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Conductance Fluctuations in a Ballistic Metallic Point Contact
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The magnetoconductance of a 3D ballistic Ag point contact is found to show reproducible fluctuations
with rms amplitude 2 orders of magnitude lower than usually observed in diffusive systems and insensi-
tive to temperature up to 7=>5 K. This is explained by quantum interference of electrons, the length
scale of the trajectories of interfering waves being the elastic mean free path. For an applied voltage
across the constriction, the observed magnetofingerprint changes asymmetrically under bias reversal with
a roughly constant rms amplitude. At higher voltages (V¥ = 10 mV), electron-phonon coupling destroys
the phase coherence and a strong decrease in fluctuation amplitude is observed.

PACS numbers: 73.40.Jn, 72.15.Gd, 72.15.Rn

Magnetoconductance fluctuations with a reproducible
aperiodic structure have been studied in various meso-
scopic systems. In samples with diffuse electron trans-
port, these so-called universal conductance fluctuations
(UCF) originate from quantum interference of multiply
scattered electrons. UCF have the property that at 7=0
their rms amplitude is of the order e?/h, independent of
sample size or degree of disorder [1]. A change in ap-
plied magnetic field shifts the phases of the electron
waves, giving the fluctuations a typical field scale B,
=®y/A, corresponding to a flux quantum ®y=h/e
through a phase-coherent area A of the sample. So far,
UCF have been observed at low temperatures in small
metal wires and rings [2] and in semiconductor devices
[3]. For systems smaller than the phase-coherent area, it
has been shown that the geometry of the measuring con-
tacts influences the quantum interference effects in the
electronic transport via the size and dimensionality of the
contacting regions [4]. In these systems the elastic elec-
tron mean free path /, is much smaller than the size of
the sample, indicating diffusive transport. Fluctuations of
similar appearance have recently been observed in lateral-
ly confined two-dimensional electron gases with essential-
ly no disorder [5]. In this ballistic transport regime
chaotic scattering of electrons from geometrical features
occurs, resulting in the trapping of electrons in the
confinement and leading to conductance fluctuations as a
function of magnetic field [6,7].

In this Letter we report the first observation of magne-
toconductance fluctuations in a ballistic metallic point
contact, a constriction in a three-dimensional system with
a mean free path /, larger than the size (radius a) of the
contact. An applied voltage V across the constriction
drops off within a distance of order a and accelerates
electrons passing the contact to an excess energy eV.
After an elastic- (energy change Ae==0) or an inelastic-
(Ae=eV = h wphonon) scattering event there is the possi-
bility for electrons to flow back through the contact, thus
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increasing the resistance [8]. The second derivative
d?I1/dv? of the current I with respect to the voltage V
measures directly the point-contact variant a’F,(eV) of
the Eliashberg function for the electron-phonon interac-
tion, a technique known as point-contact spectroscopy
[8]. The ballistic transport of electrons in a point contact
offers the unique possibility to study conductance fluctua-
tions as a function of the well-defined excess energy eV of
the electrons.

The point contacts used in our experiments were fabri-
cated using nanofabrication techniques [9]. A single hole
is patterned in a 20-nm-thick silicon nitride membrane by
e-beam lithography and dry etching. The device is
formed by evaporating under UHV conditions a 200-nm
metal layer onto both sides of the membrane. The hole is
filled with metal and a nanobridge is formed between the
two metal layers. For the investigated Ag nanobridges
the elastic mean free path /, at liquid He temperatures is
determined from the ratio R3pok/R42k of a metal layer
and of the point contact itself, yielding in both cases
l, =240 nm, comparable to the thickness of the evaporat-
ed film. The samples were investigated in a dilution refri-
gerator in magnetic fields up to 7 T parallel to the con-
striction axis of the point contacts. The differential resis-
tance dV/dI and point-contact spectrum d2V/dI* were
measured using phase-sensitive techniques with excitation
voltages never exceeding 0.3 mV rms.

Figure 1 shows magnetoresistance traces for a typical
Ag device with a resistance R =11 Q, for differential ap-
plied voltages, measured at a temperature 7 =400 mK.
Reproducible resistance fluctuations, superimposed on a
bias-dependent background, are clearly visible. As the
bias voltage is changed in small steps, the typical fluctua-
tion pattern (magnetofingerprint) evolves gradually.
When the change in voltage exceeds about 2 mV (Fig. 1),
a completely different magnetofingerprint results. With
increasing bias (Fig. 1), the typical “period” B. of the
fluctuations in the magnetoresistance traces increases
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FIG. 1. The relative resistance change AR/R of a Ag point
contact with resistance Ro=11 Q at temperature 7=400 mK
as a function of magnetic field for different applied voltages
across the contact. For clarity, the curves have been shifted
with respect to each other. The zero-bias resistance trace is
shown for magnetic-field sweep up (— ) and down («—) to
demonstrate the reproducibility of the fluctuations.

while their amplitude decreases. At zero bias the rms
amplitude of the conductance fluctuations is 6G =1.8
x 10 ~2¢?2/h, insensitive to temperature up to 7=>5 K. In
Fig. 2 we have plotted the rms amplitude of the fluc-
tuations of the same device as a function of the applied
voltage, together with the point-contact spectrum d?l/
dv?(V). After an initial increase, the amplitude of the
fluctuations is roughly constant, whereafter at ¥=10 mV
[the transverse-acoustic (TA) phonon peak] a clear de-
crease starts. The characteristic field scale B., obtained
from the half-width of the autocorrelation function
F(AB) =(AG(B)AG(B+AB)) [1], and corresponding
size L =(do/B,) 12 of the interference loops are found to
change from B,=0.07 T and L==245 nm at zero bias to
B.=1 T and L=65 nm at V=12 meV and higher.
From the contact resistance R, =(4pl,/37a?)(1+0.82a/
1,) [81, we obtain a constriction radius a==5 nm for our
11-0 device. Since the thickness of the membrane (=20
nm) is comparable with the diameter of the constriction
(=10 nm), but much smaller than the elastic mean free
path, we will consider the point contact as being an orifice
in a thin impermeable screen. The length scale determin-
ing the fluctuation phenomena is much larger than the
constriction size. Therefore, it seems unlikely that a
quantum chaos model, where essentially the constriction
is important, can explain the observed fluctuations. The
influence of flux cancellation due to boundary scattering
[10] can be excluded, since for interference inside the
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FIG. 2. (a) Point-contact spectrum and (b) the rms ampli-
tude 8G of the conductance fluctuations in units of e2/h, again
for the 11-Q Ag point contact. The dashed line is the calculat-

ed voltage dependence expl —/./Liy(eV)] of the fluctuation am-
plitude.

contact it would even reduce the effective loop size (con-
trary to the observed values), while for interference ex-
tending away from the contact the geometry of the sam-
ple boundaries makes this effect less important. We pro-
pose a simple model in terms of the quantum interference
of electrons near the contact, over loop sizes of the order
of the elastic mean free path /.

To estimate the amplitude of the fluctuations we used
the generalized Landauer formula for the conductance
(11,121,

2e2 &
G==—2 |ts|?. (1
h a,p

Here |2,5|? is the transmission probability from incoming
channel a to outgoing channel g and N is the number of
channels. In the presence of impurities around the con-
striction the transmission probabilities are not equal to
84p, and depend on the probability for injected electrons
to return through the contact. This backflow probability
is given in first order by 0.82a/l. [8], yielding the
ensemble-averaged transmission probabilities {|z,5] 2 =(1
—0.82a/l,)/N. Evaluation of Eq. (1) with these trans-
mission probabilities and the number of channels
N =a2kZ/4 in a circular constriction with radius a gives
the mean conductance (G)=R, '. Calculating the
var(G) =(G —(G))? using Eq. (1) and the transforma-
tion from transmission to reflection probabilities to in-
clude the influence of correlations in the transmission
[11,13], we find for the rms amplitude of the fluctuations,

8G =~/var(G)=1.6(e*/h)all. . )

In contrast to the 7=0 UCF magnitude e?/h, Eq. (2)
depends on effective sample size and degree of disorder
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to take account for the efficiency of scattering contribu-
tions to the resistance. With a=5 nm and /, =240 nm,
Eq. (2) gives a fluctuation amplitude 6G=3.3x10 ~2¢%/h
for our 11-Q device, in reasonable agreement with the
observed 6G=1.8x10 ~2¢?/h. In diffusive point contacts
(I, =< a) larger fluctuations [(0.2-1)e?/h] were observed
[14], in support of Eq. (2).

The decrease of 8G starting at 10 mV can be under-
stood from phonon emission by electrons with excess en-
ergy eV, resulting in a reduced inelastic mean free path
Lin. This reduction of Li, destroys phase coherence of the
larger interference loops. To account for inelastic pro-
cesses we multiplied Eq. (2) by a factor expl—1/./
Liy(eV')], the probability that an electron with excess en-
ergy is inelastically scattered due to phonon emission on a
length scale /,. The energy-dependent inelastic mean free
path Li,(eV) is calculated from the normalized spectrum
in Fig. 2(a) using [8] 1/Liy(eV)=Qn/hvp) [§ a?
x F,(€e)de and the electron-phonon-interaction parameter
A, =2fla’F,(e)/elde=0.1 for Ag (v is the Fermi veloc-
ity). After adjusting the amplitude at low voltages to the
roughly constant level of 6G between 3 and 9 mV [Fig.
2(b)], good agreement with the measured voltage depen-
dence of the rms amplitude is found.

In our point contact the impurity scattering takes place
far away from the region where the applied voltage drops
(l,>a). The excess energy, acquired by an electron
passing the constriction, determines the electronic wave-
length. When the voltage is changed, the wavelengths,
and, therefore, the interference conditions are changed
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FIG. 3. The fluctuating component of RS=[R(V,B)
+R(—V,B)1/2 and of RA=[R(V,B)—R(—V,B)1/2, the
symmetric and antisymmetric resistances, as a function of mag-
netic field for different applied voltages (for clarity, the curves
have been shifted with respect to each other).

[15,16]. A significant change in the magnetofingerprint
is expected when the electron energy exceeds E.=h/t,,
with E. the correlation energy and ¢, the time to traverse
a coherent electron trajectory. From the effective length
L==240 nm at zero bias, calculated via L=(dy/B.)"?,
and t,=L/vr, we find a correlation energy E.=4 meV, 2
orders of magnitude larger than observed in metallic
rings [17].

Because of the random distribution of scatterers
around the constriction, the point contact lacks inver-
sion-center symmetry. Changing the sign of the excess
energy of the electrons influences the interference condi-
tions for the different impurity configurations on each
side of the contact. Therefore, the conductance will be
asymmetric with respect to bias reversal. In Fig. 3 we
have plotted the fluctuating component of R® and of R,
the symmetric and antisymmetric parts of the magne-
toresistance, for a number of positive and negative ap-
plied voltages. The decomposition in Fig. 3 demonstrates
a new magnetofingerprint in the antisymmetric com-
ponent R* with increasing amplitude for eV < E.. The
magnetofingerprints of RS and R“ change again within
the correlation voltage E./e. We plotted the rms ampli-
tudes of the conductance deduced from the magnetoresis-
tance traces in Fig. 3 as a function of the voltage in Fig.
4. At low voltages, the rms amplitude of the antisym-
metric component increases linearly. Comparing this re-
sult with theoretical predictions and former experiments
on diffusive systems [15,16], we find good agreement if
we include the reduction factor a/l, in the expressions for
the fluctuation amplitude in the antisymmetric part of the
conductance.

In diffusive systems, for voltages V' = E./e a decrease
of the fluctuation amplitude is expected because of classi-
cal averaging over eV/E. coherent subsystems [15].
However, in our experiment the electrons scattered by
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FIG. 4. The rms amplitude of the symmetric component
8GS=([G(V,B)+G(—V,B)1))'2/2 (@) and the antisymmetric
component §G=({[G(V,B) —G(—V,B)1%"2/2 (m) of the con-
ductance as a function of the applied voltage in units e 2/h.
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impurities around the constriction have a constant excess
energy eV and the resistance is measured differentially
around the applied voltage V. Apart from the small in-
crease of 8G for voltages V < E./e, increasing the voltage
above E /e does not affect the rms amplitude (Fig. 2) of
the fluctuations, but will only give access to different
coherent subsystems with energy width E=F,.. Each
time the voltage is changed by AV=E_/e a new subsys-
tem is entered and hence the magnetofingerprint is com-
pletely changed. This is clearly visible in Fig. 1. Inelas-
tic processes influence the fluctuation amplitude at higher
voltage.

In conclusion, this work reports the first observations of
reproducible magnetoconductance fluctuations in a
three-dimensional ballistic metallic point contact. The
characteristic field scale B,, the correlation energy E.,
and the amplitude reduction (a/l,) of the fluctuations are
in agreement with the model that the elastic mean free
path determines the size of interfering paths. Using the
possibility to tune the nonequilibrium energy of the elec-
trons by the applied voltage, the ballistic transport in a
point contact yields energy-resolved information about
the influence of electron-phonon scattering and voltage
polarity on the electron interference effects.

We wish to thank H. Appelboom of the Solid State
Physics Group of the Delft University of Technology for
assistance with the UHV evaporation. One of the au-
thors (J.A.K.) expresses his gratitude for the hospitality
of the Delft Institute of Microelectronics and Submicron
Technology during the experiments, and would like to
thank G. Maret for stimulating discussions. R. Rammal
took great interest in this work. This work is part of the
research program of the Stichting Fundamenteel Onder-
zoek der Materie (FOM), which is financially supported
by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO).

[11 P. A. Lee and A. D. Stone, Phys. Rev. Lett. 55, 1622

2552

(1985); P. A. Lee, A. D. Stone, and H. Fukuyama, Phys.
Rev. B 35, 1039 (1987).

[2] C. P. Umbach, S. Washburn, R. B. Laibowitz, and R. A.
Webb, Phys. Rev. B 30, 4048 (1984); R. A. Webb, S.
Washburn, C. P. Umbach, and R. B. Laibowitz, Phys.
Rev. Lett. 54, 2696 (1985).

[3]1 W. J. Skocpol, P. M. Mankiewich, R. E. Howard, L. D.
Jackel, D. M. Tennant, and A. D. Stone, Phys. Rev. Lett.
56, 2865 (1986); S. B. Kaplan and A. Hartstein, Phys.
Rev. Lett. 56, 2403 (1986).

[4] V. Chandrasekhar, D. E. Prober, and P. Santhanam,
Phys. Rev. Lett. 61, 2253 (1988).

[5] C. J. B. Ford et al., Phys. Rev. B 38, 8518 (1988).

[6] C. W. J. Beenakker and H. van Houten, Phys. Rev. Lett.
63, 1857 (1989).

[71 R. A. Jalabert, H. U. Baranger, and A. D. Stone, Phys.
Rev. Lett. 65, 2442 (1990).

[8]1 R. A. Yanson, Fiz. Nizk. Temp. 9, 676 (1983) [Sov. J.
Low Temp. Phys. 9, 343 (1983)]; A. G. M. Jansen, A. P.
van Gelder, and P. Wyder, J. Phys. C 13, 6073 (1980).

[9] K. S. Ralls, R. A. Buhrmann, and R. C. Tiberio, Appl.
Phys. Lett. 55, 2459 (1989); P. A. M. Holweg, J. Caro,
A. H. Verbruggen, and S. Radelaar, Microelectron. Eng.
11, 27 (1990).

[10] V. K. Dugaev and D. E. Khmel’nitskii, Zh. Eksp. Teor.
Fiz. 86, 1784 (1984) [Sov. Phys. JETP 59, 1038 (1984)];
C. W. J. Beenakker and H. van Houten, Phys. Rev. B 37,
6544 (1988).

[11] P. A. Lee, Physica (Amsterdam) 140A, 169 (1986).

[12] R. Landauer, Philos. Mag. 21, 863 (1970); M. Biittiker,
Y. Imry, R. Landauer, and S. Pinhas, Phys. Rev. B 31,
6207 (1985).

[13]1 Y. Imry, Europhys. Lett. 1, 249 (1986).

[14] D. C. Ralph, K. S. Ralls, and R. A. Buhrman, in Nano-
structure Physics and Fabrication, edited by M. Reed
and W. Kirk (Academic, New York, 1989).

[15] B. L. Altshuler and D. E. Khmel’nitskii, Pis’'ma Zh. Eksp.
Teor. Fiz. 42, 291 (1985) [JETP Lett. 42, 359 (1985)];
A. L. Larkin and D. E. Khmel’nitskii, Zh. Eksp. Teor. Fiz.
91, 1815 (1986) [Sov. Phys. JETP 64, 1075 (1986)].

[16] S. B. Kaplan, Surf. Sci. 196, 93 (1988).

[171 S. Washburn, C. P. Umbach, R. B. Laibowitz, and R. A.
Webb, Phys. Rev. B 32, 4789 (1985).



