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Conduction Channel Transmissions of Atomic-Size Aluminum Contacts
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We have determined the individual transmission coefficients of Al quantum point contacts containing
up to six conduction channels. The determination is based on a comparison of the highly nonlinear
current-voltage characteristics in the superconducting state with the predictions of the theory for a single
channel superconducting contact. We find that at least two channels contribute to the transport even
for contacts with conductance lower than the conductance quantum. [S0031-9007(97)03088-3]

PACS numbers: 73.40.Jn, 74.50.+r, 73.20.Dx

In mesoscopic structures electrical transport takes pladeetween the two superconducting banks [14]. The order
through independent “conduction channels” which aren = 2,3,..., of a step corresponds to the number of elec-
characterized by a transmission coefficieptand whose tronic charges transferred in the underlying MAR process.
contribution to the total conductanee is Gor;, where As the transmission of the channel rises from 0 to 1,
Gy = 2¢?/h is the conductance quantum [1]. An atomic- the higher order processes grow stronger and the subgap
size constriction between two metallic electrodes can aceurrent increases progressively. This so-called “subhar-
commodate only a small number of such channels. Thenonic gap structure” has already been observed in super-
contact is thus fully described by a et} = {r1,7,...}, conducting weak links and tunnel junctions with a very
which depends both on the chemical properties of théarge number of channels [15,16]. Measurements [17]
atoms forming the contact and on their geometrical arof the current-voltage characteristi€V() of Nb and Pb
rangement [2—4]. Experimentally, contacts consisting okingle channel tunnel junctions with an adjustable trans-
even a single atom have been obtained using both scannimgissionr; have shown that the height of the successive
tunnel microscope and break-junction techniques [5,6]current steps is proportional to increasing powers;oin
The total transmissiorf’ = Y\, 7; of the contacts is
deduced from their measured conductaigeausing the
Landauer formula&s = GyT . Experiments on a large en-
semble of metallic contacts have demonstratedtagsti-
cal tendency of atomic-size contacts to have a conductance 4
G close to integer multiples afy [7—9]. Does this mean
that each channel of the set is either fully ogen= 1) or
completely closedr; = 0), i.e., that there is an underly-
ing “transmission quantization”? This question cannot be
answered solely by conductance measurements which prog
vide no information whatsoever on the individual channels.

We show in this Letter that thieill set{r;} is amenable to
measurement in the case of superconducting materials.

Several authors [10-12] have calculated the current-
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upper left inset of Fig. 1 shows their numerical results eV/A

[13]. A precise determination of the channel content ofs 1 Measured current-voltage characteristics (symbols) of

any superconducting contact is thus possible if one asour different configurations of sample #1 at 30 mK and
sumes that the total currehtV) results from the contri- best numerical fits (lines). The individual channel transmis-

butions of N independent channels, sions and total transmissio obtained from the fits are
N (@) 7, = 0.997, TZT =046, 73 =029, T = 1.747, (b) 7, =
I i ‘ 0.74, 7, = 0.11, T = 0.85; (C) 71 = 046, 7, = 0.35, 73 =

(V) Z iV, 7). 0.07, T = 0.88; and (d)T = 7, = 0.025. Voltage and cur-

i=1

) rent are in reduced units. The measured superconducting gap
The i(V, ) curves present a series of sharp current stepsasA/e = 182.5 + 2.0 uV. Left inset: TheoreticalVs for

at voltage value¥ = 2A/ne, wheren is a positive inte- @ single channel superconducting contact for different values of

; ; _ its transmission coefficient (from bottom to top: 0.1, 0.4, 0.7,
ger andA is t_he supercpndqctlng gap. The well-known 0.9, 0.99, 1) after [12]. Right inset: Typical total transmission
process of single quasiparticle transport corresponds 19, s measured at = 5 A/e, while opening the contact at
n = 1. The common phenomenon behind the other stepground 6 pnfis, for samples #1 and #2. The bar indicates the

is multiple Andreev reflection (MAR) of quasiparticles distance scale.
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excellent agreement with the theory of MAR in the low trodes. The voltage and the current through the device are
71 regime [18]. The same series of experiments, but immeasured using two low-noise differential preamplifiers.
the contact regime, showed qualitatively that even for &ll lines connecting the sample to the room temperature
single atom contact more than one conduction channel hasgectronics are carefully filtered by a combination of lossy
to be considered. However, the transmission{sgtwas coaxial and twisted pair cables [22], and microfabricated
not determined. cryogenic filters [23]. We present in this Letter data ob-
In order to infer{r;} from the IVs, very stable atomic- tained on three nominally identical samples.
sized contacts are required. For this purpose we have usedAfter breaking, the electrodes are brought back into
microfabricated mechanically controllable break junctionscontact to form a point contact with a resistance of
[19]. The break-junction technique was pioneered bya few hundred ohms. Pushing again on the substrate
Moreland and Hansma [20] and later developed by Mulleteads to a controlled opening of the contact, while the
et al.[21]. Our samples ar@ um long, 100 nm thick sample is maintained g < 100 mK. As found in pre-
suspended Al microbridges, with B0 nm X 100 nm vious experiments at higher temperatures, the conductance
constriction in the middle (cf. Fig. 2). The bridge is bro- G decreases in steps of the order@f, their exact se-
ken at the constriction by controlled bending of the elasticquence changing from opening to opening (see right inset
substrate mounted on a three-point bending mechanismof Fig. 1). Between two jumps; generally tends to in-
A differential screw {00 wm pitch), driven by a dc motor crease when pulling the contact. The last conductance
through a series of reduction gear boxes, controls the mosalue before the contact breaks is usually betw@éiw
tion of the pushing rod that bends the substrate (Fig. 2)and 1.5G,. We distinguish between contact and tunnel
The geometry of the bending mechanism is such that Aehavior by the different interelectrode distance depen-
1 um displacement of the rod results in a relative mo-dence of the conductance in both regimes. The setup sta-
tion of the two anchor points of the bridge of aroundbility allows us to stop at any point along the breaking
0.2 nm. This was verified using the exponential depener closing curves in order to record th&s. Figure 1
dence of the conductance on the interelectrode distanahows thelVs of four configurations obtained on sam-
in the tunnel regime. This very strong dependence waple #1 atT = 30 mK. Note that curves 1(b) and 1(c)
used to estimate the experimental interelectrode stabilitdiffer markedly even though they correspond to contacts
to be better than 200 ffin. The bending mechanism is
anchored to the mixing chamber of a dilution refrigerator.
The bridges are broken at low temperatur@s<{ 1 K) 35k 5'9 1 : ]
and under cryogenic vacuum (obtained with a sorption ‘
pump) to prevent contamination of the two resulting elec-
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FIG. 3. MeasuredlfV) (circles) as a function of voltage for
S -~"" polyimide a contact obtained on sample #3. We have used reduced
Z guantities on both axes. Also shown are four calculated curves
for different transmission set&;}: {5}, five channel best fit,
T = 1.96; {58 and {5b}, five channel curves with slight
deviations from best fit ensemble but the saffie {4}, four
channel best fit,7 = 1.94. Inset: Set{r;} for the four
calculated curves. The sdfa} was obtained from{5} by
reducing the transmission of the most transmitted channel by
countersupports 0.75% of 7', and increasing the other four accordingly. The
set {5b} was obtained from{5} by setting the transmissions
FIG. 2. Three-point bending mechanism. The pushing rodf the two less transmitted channels to their average value,
bends the phosphorbronze substrate. The distance between tkeeping the three others the same. The measured gap was
two countersupports was 12 mm, and the substrate was 0.3 mth/e = 185 = 2 V. The disagreement between experimental
thick. The micrograph shows a suspended Al microbridgeand theoretical curves below = 2A/4e is attributed to a
(sample #2). The insulating polyimide layer was etched to fregesonance of the electromagnetic environment of the device
the bridge from the substrate. [24] (see text).
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having the same conductance within 5%. Curve 1(d) wasvith an accuracy of 1% off . For contacts containing
obtained after the contact broke, i.e., in the tunnel regimemore channels only the two or three dominant channels
and is comparable to the results reported in [17]. Wheridepending on their absolute value) can be extracted with
the device is driven into the normal state by applying ahat accuracy: As the number of contributing channels in-
magnetic fieldB > B. = 10 mT, the/V becomes linear creases, or the transmission of some individual channels
and corresponds to the sarfieas in the superconducting approaches; = 1, the information necessary to disen-
state far from the gap. When the magnetic field is turnedangle the contributions of additional channels is found in
off, we recover exactly the san& as before. higher order MAR. Consequently, reliable data at lower

In Fig. 1 we also show the best least-squares fits obvoltages become increasingly important to obtain accu-
tained using the numerical results of tiie= 0 theory rate fits. Experimentally, it is not possible to measure
[13]. The fitting procedure decomposes the total currenthe current at infinitesimally low voltages because there
I(v,T) into the contributions of six independent chan-is a hysteretic switching to the zero-voltage superconduct-
nels. Channels found with transmissions lower than 1%ng state. This sets a limitation to the maximum num-
of the total transmission were neglected. Since the MARber of channels and the minimum value of transmission
processes start to contribute to the current at lower voltene can precisely characterize by this method. We stress
ages as the order increases, we sampled the voltage withtlzat the total number of channels (with larger than 1%
density factorl /(V + V) with Vo = 0.1A/e. To illus- of T) is perfectly determined by the fit. Only the low
trate the sensitivity of the fitting procedure, we show intransmission values become less accurate when increasing
Fig. 3 (I/V) versusV for a particular contact on sample N. In practice, a second error source affects the method:
#3 along with four curves calculated with differept;}.  There is a residual disagreement between experiment and
Although T = 2, a five channel fit is necessary in this theory for voltages smaller tha®A /4e = 100 wV (see
case. Besides the five and four channels best fit curves wig. 3). We attribute it to inelastic Cooper pair tunneling
also show two curves obtained for slightly different val- corresponding to the excitation of a resonant mode of the
ues of the five individual transmission coefficients, keep-electromagnetic circuit in which the contact is embedded
ing their sum constant (see inset of Fig. 3). Wiér= 3,  [24]. For the particular geometry of our samples there is
this fitting procedure allows the determination of eagh a resonance at a voltage 6 = 10 uV which prevents
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FIG. 4. Top panel: total transmissidh = > r; as a function of time, as deduced from the best fit of [W® recorded on flight

while opening sample #3 at 0.5 g Bottom panel: evolution of individual transmission coefficientas deduced from the fit;

(@) channels determined with an accuracy of 1% or better of total transmigSjoi®©) channels determined with an accuracy of

3% of T or better. The vertical lines correspond to conductance jumps. For each region we have indicated the minimum number
of channels necessary to fit the data. In the last contact before the jump to the tunnel regime three channels contribute significantly
to the current. The upper axis scale indicates the approximate variation of the distance between anchors. The origin of the
distance axis has been set to the point where the contact breaks and enters the tunnel regime.
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