP’s can be viewed as voltage waves localized near

present discussion to consider only the modulu¥ of the e(_jge of the §ample and propagating a'oﬂg the edge in a
Figure 1) shows the strong asymmetry ¥t with re- direction determined by the magnetic-field direction. Refer-

spect to the direction of the magnetic field in a three-terminal "9 tq the data: in Fig. @), n z?]ro magnenchﬁer:d, term:jnal
measurement. Both excitation and detection terminals are excites a voltage wave in the 2DES, which spreads out

. ' ) . 1sotropically from the edge nearto the bulk of the 2DES.
single electrodes at the perimeter of the system. The thir

inal | d £ th o | q tthe b hen a magnetic field is applied, the Lorentz force will di-
terminal Is made up of the remaining electrodes of the bOt;q . 1his wave along the edge of the system, towards terminal

tom plate. In zero fieltt 5, is almost entirely capacitive since p, o¢ negative fields and in the opposite direction for positive
the mobility is sufficiently high to cause only a very small fig|qs. which eventually results in the edge mdgi&* The
phase shift. In this case the value 6f, agrees well with  cyrrents induced in the electrodes are proportional to the
what is to be expected from perfect capacitive coupling andoltage in the 2DES. Therefore bt for negative fields, the
the geometry. As a magnetic field is applied,, increases signal first increases, whereas for positive fields, it decreases
for negative fields and has a maximum around T. At  [see insets to Fig.(&)]. Near the maximum at 1 T the edge
more negative fields the signal decays and has almost vamode, or EMP, still has a width of the order of the sample
ished at about-6 T. For positive magnetic field¥,, first  radius. The edge mode now also induces a signdl far
decreases witlB and then falls off to zero in a slightly os- positive field after traveling over an angle off® along the
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FIG. 3. Absolute magnitude of (divided by angular frequengy
in a three-terminal Corbino-type measurement= 1.9 K, areal
densityn=1.78x 10'* m~2, frequencyf=10 kHz. Thea, b, and
¢ terminals for(a) are as indicated in the inset. Hd), the voltage
and current terminals are interchanged. The symbols correspond
the field value for which the calculations of Fig. 4 are done.

edge, causing the small maximum neat T. The decrease disk and an outer ring are used, respectively, as voltage and
at large fieldpositive or negativehas two causes. First, the current terminals. In this symmetric arrangement EMP’s are
mode narrowgafter having reached the maximum voltage not excited, and the signal depends on the diagonal conduc-
amplitude, decreasing the overlap with the current terminaltivity componento,, only.*> Even if the current is measured
and therefore the signal. Second, there is a field-dependefan a part of the outer ring, for example, on only one of the
damping due to magnetoresistarit&he EMP’s play a role  outer electrodes, the only effegteglecting the voltage drop
similar to the quantum edge channels in Ref. 8, in the sensacross the current amplifieis a reduction of the signal, in
that they also confine the current to the edge and give it &is case by a factor of 8. Figurée3 shows the matrix ele-
definite direction. The asymmetry in Ref. 8 is caused by anentY,, for a three-terminal arrangement wheaeis the
second contact at the 2DES, which drains off the currencentral electrode anl is one of the outer electrodes. The
carried by the edge channel, and a signal is only observedrcularly symmetric ac potential distribution at a certain
when the current in the edge channel passes the measuringagnetic field in the 2DES for an excitation on termiads
terminal. In the present work, the current along the edgeshown in Fig. 4a), as obtained by numerical simulation of
damps out by itself, due to the lowB value. At lower the systenf’ Figure 3b) shows the case when voltage and
temperatures(high ©B), EMP’s manifest themselves as current terminals are interchanged. The corresponding asym-
strong traveling wave resonances when their wavelengtmetric potential distribution shown in Fig.(l8 shows the
matches the sample perimetérThis leads to a far more existence of a damped EMP wave. In spite of these com-
symmetric pattern. Very recently, asymmetries as sharp agletely different potential distributions, the reciprocity rela-
those of Ref. 8 were reported in Ref. 18 for resonatingtion Y,,(B)=Y,,(— B) is still satisfied, as follows from Fig.
EMP’s in a degenerate system. This was established b§. This forces us to conclude that it is not possible to deduce
draining off the EMP current at an additional contact to thethe reciprocity relation for the elements of the admittance
2DES. It shows that the difference in sharpness of the asynmatrix from the symmetry properties of the induced potential
metry in the present case as compared to Ref. 8 is a matter distribution in the 2DES. This is different from the three-
electron scattering rate only and is not of fundamental imterminal measurement of Fig. 1, where the reciprocity rela-
portance. The weak oscillatory structure at positive field intion can be directly deduced from the potential distribution.
Fig. 1(a) is a result of interference effects of the dampedThe magnetic-field symmetry of the admittance matrix ele-
wave going around the sample. The data in Fig) have a mentsY,, andYy, is a result of the azimuthal symmetry of
remarkable analogy to results reported in Ref. 19, whereé Corbino-type measurement. Thus not only azimuthal sym-
asymmetries and oscillations similar to those in Fig. 1 weranetry in the excitation terminal but also in the detection
observed in the transmission matrix elements of a mesoderminal can lead to symmetric behavior under magnetic-
copic conductor. In that caseé the effects are caused by field reversal. In the case of,,, EMP’s cannot be excited
individual electron trajectories under the influence of thebecause of the axial symmetry of the excitation probe, and in
Lorentz force. the case off,,, EMP’s are excited but their different behav-
Another consequence of the reciprocity relations is demior underB — —B is not detectable because of the axial
onstrated by Corbino-type measurements, where an innelymmetry of the detection terminal. The slight magnetic-

FIG. 4. Absolute magnitude of the potential in the 2DES at
=1.5 T for the parameters of Fig. 3a) excitation on central
electrode andb) excitation on one of the outer electrodes.
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field asymmetry in the experimental data is due to a smaltype measurements. These also show that EMP’s no longer
misalignment of the capacitor plates with respect to thebreak the magnetic-field symmetry of the elements of the
“He surface. admittance matrix regardless of whether they are excited or
In summary, asymmetries in the elements of the admitnot.
tance matrix of a capacitively coupled, nondegenerate 2DES
as a function of magnetic field were observed in a three- ] ) ]
terminal measurement. This asymmetry can be understood in We would like to thank P.J.M. Peters for his help with the
terms of the propagation of EMP’s that originate from Lor- numerical simulations and A.T.A.M. de Waele for his inter-
entz forces. Reversing the magnetic field and exchangingst in this work. The European Commission is acknowledged
current and voltage terminals give results for the elements dPr grants from the Human Capital and Mobility Programme
the admittance matrix that are in complete agreement witfiContract No. ERBCHBICT930490 and No. ERB-
the Onsager-Casimir reciprocity relationsThe validity of CHRXCT930374. One of us(F.M.P) is supported by the
these relations can be demonstrated very clearly in CorbindBelgian National Science Foundation.
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