PHYSICAL REVIEW B VOLUME 54, NUMBER 3 15 JULY 1996-I

Electron interference due to localization paths in an Aharonov-Bohm ring
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The Aharonov-Bohm effect has been investigated in mesoscopic rings fabricated from G&%g/AlAs
heterostructures constructed with a corrugated metal gate on the rings. In a certain range of the electrostatic
gate voltages, two differerit/e magnetoresistance oscillations have been observed near zero magnetic field,
|B|<B.. These behaviors are consistent with combining results of the magnetostatic and electrostatic
Aharonov-Bohm effects of the electron wave function coherently circling around the Ramgdomphases
caused by the different transverse modes and their multiple localization paths reduce the interference intensity
resulted from the multiple localization paths Bs B, . [S0163-18206)05524-3

The phase of electrons in an electrical device can be comixing effect mainly occurs at the irregular part of the wire
trolled by the electrostatic potential and/or the magnetic vecwidth, e.g., at the junction parts for the current splitting or
tor potential that the traveling electrons experience in thgecombining in a ring structure, and the effect is supposed to
conducting path. Changes in the magnetic flux in a ringdoe small. When the magnetic field penetrates the annulus of
structure lead to the well-known magnetostatic Aharonovthe ring, two multiple localization paths typically enclose
Bohm (AB) oscillations! whereas changes in the gate poten-different amounts of flux, then no longer oscillate with the
tial lead to the electrostatic quantum interference effétt. Same phase in the sum over paths. So we expect that the

In recent years, there have been studies on the ebctrbgcalization—type interference fringes are possibly exhibited

static quantum interference effect in the electron-wave interll the transport measurement of the ballistic quasi-one-

ferometers of the AB geometry® Since the electrostatic dlrrber}smnall ;mg"under Iowtmdagn?tlctﬂeldas. h b
potential disturbs the carrier density’ carrier trajectories? sing a faterally corrugated gate struc ave been

and the number of conduction mod&as well as the elec- 22/€ [0 obtain experimental results about the formation of
: . . two differenth/e oscillations within a small magnetic field
trostatic AB phase, the results from thg exper.|mental .s’tUd'e?ange with the variation of the gate potential, and the elec-
are not clea’r enough to_extract megnlngful mformauon Myostatic interference fringes induced by the gate potential
the electron’s behavior in such devices. Theoretically, th%hange in a corrugated gate GaAs/8h, ,As-based meso-
existence of two different interference conditions due to th copic ring structure 1=x
electrostatic AB effect in a one-dimensional ring has been Tpq conducting path of a two-dimensional electron gas
predicted in the ballistic transport reglrﬁgne is caused by (2DEG) has been fabricated using electron beam lithography
the conventional interference of transmitted electrons, and,q subsequent chemical etching on a modulation-doped
the other arises due to the interference of an electron tra"ebaAs/AIXGal_xAs (x=0.3) heterostructure grown by
ing completely around the ring and interfering with itself at ,o1ecular-beam epitaxy. The average ring diameter is 1.9

the point of entry. o _um, the width of the conducting path is O:dn in the litho-

. The earlier experiments in dlsordere'd normal—meta} ”ng%raphic length, and the distance between the measurement
displayed onlyoneset ofh/e magnetoresistance oscillatidns probes across the ring is 3,8m. The heterostructures were
(and their phase shift in electrostatic AB effect experirﬁ)ent

whose behaviors agree well with the theoretical consider-

GaAs Cap
ations based on the multichannel scattering propéries
ensemble averaging in the conducting p&tfifie number of AwNi .
channels(or transverse modgst the Fermi energy is large - Yo
in the metal ringN;>1000, so that the multichannel effect — - Al Ga (As
and the interchannel scattering@ mode mixing effegtoc- GaAs \ spacer

curing everywhere around the ring particularly randomize
the phase of the electron in the electron’s multiple circula-
tions around the ring, that is, “localization type

interference.” The experimental results clearly demon-

strated that thé/e magnetoresistance oscillations originated
purely from the phase difference between two arms of the
ring. On the other hand, in a typical quasi-one-dimensional
wire such as a GaAs/AGa,; _,As-based quantum wire, the Au/Ni gate

current is carried by only a feV\NT< 10-20 Channe|s at the FIG. 1. (a) Cross sectional view of the gated conducting péth Sche-
Fermi energy(at 17 mK) with minimal scattering. The mode matic diagram of the sample geometry.

A\ Quasi 1DEG
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FIG. 2. Magnetoresistance spectrumV/gt= —206.2 mV. Dots represent -100 -50 0 50 100
the newly formedh/e oscillations, while bars represent the background Magnetic field(G)

h/e oscillations.

wet etched down to a 2DEG layer to form a well-shaped
pathway. Lateral depletion further reduces the conducting W
width. To form the gate, electron-beam lithography and lift-
off techniques were employed. The second step defined the
corrugated Au/Ni gate; the metal gate length is g1 on
one conducting path of the ring and Am on the other.
Figure 1 shows the schematic diagram of the fabricated
Sample. 4 [N (] K] 07 0.5
. . - . . Magnetic Field

The carrier concentration and mobility in this sub-  FG. 3. (a) Changes of the new set bfe AB oscillations. Difference in
strate at 1.5 K, as deduced from the measurement afie applied gate voltage between the successive curved imV. Magne-
Shubnikov—de Haas oscillation in a two-dimensional bartoresistance curves indicated by the upper and lower arrows are at

(50x 150 um), were found to ben=3.2% 10 ecm~2 and Vy=-218.3 an(_J— 206.2 m_V, re_spectivel)(.b) A the_oretical calculation of
u=5.5% 1P cm2v 1 Sfl’ respectively. We measured lon- the magnetoresistances with different electrostatic AB plyas&he mag-

. . . . . i netic field is in the unit ofic/eW?, and ¢ changes byr/12 with ¢=0 for
gItUdmaI resistances in the applled magnetic fields and gatﬁ:‘le bottom curve. In the calculation, the number of the conducting channels

voltages by using the lock-in te_Chnique and 1O'UA drivingis 10 and the temperature averagingkal/(#%/2m*W?)=0.5 has been
current at 17 mK. We found periodic magnetoresistance 0Sdone. The unit of the resistancetige?.

cillations that are in direct correspondence with the penetra-
tion of the flux ¢o=h/e through the average area of the peaks gradually grow while the background peaks shrink as
annulus. This result demonstrates that the mesoscopic ringuch. At—206.2 mV, the two sets of peaks are almost equal
was well fabricated. in magnitude. If the gate voltage increases further, the new
Figure 2 shows the magnetoresistance spectrum when tlescillations continue to grow and they finally take over the
gate voltage Vq) is —206.2 mV. Theh/e magnetostatic AB  background oscillations at 218.3 mV. Therefore, while the
oscillations are exhibited in the range|&]>~40 G. How-  gate voltage changes by 23 mV, we have a half cycle with
ever, two sets of oscillations with thee period are clearly respect to the alternation between the new and the back-
seen near zero magnetic field; for approximateld0 G  ground oscillations. The initial background oscillations reap-
<B<+40 G, they are shifted byr with respect to each pear at—238.2 mV, so that one period of the background
other. The two sets of oscillation peaks are almost equal imscillations is~43 mV. The formation of two sets di/e
magnitude, so as to make the period of the resistance oscibscillations was also observed near zero magnetic fiBld (
lationsappearto beh/2e as a whole. However, we rule out <B.~40 G;B. is the crossover magnetic figldiith respect
that these oscillations are due to the interference effedb the gate voltages in a different range.
caused by the time-reversal paths around the ring, because The experimental behaviors of twde oscillations below
the appearance of th&2e oscillations is dependent on the B., as shown in Fig. &), are in good qualitative agreement
gate voltage[see Fig. 83)].X° Since the pair of electron with the previous theoretical study, where the influence of
waves in the time-reversal paths acquires the same amount thfe electrostatic potential on the magnetic AB effect has been
the phase shift by the gate potential in the sample structurénvestigated in the one-dimensional structtirelowever, the
the h/2e oscillations between the time-reversal paths shoulcrossover behavior, that the two setshdé oscillations al-
be independent of the gate voltages. ternating with the gate potential cease to exist beyBpdis
In careful magnetoresistance measurements at differemot seen in the one-dimensional study. We have therefore
gate voltages from—195.3 to —238.2 mV, we have ob- considered the effect of many channels in the sample struc-
served changes of the two sets of oscillations, which aréure. The Hamiltonian for an electron moving ballistically in
shown in Fig. 3a). In the magnetic field range of40 G  the structure is considered in the vector potential of the per-
<B<+40 G, the peak positions of botlie oscillations do  pendicular magnetic fiel8=(0,0,B) and the electrostatic
not change as the gate voltage varies, but only their amplipotentialV(x,y), given by infinity at the wire walls, constant
tudes alternate. Newly formed oscillations begin to appear atalue at the gate, and zero otherwise. The gate is modeled as
the troughs of the background oscillations\4f=—195.3 a simple potential rise of constant heigh,/E,, where
mV. As we increase the gate voltage negatively, the nevEy=#%2/2m*W?, where W is the width of the wires. We
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(a) the total interference intensity can be represented by the ad-
' J dition of the Fabry-Pet—type resonance@nultiple reflec-
30 - A tion effects with the clockwise circulating wave and with the
' counterclockwise circulating wayend their interferences;
the first-order term in these interference effects between two
. Fabry-Peot resonances is the Mach-Zehnder—type interfer-
ence.
The two Fabry-Pet resonances contain the phase terms
0 L v . , induced by the magnetic flux and the electrostatic gate po-
2240 2220 2200 tential, A = (e/%) [ =Bds+ Vdt, where the integration is
Gate Voltage (mV) done over the area enclosed by one turn of the circulation
and the duration time in the gate potential. The positive and
negative signs in the magnetic flux term represent the clock-
wise and counterclockwise circulations, respectivélyy is
the effective gate potential that the electrons experience un-
der the gate. It is obvious that whenever the electrostatic
phase shift term equalsrh (n is an integey, the resonance
conditions in the two Fabry-Pet paths give rise to one type
of the h/e oscillations in the magnetoresistance measure-
ments. Otherwise, the two sets lofe oscillations are seen
when varying the gate voltages, and the peak positions of the
oscillations are not changed. We attribute the behaviors of
the new and backgrouritfe oscillations shown in Fig. @)
1.6 ' ' to the combined effects of two Fabry+®e resonances
-300 -200 -100 0 shifted in the opposite direction by the effective gate poten-
Gate Voltage (mV) tial in the magnetoresistance measurements. In this analysis
baci'G- 4. d(17) ThekfeSiSttince fha”?tes of rﬁ amIP('jitll_lde of th{ie"gzvasggme treat the inverse of the total transmittance of two Fabry-
groun € peaks vs the gate voltages; € Solild lines are . H _
whenB=—19G (0), ~8 G (0), and 3 G (1) for the newh/e peaks and Fi.mt reso_ganctgs as tlhe re3||statrr1]c? tohf thetsa;mple. T_heise ana
the dotted lines are the changes witen —13 G (O), -3 G (), and 7 G y IC considerations also [mp y that the interierence In ensi
(1) for the backgroundi/e peaks. The oscillatory component of the resis- i€ between two Fabry-Ret resonances are small i
tance is the height from the overall baseline in each magnetoresistance speg-By .
trum. (b) The resistances as a function of gate voltagB=ai. Dots repre- Since it is only by having a fixed relative phase that the
sent the constructive destructive interferences caused by the electrostatic ABultiple localization paths give rise to the resonance, the
phase shiftV,= —244, — 226, and— 197 mV. Bars represent the gate volt- yagonance effect is vanished by the field in the annulus; the
ages where the constructive/destructive interference effects occur in Fig. ?Nave functions of the electrons are extended in the finite
have numerically solved the resultant time-independenwire width, the relative phases between successive multiple
Schralinger equation by the standard mode-matchingocalization paths are not fixed. On the other hand, the Mach-
techniquet? Zehnder—typeh/e paths never have a fixed relative phase,
The result in Fig. &) of our realistic calculation for ten €ven at zero field, and so their contribution is unaffected.
conducting channels in the system together with the finitdVloreover, there are several transverse modes that enclose
temperature averaging demonstates that, for a certain magifferent amounts of the flux; the resonance effects contrib-
netic field range near zero, newe oscillations are formed uted by different transverse modes decrease as the field in-
and compete with backgrourtde oscillations with respect creases. We estimate the value Bf of the sample by a
to the varying electrostatic AB phase, but that beyond théimple argumentB, is the crossover magnetic field where
magnetic field range, the alternating feature disappears. Th#te particular behaviors of two Fabry+®e resonances are
is, our calculation shows the same crossover behavior witAveraged out to yield the simple Mach-Zehnder—type oscil-
respect to the magnetic field as our experimental resulfations. Hence, aB., the phase difference between the suc-
which is an importantly different feature from the one- cessive localization paths of each mode or the localization
dimensional study:113 paths of different modes becomes at leastr, 2i.e.,
Although our numerical calculation exhibits the behavior2mRWB.~ ¢, whereR is the average radius of the ring,
of our experiment results well, we still need to devise alum, andW is the width of the conducting wire, 80 nm; we
simple model by which the important feature of the behaviorcalculated the width from the full width at half maximum of
can be explained easily. In our ring structure, the ballisticthe Fourier spectrum of thie/e magnetoresistance.Then,
nature of the transport leads us to suppose that the electrofis~80 G, which is in good agreement with the experimental
in the ring annulus can circle, clockwise or counterclock-value. AboveB>B., we did not observe two different sets
wise, the ring more than once. That is, we should consideof h/e oscillations. It should be noted that the shift of the
the interference effect by the localization paths as well as theonventionalh/e oscillations,B>B_, is not unidirectional
Mach-Zehnder—type pathévhich are composed of only but rather oscillating by the applied gate volta§&<® The
transmitted-electron paths in two arm3hen, we can as- question of such phenomena requires further study; we sus-
sume that the backscattering effect and the mode-mixing efpect that the higher-order terms in the interference between
fect are small in the source and drain junction sides, and thatvo Fabry-Peot resonances plays an important role.
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Next we show the measurements for observation of eleceoincident with those from the electrostatic spectrum, that is,
trostatic AB oscillations. Figure (4) shows the consonant V,=—197, —244, and—226 mV, respectively. The period
changes of the amplitude of the new and backgrohfel of ~47 mV in the electrostatic resistance oscillations is in
peaks versus the gate voltages, which are deduced from tig®od agreement with the period ef43 mV estimated in
magnetoresistance measurements in Fig). ¥he competi- Fig. 3@. These results imply that the electrostatic phase
tion and the oscillatory change of the amplitudes support th&hift between the successive resistance minima in the elec-
simple argument of two Fabry R resonances. The mea- trostatic measurement isn? at least in the range of the gate
sured resistances as a function of the gate voltage at zeM®!tages discussed above. o ,
magnetic field are depicted in Fig(b}. The measurements __The electrostatic AB phase shift is induced by the time-

have been done in the range of low gate voltages without an§f€Pendent scalar potential, while no force is exerted on the
mode depopulations in between; total resistaneel.f K lectron wave fL_mctlon. Wh_en we apply th_e gate voltage, the_
Q) and the resistance chan@esé than 0.2 K) indicate electrons experience classical electrostatic forces whose di-

that the number of transverse modes is not changed in thf??'on :ts perpgndmt:la;ftoﬂs 2D|E(t3 Iay;er.. TTUS the smalrl]
gate voltage range. The overall resistance increases slowly N I\:/O ages do no ta eca e elec rrc])n rajec OI% as mhqch.
the gate voltage increases negatively. The resistance cur € rermi wave vector, however, cnanges a Iittie, whic

exhibits oscillatory behaviors, whose amplitudes areresults in a change of the phase for the quantum state of the

; : ; lectron.(This type-2 electrostatic AB effect is described in
~30 Q [the amplitude of then/e magnetoresistance oscil- € X . i
lations o[f Fig. 32) is ~30 Q]. As a gource of the oscilla- Ref. 1.7) .The' electrostatic AB phase acquired in the gate
tions, we first rule out the multiple reflection effect by the potential is given byA ¢=e/iVer(7)=A(kL), where(r,)

gate potential steps since its intensities are negligibly smal? the harmpnlc mean of the iraveling time through the gate
in the measurement range. potential,k is the wave vector under the gate, dnds the

The resistance curve with the electrostatic potential swee ate lengtht® This electrostatic AB phase has been automati-

alone cannot unambiguously identify the source of the oscilt ally tak_en i_nto account in our calculation of the resistance
lations, which leads us to turn to the magnetoresistance Speépectra in Fig. @). . . .
tra at constant gate voltages in Figag8 We observed that In summary, we have investigated the electrical t'ran.sport
the phase differences are between two successive mag- properties of a GaAs/A(Gal,xAs-bas_ed mesoscopic rng |
netic h/e oscillations at the selected gate voltages structure in the presence of magnetic flux and electrostatic
_ _ - ; 'potential. New e AB oscillations near zero magnetic field
Vg=—1953 mV,~218.3 mv, and-238.2 mv, which are have been observe8<B.. We find that these phenomena
also represented by bars in the cas@ef0 in Fig. 4.[The ) ¢ . . P i
magnetoresistance spectra displayed in Figa) e for are well explalr!ed by the combined behavior of the mggnetm
V= 1953 my— 2382 mV i Fig 4 Th resus o the 214 Secrstate Abaronoy Bofm effects occutg smule
constructive interference conditionV¢=—195.3, —238.2 y P P :
mV) and the destructive interference condition This work has been partially supported by Ministry of
(Vg=—218.3 m\) from the magnetoresistance spectra areinformation and Telecommunications, Korea.
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