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Giant higher harmonic generation in mesoscopic metal wires and rings interrupted
by tunnel junctions
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Higher harmonic generation in mesoscopic metal wires and loops interrupted by tunnel junctions is explored
experimentally. When the sample is biased with a sinusoidal varying current, we observe giant higher harmon-
ics in the conductance fluctuations and the Aharonov-Bohm oscillations. We demonstrate that the harmonic
content is directly related to the probability for an electron to return to the barrier after tunneling. The full set
of experimental data is in quantitative agreement with theoretical predicfi80463-182@08)01915-§

The classical model of conductivity, which completely nm and the circumference of the loop is 3«2n. The total
omits the wave nature of electrons, needs revision when théhickness of the wires is 65 nm. By determining the overlap
size of a metal sample is of order of micrometers or less. lrareas of the two junctions we conclude that the conductances
these mesoscopic samples electrons can traverse the medtlhe two junctions do not differ by more than 10%. This is
phase coherently, which introduces significant corrections t@onfirmed by critical current measurements in the supercon-
the classical model due to quantum interference effects afiucting state in which the device operates as a SQUID. The
electron waves. The experimental observations of weak lognnel conductancér of the two junctions in parallel is 125
calization, Aharonov-Bohm effect, and universal conduc-, s The wire interrupted by one tunnel junction is fabricated
tance fluctuatlons_ have Clearly demonstrated the important, the same way as the ring. The width of the left and right
role O.f quantum interference in transport propertien- . parts of the wire are 200 and 400 nm, respectively. The
other important consequence of quantum interference, Wh'cﬁﬂckness of the wire is 65 nm. The tunnel conductance of

is less well understood, is the nonlinear nature of thethe single junction is 54 S. Both the Aharonov-Bohm loop
conductancé.A powerful method to characterize this non- . : " .
and the single wire are capacitively coupled on-chip to a low

linearity experimentally is to study higher harmonic genera- . ) .
tion. The current through the sample is driven atafundamen'fmmdanCe platinum shunt resistor to create a well-defined

tal frequencyr and the voltage is detected at the harmonicsSI€ctromagnetic environment. . I .
Nv, whereN = 2, 3, 4, ... .Earlier experiments on metal Measurements were performed in a dilution refrigerator at

sampled and ballistic GaAs structurshowed the presence & base temp_erature of 20 mK. EIectric_aI leads were carefully
of higher harmonics, but the results were not understoodfltered by microwave copper powder filters aRd filters at
completely. An experimental disadvantage of these systenf3ase temperature. At room temperature the leads were addi-
is the fact that it is very difficult to apply an abrupt voltage tionally filtered byl filters. The sample was mounted in two
drop across the sample. The voltage drop from one lead t&licrowave-tight copper boxes at base temperature and an
the other is determined by the microscopic arrangement chdditional shield at 1 K. A sinusoidal current was injected
impurities. This problem is circumvented when the wire isinto the sample ab=17 Hz. The voltage response was de-
interrupted by a tunnel barriérin this system the voltage tected using a lock-in amplifier synchronized to one of the
drops almost completely over the tunnel barrier, since thdigher harmonicNv. -
resistance of the tunnel junction is much larger than the re- The samples were biased with a curremt=1
sistance of the metal leads. The ability to apply an abrupt, | ncos(2mit), wherel is the dc component of the bias cur-
voltage drop is a necessary condition for a systematic studyant andi , the amplitude of the time-varying component.
of higher harmonic generation. In this paper we experimengyamples of a voltage response detected at the harnionic
tally explore the generation of higher harmonics in mesoSyor the Aharonov-Bohm oscillations and the aperiodic volt-
copic wires and rings. We study both the harmonic contenfge fluctuations are plotted in Figs(al and Fig. 1b), re-

of aperiodic conductance fluctuations and periodicS ectivelv. The dc componeit=50 nA results in an aver-
Aharonov-Bohm oscillations and demonstrate the signifi- b y: P

cantly different nonlinear response. The experiments ar@d€ voltage drofy=1/Gy= 0.4 mV and the ac component
quantitatively described within a theoretical framework. ~ !m=2.5 NA results in a time-varying voltage across the
The higher harmonic generation has been studied in tw§a@mple with amplitud&/=1r,/Gr= 20 nV. The variance
types of samples: an Aharonov-Bohm ring interrupted byof the conductance 8G?) is directly proportional toV,
two small tunnel junctions and a metal wire interrupted bywhich was explored in detail in Ref. 5. The voltayg, is
one tunnel junction. The mask of the samples was defined bglefined as the voltage detected at frequeNey In Figs. Xa)
electron beam lithography in a double layer PMMpoly-  and Xb) the voltages/,, V,, andV; are plotted versus mag-
methylmethacrylate resist. Using a shadow evaporation netic fieldB for V,, = 20 uV and sample temperatuie=
technique the overlap Al-AlO3-Al tunnel junctions were 20 mK. Note that magnetic fields are large enough to drive
formed. The width of the arms of the aluminum ring is 60 the aluminum into the normal state. Figur@)1shows clear
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FIG. 1. Aharonov-Bohm voltage oscillatiorta) and aperiodic c)

voltage fluctuationgb) vs magnetic fieldB detected at the funda-
mental frequency/,, the second harmoni¢,, and third harmonic
V3 (V=20 uV, T=20 mK). The curves are shifted with respect to
they axis for clarity.

FIG. 2. (a) An electron tunnels into an empty state above the
Fermi energyEr in the right part-leaving a hole in the left path)
Two possible electron-hole trajectories that contribute to the voltage
fluctuations. (c) Electron-hole trajectory that contributes to the

Aharonov-Bohm oscillations with a period of 5 mT, which —
Aharonov-Bohm oscillations.

corresponds to adding one flux quanth/e to the ring. The
slowly varying background superposed on the Aharonov-

LA ; . conductance fluctuation . For one-dimensional diffu-
Bohm oscillations is due to the fact that magnetic flux also, €h

. ~>27sion the classical return probability for the electron or hole is
penetrates the arms of the loop, which leads to aperiodic
conductance fluctuations. When these fluctuations are filtered CF 1
out digitally using Fourier analysis the voltage oscillations Pe ()~ S '
tD
due to the Aharonov-Bohm effect are separated from the
aperiodic voltage fluctuations. In this way the variance of thewhere D is the diffusion coefficient an& the wire cross
voltage oscillationgV2), detected at théth harmonic, is  section. Most of the electron-hole pairs interfere within a
calculated. Analyzing the Aharonov-Bohm oscillations in thetime t close to zero. However, in the Aharonov-Bohm ring
range between 1.0 and 1.5(T00 Aharonov-Bohm periods [Fig. 2(c)] the return probability is maximum at
results in(8V2)=43 (nV)2, (V2)=39 (nV)2, and(sV3)  =L?(2D), whereL is the distance between the tunnel bar-
=44 (nV)?. These values are accurate to within 20%. Suriers, and the return probability is exponentially damped for
prisingly the amplitude of the Aharonov-Bohm oscillations smallt. Only those electron-hole trajectories that are created
detected at the second and third harmonic are approximateft one junction and recombine at the other contribute to the
the same as the Aharonov-Bohm oscillations detected at théharonov-Bohm(AB) conductance. The return probability is
driving frequencyr. This giant higher harmonic generation given b
for Aharonov-Bohm oscillations was not observed in earlier
experiments’_’:4 An example of higher _harmonic_gen_eration PSB(t)~
for the aperiodic voltage fluctuations is shown in Figb)1 SymtD
The Aha.ronov-Bohm oscnlatllons are digitally filtered out us- The functional behavior oPQB(t) and PSF(t) are depicted
ing Fourier analysis. The variance of the voltage fluctuations

is computed from a set of 4000 data points measured fron" the i_nsets of Figs. @ a/?Bd 4b), rggpectively. The.signiﬁ-
1.0 t0 5.0 T. In contrast to the Aharonov-Bohm oscillations 2"t difference betweeR," and Pg" results in a different

o - ; : higher harmonic response as was already demonstrated ex-
the aperiodic fluctuations decrease for increasihg 6V2 . S .
_ 126%(nV)2 (5V§)=411 (V)2 and(5V§)=138 (%V) 21.> perimentally in Figs. (@ and Xb). The variance of the volt-

The Aharonov-Bohm oscillations and the conductanceage analyzed at harmonk¢ is given bf

fluctuations in a system with tunnel junctions are due to in-
terference of electron and hole trajectories as depicted in Fig.

2. At afinite dc bias voltaggelectric transport occurs when ) )
an electron tunnels from an occupied state in the left part tyvhere Jx[(e/7)Vt] is the square of thé&th-order Bessel

an empty state in the right part of the samffiég. 2@]. At function of the first kind. The dephasing time describes
the moment of tunneling an electron-hole pair is createdthe loss of coherence due to inelastic processes. The factor 2

which starts to diffuse through the sample. In the wire ge-2rises because both the electron and hole contribute a factor
ometry[Fig. 2(b)], only those electron-hole trajectories that eV« to the integral. The prefactdx=4V/(mefiv, vg) cap-
recombine at the tunnel barrier coherently contribute to théures all variables that are time independent. The density of

@

e—LZ/(4Dt)_ ©)

<5v§>=Af:dtPg(t)Pg(t)e—mwﬁ(;vmt), 3
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FIG. 3. Normalized variance of the Aharonov-Bohm oscillations ~ FIG. 4. The variance of the fundamental response of the

(a) and voltage fluctuation&) vsN at large and smaW,,. The full  Aharonov-Bohm oscillationsa) and the aperiodic fluctuation$)
lines denote the theoretical predictions. Note thatytfeis is plot- VS excitation voltagé/,,. The full lines denote the theoretical pre-
ted on a logarithmic axis. dictions. Note that the axis is plotted on a logarithmic axis. The

functional behavior oP4%(t) and PST(t) is shown in the insets.
states in the left and right electrodes are denotedbgnd
vr. The angular brackets denote an average over impuritfision time L?/D have to be determined. A quantitative
configurations that is experimentally achieved by sweepingdreement between experiment and theory is obtained for
the magnetic field. 7,=0.23+0.05 ns and.?/D=0.5+0.2 ns. The value of,

The maximum ofi2[ (e/%)Vt] in Eq. (3) is located near IS consistent with values usually found in mesoscopic metal
T~(N+1)#/(eV,). This function acts as a kind of band- systems:’ The distance between the tunnel barriers 1.6

. . . . — _3 2 .
pass filter for the interference tinte The variance 6V32) is pm leads to a diffusion coefficiem =5x 10 = m®/s, which

redominantly determined by electron-hole pairs, which in—is consistent wittD = 5v¢/, wherevg =2x 10" m/s (Ref.
P y y pairs, 8) is the free electron Fermi velocity in aluminum asdthe

terfere in a tima~ t. WhenN is increased, or equivalently mean free path, which is approximately 10 nm. The theoret-
Vm is decreased,6Vy) is determined by electron-hole pairs ica| predictions are denoted by the full lines in Figs. 3 and 4.
that interfere after |0nger times. Because the return probabil- In summary, we have experimenta”y exp]ored the genera-
ity of electron-hole pairs contributing to the conductancetion of higher harmonics in Aharonov-Bohm and wire geom-
fluctuations decreases monotonously for decreasitidVg)  etries. We demonstrate the direct relation between the higher
is always maximal foN = 1 orV,,—, which is confirmed harmonic generation and the classical return probability,
experimentally in Figs. @) and 4b). However,PQB(t) hasa which is significantly different for the voltage fluctuations
maximum neart~L?/(2D), which leads to a maximum and the Aharonov-Bohm oscillations. The full set of experi-
(5V§) for N# 1 and finiteV,,, shown in Figs. 8) and 4a) mental data is consistently and quantitatively described by a
for V,, = 20 uV. ForV,, = 1.2 uV, however( 5V§> is more theoretical modell Witr_l two pa.ra}meters: the phase breaking
than one order of magnitude smaller thafVv2) for both the  time 7, and the diffusion coefficient.

Aharonov-Bohm oscillations and the voltage fluctuations. \ye want to thank M. H. Devoret for valuable discussions.
For very smallV, the dephasing time,, is smaller thant, The Delft Institute of Micro-electronics and Submicron-
which leads to exponentially decreasing higher harmonicstechnology(DIMES) is acknowledged for the help with the
The factore 2"« in Eq. (3) acts as a low-pass filter far fabrication. This work was financially supported by the

To compare the experimental data to the theory, exDutch Foundation for Fundamental Research on Matter
pressed by Eqg1)—(3), the dephasing time,, and the dif- (FOM).

*Present address: Dept. of Chemistry, Stanford University, Stan-*P. G. N. de Vegvar, G. Timp, P. M. Mankiewich, J. E. Cunning-

ford, CA 94305-5080. ham, R. Behringer, and R. E. Howard, Phys. Rev3® 4326

1s. washburn and R. A. Webb, Rep. Prog. PI55.1311(1992. (1988.

2B. L. Al'thshuler and D. E. Khmel'nitskii, Pis'ma zh. Eksp. Teor. °A. van Oudenaarden, M. H. Devoret, E. H. Visscher, Yu. V.
Fiz. 42, 291 (1985 [ JETP Lett.42, 359(1986]; A. I. Larkin Nazarov, and J. E. Mooij, Phys. Rev. Let8, 3539(1997).
and D. E. Khmel'nitskii, Zh. Eksp. Teor. Fi21, 1815(1986 Yu. V. Nazarov, Zh. Eksp. Teor. Fi#i8, 306 (1990 [Sov. Phys.
[Sov. Phys. JETR64, 1075 (1986]; A. I. Larkin and K. A. JETP71, 171(1990]; Yu. V. Nazarov, Phys. Rev. B7, 2768

Matveev, Zh. Eksp. Teor. Fi#3, 1030(1987 [Sov. Phys. JETP (1993.
66, 580(1987)]; T. K. Ng, Phys. Rev. Lett68, 1018(1992; A. 7P. Mohanty, E. M. Q. Jariwala, and R. A. Webb, Phys. Rev. Lett.
Levy Yeyati, Phys. Rev. BI5, 14189(1992. 78, 3366(1997).

3R. A. Webb, S. Washburn, and C. P. Umbach, Phys. Re87,8  C. Kittel, in Introduction to Solid State Physi¢dohn Wiley &
8455(1988. Sons, Inc., New York, 1986



