PRL 100, 147202 (2008)

PHYSICAL REVIEW LETTERS

week ending
11 APRIL 2008

Reflectionless Tunneling at the Interface between Nanoparticles and Superconductors
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Interfaces between disordered normal (DN) materials and superconductors (S) are known to generate
conductance peaks at zero-bias voltage (V) and magnetic field (B). Using molecularly linked Au
nanoparticle films as the DN component, we find that superimposed on conductance peaks are oscillations
that depend simultaneously on both V and B. Such correlated conductance oscillations are predicted by a
“reflectionless tunneling” phenomenon but have not been observed in other DN-S systems. Length scales
extracted from periods of conductance oscillation correlate well with film nanostructure.
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Historically, interfaces between superconductors (S)
and normal (N) materials have proven to be fertile ground
for revealing new superconducting phenomena and for
gaining new insights into superconductivity. In the 1990s,
Kastalsky et al. and Magnée et al. observed a new meso-
scopic phenomenon in such systems: Zero-bias con-
ductance peaks (ZBCPs) can be generated at
Iny 53Gag 47As-Nb and doped Si-Nb interfaces, respectively
[1,2]. Their results suggested that phase coherent processes
at the interface are important at low bias. This phenomena
was then interpreted by van Wees e al. [3], Beenakker
et al. [4], and Marmorkos et al. [5], who developed various
treatments of a “relectionless tunneling” (RT) model. In
this model, a ZBCP is generated by an Andreev reflection
(AR) process enhanced by elastic scattering in the normal
region. That is, at disordered normal (DN)-S interfaces,
electrons have multiple opportunities to attempt AR. If
they fail an initial attempt, they are specularly reflected
from S, coherently scattered off dopants and/or defects in
DN, and redirected towards the interface to reattempt AR.
In doped semiconductors, elastic scattering lengths (L,s)
tend to be large (100 s of nm), and ZBCP widths tend to be
correspondingly narrow. Frydman and Dynes used granu-
lar Ag films and Pb superconducting contacts to explore
this RT phenomenon [6]. As film thickness increased,
conductance vs voltage measurements exhibited ZBCPs
consistent with RT for a narrow range of thicknesses.
This behavior supports a RT model since it correlates
conductance features with film disorder. Note that a feature
of granular metal films is that their short L,s yield corre-
spondingly broad, robust ZBCPs.

A number of processes besides RT are known to generate
ZBCPs. These include electron-electron scattering [7—10],
AR [11-14], and spin-polarization enhanced AR [15,16].
van Wees et al., however, predicted a hallmark of RT: An
electron successfully undergoing AR generates a hole that
travels the electron’s time-reversed pathway and interferes
with the electron [3]. The treatment considered electrons
and holes propagating freely as plane waves that scatter
classically in DN at defects larger than the Fermi wave-
length, Ag. In the presence of an applied voltage (V) and
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magnetic field (B), this semiclassical treatment shows that
electron-hole wave functions are phase shifted by A ¢:

2
Ap =

¢ (VL* + BA), (1)
Ufp

where 7 is the reduced Planck constant, e is the elementary
charge constant, vy is the Fermi velocity in DN, L* is the
path length between attempts at AR processes, and A is the
area enclosed between this path and the DN-S interface
[3,17]. As a result, conductance is predicted to exhibit
quantum  electro-magneto-conductance oscillations
(QEMCO), i.e., correlated conductance oscillations as a
function of both V and B. In previously studied DN-S (e.g.,
doped semiconductor-S and thermally deposited granular
metal film-S) systems, averaging over L* gave rise to rapid
dephasing as fields increased, and conductance vs. field
yielded just a peak at zero field [1,2,6,12,13,18,19]. In
order to observe QEMCO due to RT, the scattering site
(defect) density should be sufficiently large to induce
multiple AR attempts, but the distribution of L* should
be sufficiently narrow to restrict dephasing.

We show here that a novel ““artificial material”’ compris-
ing prefabricated 5 nm Au nanoparticles that are subse-
quently cross-linked with 1,4-butanedithiol molecules
([HS-(CH,)4-SH]) enables direct observation of
QEMCO. Independent estimates of path lengths obtained
through both V and B measurements are consistent with
known nanostructure of the films. The effect is observed
routinely, is robust, and persists to large V and B, remark-
ably even beyond the bulk critical field values (H,s) of the
S components. We propose that this might be due to the
nanostructured nature of the DN-S interface. Our present
study exploring superconducting phenomena, combined
with previous studies demonstrating both Mott- and
percolation-driven metal-insulator transitions [20-24],
quantum interference effects (i.e., “weak localization™)
[25], and a rich array of nanoparticle properties demon-
strate that such novel self-assembled molecularly-linked
nanoparticle films (NPFs) are a useful test bed for explor-
ing charge transport in general. A wide choice of material
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components, including semiconducting, superconducting,
or ferromagnetic nanoparticles, is readily available.

Nanoparticles can be purchased or easily fabricated
via well-established methods. Here, Au nanoparticles
(4.8 nm * 1.2 nm in diameter) were prepared in toluene
as in Ref. [22]. Details of butanedithiol-linked Au NPF
preparation can be found in Refs. [25-27]. We used two
superconductors for contacts: In (99.999% pure) was pur-
chased from ESPI; InPbSn (45:20:35 by weight) was pre-
pared by mixing In with PbSn solder (37:63 by weight) at
~600 K. In has T, =430 K, T. =3.37 K, and H. =
19 mT, while InPbSn has T, = 420 K, T, = 6.68 K,
and H. = 520 mT, as determined by bulk ac magnetic
susceptibility. Both four- and two-probe electrode geome-
tries were used. For the former, S was directly contacted to
NPFs. For the latter, round Au pads (1.5 mm in diameter,
150 nm thick) were thermally deposited approximately
5 mm apart on each NPE. For these samples, In or
InPbSn was contacted to both the NPF and the Au pads,
which served as soldering anchors. Four-probe samples
without Au anchors were also prepared and exhibited
similar results to those with anchors [27]. However, un-
anchored contacts often became unattached during cool-
ing. For control samples, S contacted elongated Au pads
that partially overlapped the NPFs such that direct NPF-S
contact was avoided. For all cases, Cu magnet wires
(100 pm thick) contacted the superconductors.

T and B were controlled by a Quantum Design physical
property measurement system (PPMS) “He cryostat
equipped with a 14 T Oxford Instruments magnet. Differ-
ential conductance (g) was measured using standard lock-
in techniques at low frequencies where g varied slowly
with frequency (typically 100 to 1000 Hz). We confirmed
reproducibility by testing 15 two-probe samples prepared
with 5 to 10 alternating butanedithiol-nanoparticle immer-
sion cycles. NPFs were stable over many cycles of V, B,
and 7.

Figure 1(a) shows a plot of two-probe g vs V (B = 0,
T = 2.0 K) using a five-exposure NPF with In contacts
acting as the S components (Sample 1). The plot exhibits a
ZBCP with a height of 3.9% and a width of £380 mV. Two
thirds of similar devices exhibited comparable ZBCPs with
heights and widths ranging from 0.2% to 10% and 0.20 to
1.0 V, respectively. The range of observed behaviors is an
indication of the importance of disorder in these systems,
as discussed further below. The plot in Fig. 1(a) also
exhibits broad shoulders at ~ = 1 V. The same peak ex-
hibits a B dependence as well. Figure 1(b) shows a plot of
magnetoconductance, g vs B, at various V for the same
sample. At V =0V, the data exhibit a zero-(magnetic)
field conductance peak (ZFCP). As V increases, the shape
of the magnetoconductance changes until at V = 0.4 V, it
has evolved into a valley, and then at 0.8—1.0 V back to a
(much smaller) peak again. Note that these V’s are corre-
lated with features in Fig. 1(a): When g is a maximum
(minimum) with respect to V, magnetoconductance exhib-
its a peak (valley) at B = 0. This correlation suggests that
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FIG. 1. (a) AZBCPin gvsV (at B=0), and (b) ZFCPs in g
vs B (for several V) observed at 2.0 K for sample 1. Data in (b)
have been normalized to high |B| values and offset by 0.01 for
each V (main panel), and by 0.002 for 0.6 V to 1.0 V and 0.003
for 0.5 V (inset), for clarity. g was approximately constant for
4T=<|Bl=14T.

the broad shoulders in Fig. 1(a) are actually “peaks” above
the background conductance obtained at high |B| or |V]|.

Since they vanish at T, [27], the observed ZBCP and
ZFCP fundamentally originate from superconductivity of
the contacts [13,27]. We confirmed this using several
samples and superconducting contacts with different 7
(In and InPbSn). The effects arise, in particular, at the
NPEF-S interface. Film conductance, isolated from interface
conductance through four-probe measurements, did not ex-
hibit conductance peaks [27]. Also, control samples with §
contacting Au pads but not directly contacting the NPF it-
self did not exhibit such features. We also studied seven
thermally deposited Au films ranging in thickness from
16 to 60 nm. Only two of the thinnest films (16 and 20 nm)
exhibited conductance peaks with fine features [27]. The
others exhibited peaks consistent with Blonder-Tinkham-
Klapwijk theory [28], or sometimes no peaks at all. This
highlights the importance of the nanograins at the inter-
face. In thicker thermally deposited films, scattering from
nanoscale defects (grain boundaries) becomes insignifi-
cant. In contrast, in NPFs, scattering remains important
even in thick films, and such conductance features are
common.

The oscillatory behavior of ZBCP and ZFCP shown in
Fig. 1 reveals that the features found in the present study
arise fundamentally from interference, and their dependen-
cies on both V and B are consistent with QEMCO [see
Eq. (1)]. Observation of QEMCO in macroscopic NPF-§
systems is remarkable since it implies reduced averaging
over length scales. This can be attributed to (i) use of
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nanoparticles with sufficiently narrow size (and therefore
L,) distributions; (ii) reduced current pathways, as films
self-assembled “‘layer-by-layer’ are highly porous (shown
in previously published SEM [20] and STM [27] images);
and (iii) a tendency of organic cross-linkers to reduce
wettability of S on the NPF, further reducing the number
of pathways traversed by charges near the NPF-S interface.
In conventional disordered materials such as thermally
deposited films and doped semiconductors, averaging
over L* results in dephasing at large fields. Thus, only a
peak around zero field survives, and conductance oscilla-
tions are rarely observed [3,17]. Here, all 15 samples
studied exhibited evidence of QEMCO, with different
degrees of contrast corresponding to different distributions
of L*. Figures 2 and 3 illustrate the range of behaviors
observed. Figures 2(a) and 2(b) show g vs V dataat B = 0
using 10- and 6-exposure samples, respectively. Both used
InPbSn contacts. Data in Fig. 2(a) exhibit a ZBCP and
several strong oscillations with multiple distinct periods.
Fourier analysis (inset) yields periods of 160 mV, 100 mV,
83 mV, 71 mV, 45 mV, and 42 mV. In Fig. 2(b), we again
observe a strong ZBCP along with finer features at higher
|V|, implying a broader distribution of L*.

Figures 3(a) and 3(b) show magnetoconductance at
various Vs using the same samples, respectively, as in
Figs. 2(a) and 2(b). For both samples, there is a ZFCP
that washes away with increasing V. Again, features are
strongly correlated with V-dependent measurements. For
example, in Fig. 3(a), sharp peaks occurat B =0in g vs B
data when V = 0.00, 0.20, 0.30, and 0.40 V, and at these
voltages, g vs V data exhibit maxima [Fig. 2(a)]. Distinct
multiple periods in V indicate the presence of a multimodal
distribution of path lengths near the DN-S interface in this
sample. Figure 3(b) exhibits fine ‘“‘oscillations” when
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FIG. 2. g vs V (B = 0) normalized to high |V| values for two
Au nanoparticle  film-InPbSn  superconductor  samples:
(a) Sample 2 (T = 2.2 K), and (b) Sample 3 (T = 2.75 K).
(Inset) FFT power spectrum of data in (a).

0.70 V = V = 1.45 V, the same voltage range over which
g vs V exhibits fine features [Fig. 2(b)]. To emphasize the
oscillations and their anticorrelation as a function of V and
B anticipated for QEMCO, Fig. 4 shows a color plot of
log|d%g/dB?| vs V and B data for the sample used to obtain
data in Figs. 2(b) and 3(b). Note that oscillations in g,
indicated by points of inflection, move to lower |B| with
increasing |V/|. This indicates that a phase shift can be
generated with contributions from either V or B, as in
Eq. (1).

Periods of oscillation in g vs V and B can be used to
estimate L* independently through Eq. (1). Depending on
the sample, periods in V range from ~50 to ~500 mV.
Through four-probe measurements, we found that contact
resistance was smaller than film resistance by a factor of
order unity. Using Eq. (1) and taking vy = 1.4 X 10 m/s
with A¢p = 27, B = 0 and typical Vpy.g = 2V /7 where
Vbn-s is the voltage difference across the NPF-S§ interface,
L* is estimated to range from 20 to 200 nm.
Magnetoconductance data exhibit periods ranging from
~0.05 T to ~1 T. Using Eq. (1) with A¢p =27 and A =
L*? /27 yields L* in the range from 18 to 180 nm [27]. In a
strong diffusive limit, the upper bound of L* can be esti-
mated theoretically by
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FIG. 3. g vs B (at several V) normalized to high |B| values and
offset by 0.005 for (a) sample 2 and (b) sample 3, each measured
at the same temperatures as in Fig. 2. Only the ZFCP regions are
shown.
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FIG. 4 (color online). Relief map of log|d*>g/dB?| vs V and B
at 2.75 K for Sample 3 showing correlated evolution of oscil-
latory features as a function of B and V. Red and blue regions
represent large positive and negative values, respectively; orange

represents 0.
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Taking L, to be the average nanoparticle diameter yields
L* ~ 100 nm at 2.0 K. These various independent esti-
mates of L* are consistent with each other and highlight
a feature of NPFs: L* values are sufficiently small and
narrowly distributed that QEMCO are easily observed at
relatively large V and B.

Remarkably, ZFCPs persist to magnetic fields one to 2
orders of magnitude greater than H,. of InPbSn and In,
respectively, where bulk type I superconductors become
normal due to flux penetration. We also measured ZFCP
widths of thermally deposited films of various thicknesses,
and found that they too exceeded bulk H,. values but were
systematically lower than those for NPF-S systems [27].
Most thermally deposited films exhibited ZFCP widths
<0.5 T, and only for the thinnest films (=20 nm) were
they >1 T [27]. Disordered superconducting systems are
known to exhibit enhanced H,. [29,30]. Since S contacts the
highly disordered NPF, § in turn may be disordered near
the interface, leading to similarly enhanced H, and broad
ZFCPs [13,31]. Conductance peaks as a function of V, too,
are remarkably broad: ~2 orders of magnitude greater than
2A /e, where A is the energy gap of bulk S. Frydman and
Dynes also observed RT features beyond 2A /e and attrib-
uted the broadening to voltage drops experienced by elec-
trons in the N metal [6]. In the present system, the cause of
ZBCP broadening is not known. We speculate that it is at
least partially due to division of V; i.e., interfering charges
might encounter regions of high resistance near the NPF-S
interface, contributing to ZBCP broadening. Disorder in S
might also account for some enhancement of A at the
DN-S interface [30].

In summary, we find that molecularly-linked Au NPF-S
systems routinely exhibit robust QEMCO (via both V- and
B-dependent measurements) predicted by a RT model.
Oscillations persist to |B| > H, of the bulk S in associa-

tion with nanostructured nature of the interface. Our results
highlight the usefulness of NPFs for studying charge trans-
port, particularly quantum interference and superconduct-
ing phenomena.
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