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ABSTRACT: Delocalized−localized electron interactions are central to
strongly correlated electron phenomena. Here, we study the Kondo effect,
a prototypical strongly correlated phenomena, in a tunable fashion using
gold nanostructures (nanoparticle, NP, and nanoshell, NS) + molecule
cross-linkers (butanedithiol, BDT). NP films exhibit hallmark signatures of
the Kondo effect, including (1) a log temperature resistance upturn as
temperature decreases in a metallic regime, and (2) zero-bias conductance
peaks (ZBCPs) that are well fit by a Frota function near a percolation
insulator transition, previously used to model Kondo peaks observed using
tunnel junctions. Remarkably, NP + NS films exhibit ZBCPs that persist to
>220 K, i.e., >10-fold higher than that in NP films. Magnetic
measurements reveal that moments in NP powders align, and in NS
powders, they antialign at low temperatures. Based on these observations,
we propose a mechanism in which varying such material nanobuilding blocks can modify electron−electron interactions to such a
large degree.
KEYWORDS: gold nanoparticles, molecular self-assembly, nanostructured materials, antiferromagnetism, Kondo

Interactions between unpaired localized electrons and
conduction electrons are central to a number of important

phenomena in condensed matter, including high Tc super-
conductivity and heavy fermion effects.1−5 A test bed of such
interactions is the Kondo effect in which antiferromagnetic
coupling between unpaired localized electrons and conduction
electrons leads to screening of the localized spins at sufficiently
low temperature and the formation of a Kondo singlet state.
This state gives rise to a Kondo resonance peak in density of
states that is centered at the Fermi energy and increases in
intensity significantly as temperature decreases below a
characteristic Kondo temperature (TK).
While the Kondo effect was originally observed in metal

films with magnetic impurities,6,7 the tunability of nano-
structured materials has led to interest in studying the Kondo
effect in these new systems.8−13 Recent reports studied the
Kondo effect exploiting the flexibility afforded by molecules,
either on surfaces of metal films or in tunnel junctions. For
example, one study has shown that it is possible to control
coupling between gold electrodes and a molecule possessing a
cobalt ion, polypyridine ligands, and a pair of alkanethiol
chains, which tether the molecule to the gold: when using long
alkane (i.e., pentane) dithiol tethers, single-electron charging is
observed; however, when using short dithiol tethers (without
an intervening alkane chain), the Kondo effect is observed due
to strong coupling between the gold and the cobalt.10 Spin
dopant density can be controlled by self-assembling a
monolayer composed of a mixture of transition metal

complexes (either Co2+ or nonmagnetic Zn2+) with terpyridine
ligands tethered to the gold substrate via a single thiol end
group. Changing the concentration of Co/Zn complexes
enabled tuning the density of spin dopants up to record high
values.8 Using metal−organic interactions and the range of
organic frameworks available, the range of choice for spin
dopants can be extended. For example, Cu phthalocyanine
molecules assembled onto a gold substrate exhibit a Kondo
effect, while atomic Cu impurities themselves do not.14 The
Kondo effect has also been studied in larger, tunable
architectures such as lithographically defined quantum dots
(QDs).15,16 Discrete electron charging effects are significant in
QDs and can be varied as they depend on the size of the QD.
In addition, by applying various gate voltages, energy levels
within the QD can be shifted easily to generate unpaired/
paired spin occupancy and effectively turn the Kondo effect
on/off, respectively.
Assemblies of chemically synthesized nanoparticles provide a

new target of opportunity to study the Kondo effect in a
controllable platform. Previous studies have shown that
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assemblies of Au nanoparticles (NPs) capped with alkanethiol
molecules are magnetic, likely due to holes in gold d-orbitals at
or near the NP surface.17−21 Au−thiol bonding results in
partial charge transfer from Au atoms to thiol, and X-ray
measurements have shown an increase in density of 5d holes in
Au when Au−thiol bonding was present.18,19,22,23 This
suggests a potential opportunity to study the Kondo effect
using this system, in particular. This is an attractive system to
explore the Kondo effect as Au NP + thiol/dithiol self-
assembly has been widely studied.24−27 Further, properties of
this system can be tuned from the bottom-up through choice
of nanostructured building blocks. Previous studies of
magnetism in assemblies of Au NPs capped with alkanethiol
molecules have focused on thiols with long alkane chains
which render such assemblies insulating. Here, we study
macroscopic conducting assemblies fashioned using short
chain alkanedithiol (butanedithiol, BDT) linkers, Au NPs,
and Au nanoshells (NSs). As in previous studies, localized spin
states may occur at Au nanostructure surfaces, and at the same
time, short BDT linkers used in the present study facilitate
electron delocalization, charge transport down to sufficiently
low temperatures, and observation of the Kondo ef-
fect.17−19,25,28 Furthermore, we vary assembly structure by
fabricating films using (1) all Au NPs and (2) alternating layers
of Au NPs/Au NSs. We observe signatures of the Kondo effect
in both BDT-linked NP and BDT-linked NP+NS films, and
remarkably, in NP+NS films, the Kondo effect can persist
beyond 220 K�more than 10-fold higher than that in NP
films. Thick NP films are metallic, and near the percolation
insulator−metal transition, films exhibit charge transport
consistent with the presence of significant Coulomb inter-
actions and tunneling. Thick NP+NS films remain insulating
and exhibit larger Coulomb barriers than NP films. BDT-NP
powders exhibit increasing moments with decreasing temper-
ature (paramagnetism); in contrast, BDT-NS powders exhibit
decreasing moments with decreasing temperature (suggesting
moment antialignment). Combined, these data enable us to
propose a microscopic picture for the range of behaviors
observed. Given the observed strong relationship between
nanobuilding block structure and electron−electron interac-
tions, these results demonstrate a potential for the present
system to serve as a platform to fashion quantum materials
with controlled or nanoengineered behavior.
Previous studies have shown that Au NP films cross-linked

with BDT undergo a percolation insulator-to-metal transition
with increasing immersion cycles.24 At lower immersion cycles,
linked NP clusters are small and electronically isolated from
each other. As the number of immersion cycles increases,
clusters grow, and beyond a percolation threshold (PT) where
clusters span the sample, films become metallic. Figure 1 shows
normalized conductance (g) vs temperature (T) for a thick NP
film well beyond the PT. The data exhibit a conductance
maximum at ∼70 K. The inset shows the same data plot as
normalized resistance (R) vs log (T). Below the minimum,
resistance increases logarithmically as temperature decreases. A
resistance minimum and a logarithmic upturn at lower
temperatures are hallmark behaviors of the Kondo effect.6 In
contrast, NS films remain insulating even up to 23 immersion
cycles when NP films are well beyond the PT. Conductance of
the most conducting NS film is measurable down to only 8 K.
Figure 2a shows g vs voltage (V) data for a NP film. The

data exhibit zero-bias conductance peaks (ZBCPs, observed in
5 of 12 samples). The peaks persist until ∼18 K, with peak

heights that decrease and widths that increase with T. For
reference, the peak height for the NP film at 2.5 K is ∼0.9 mS
or about ∼12G0, where G0 = 2e2/h is the quantum of
conductance. This suggests that multiple parallel current
pathways contribute to the ZBCP. We used ionic liquid gating
to try to shift the peaks but find they remain at 0 V, i.e., at the
Fermi level, excluding an underlying single-electron charging
phenomenon. ZBCPs have been previously observed using
localized spins in tunnel junctions where the localized spins
coupled to conduction electrons in tunnel junction electrodes.
The peaks arise due to an enhanced density of states at the
Fermi level associated with the Kondo resonance.9−12,29 We
believe tunneling plays a significant role in charge transport in
the present system and attribute the observed ZBCP to the
Kondo resonance. Additional support comes from fitting the
data using the Frota function:

+
g V

i
i eV

( ) K

K (1)

where g is the measured conductance, V is the applied voltage,
and ΓK is the half-width at half-maximum (HWHM) of the
ZBCP. ΓK is related to the Kondo temperature via30

= +k T k T( ) (2 )K B
2

B K
2

(2)

The Frota function has been previously shown to be
effective in describing the Kondo resonance in other systems.31

We find excellent agreement between the Frota function and
our data over a wide range of temperatures (solid lines in
Figure 2a). Further, in Figure 2c, we plot the HWHM obtained
from the Frota fits vs T. Consistent with eq 2, as temperature
decreases, widths decrease linearly and then plateau. As a
further consistency test, g vs T data for this film exhibit a
minimum which provides an estimate of TK ∼ 6 K or ∼0.5
meV (see Figure S3 in the Supporting Information);32,33 and
ZBCP widths in Figure 2a narrow to ∼0.25 meV at 2.5 K. Both
temperature and voltage estimates for TK are of the same
order.
Figure 2b shows g vs V data for NP+NS films obtained on

the insulating side of the PT which also can exhibit ZBCPs
(observed in 3 of 25 samples). ZBCPs for NP+NS films can
persist up to remarkably high temperatures exceeding 220 K,
i.e., approximately an order of magnitude higher than those for
NP films (∼18 K). At 100 K, the peak height is ∼0.01 μS or
∼1/8000G0. As before, peak widths increase linearly with T at
these high temperatures, which agrees with the expected
behavior of the Kondo resonance (see Figure 2d). Observed

Figure 1. Normalized conductance (g) vs temperature (T) for a thick
NP film well into the metallic regime. Inset: Normalized resistance
(R) vs log (T) for the same film.
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peak half-widths at 100 K are ∼1V. Figure 2d and eq 2 show
that widths increase linearly with T above TK. As a result, these
peak widths are thermally broadened. Also, these NP+NS films
are insulating (see Figure S3 in the Supporting Information for
g vs T data); such films likely contain many tunnel junctions in
series which divide the applied voltage and further broaden the
peak.
We can gauge the energy scale associated with TK based on

the temperature range over which ZBCPs survive. Figure 3
shows normalized ZBCP height data vs T obtained using 5 NP
films and 3 NP+NS films. Typically, ZBCPs for NP films
survive to ∼10 K, and for NP+NS films, they survive to >100
K.
Given our observation of various signatures of the Kondo

effect in films, we used SQUID magnetometry to gain insight
into the local moments driving the Kondo effect in these
materials. Magnetic signals measured using thin films on quartz
substrates, such as those used for transport measurements,
were too low relative to background signals measured using
just the quartz substrates. To improve the signal-to-noise, we
prepared macroscopic quantities of cross-linked NP (20 mg)
and NS (10 mg) powders, both cross-linked with BDT, and
performed magnetic measurements using polymer-based
powder sample holders from Quantum Design.
We measured magnetic moment (M) vs applied field (H)

measurements for NP and NS powders contained in polymer
powder sample holders, as well as background measurements
for sample holders alone. In all cases, a diamagnetic response
dominates. Figure 4 shows residuals obtained by fitting a line
through high field measurements, beyond the saturation field,

and subtracting this diamagnetic signal. See the Supporting
Information for raw data as well as data for additional samples.
NS powder and polymer sample holders exhibit a similar
response, which we attribute to background caused by
magnetic impurities that are off-centered with respect to the
MPMS3’s measurement coils. The NP powder exhibits a
paramagnetic response that is ∼3× larger than this background
with a slope of opposite sign. We estimate that the response for
the NP powders corresponds to 3 × 10−4 emu/g or 4.9 × 10−2

μB/NP. Published values20 range from 10−3 to 1 emu/g. These
magnetic data suggest that the magnetic moments associated
with the Kondo effect arise predominantly in BDT+NP
structures.

Figure 2. Transport data obtained using (a) NP and (b) NP+NS films: g vs V data taken at various temperatures, offset for clarity. Inset: Additional
higher T data for NP films. Lines are fits using the Frota model. (c,d) Half-width of the peaks in (a,b) vs T. Absolute magnitudes of conductance
measurements are given in Supporting Information Table S1.

Figure 3. Value of log gp/gmin (where gp and gmin are ZBCP peak and
minimum conductances, respectively, extracted from Frota fits) vs log
T for 5 NP films (solid spheres) and 3 NP+NS films (hollow circles).
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Figure 5a,b show M vs T data measured twice, both times
applying a fixed 1 kOe field and increasing temperature: first
after zero field cooling (ZFC) and then again after field cooling
(FC) in a 1 kOe field. Below 70 K, all systems exhibit
increasing moment with temperature, which we attribute to the
sample holder (see the Supporting Information for measure-
ments over the full temperature range). As temperature
increases above 70 K, magnetic moments of NP and NS
powders decrease and increase, respectively, while the moment
of the background remains relatively constant.
To further analyze these behaviors, Figure 5c shows 1/M vs

T obtained using two NP powder samples in both FC and ZFC
conditions. The data are scaled with respect to M. We scale the
data by fitting a line to the M−1 vs T data and using the

calculated slope/intercept to scale each data set. For example,
if the slope and intercept for this line are, respectively, Ax and
Bx for sample X, then we scale the data as (Mx

−1 − Bx)/Ax.
Scaled data for any sample obeying Curie’s law should collapse
on this line. The scaled data exhibit a reasonably good linear
trend below ∼200 K, which is consistent with Curie behavior
and the paramagnetism exhibited by M vs H data for NP
powders at 2 K. These results provide further evidence for the
presence of magnetic moments in BDT-linked NP systems and
support for the observation of the Kondo effect. Above 200 K,
the paramagnetic signal from the NPs drops off, leaving only
background signal. Data for different samples are scaled to
overlap Curie contributions; however, background signals will
not overlap, which leads to the observed divergence above 200
K.
Figure 5d shows correspondingM vs T data obtained for two

NS powder samples. In contrast with data for BDT-linked NP
powders which indicate moments paramagnetically align, FC
and ZFC data for both NS powder samples split below a Neeĺ
temperature (TN) of ∼120 K, indicating that moments in
BDT-linked NS powders antialign at low temperatures and
that a 1 kOe field is sufficient to overcome the antialignment
(see Supporting Information for NS and background data
comparing FC and ZFC measurements with averaging). At 2
K, M vs H data up to 10 kOe indicate that net moments in NS
powders are smaller than those in NP samples. Assuming that
the moment density for NPs provides an upper limit and
assuming dipole−dipole interactions, we estimate that the
temperature scale for dipole−dipole interactions34 is multiple
orders of magnitude below the Neeĺ temperature of ∼120 K
observed in NS powders. Given the large distances between
moments, we can also exclude a superexchange mechanism.

Figure 4. M (μ emu) vs H (kOe) after subtracting a diamagnetic
background. Measurements taken at 2 K. The data are offset by 10 μ
emu for clarity.

Figure 5. (a,b) M vs T. Data are offset by 0.3 μ emu for clarity. (c) Normalized inverse M vs T for two NP powder samples. Data are scaled such
that the linear behavior overlaps. The straight line is shown to guide the eye. (d) M vs T for two NS powder samples in both ZFC and FC
conditions.
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Accordingly, we propose that the Ruderman−Kittel−Kasuya−
Yosida (RKKY) interaction mediated by conduction electrons
as a plausible mechanism for the antialignment. The
interaction energy, HRKKY, between moments is given by35

= ·H J x x S x S x1
2

( ) ( ) ( )
x x

RKKY
,

RKKY
(3)

where
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

=J r J
r

k r
k r

k r
( )

1
2

cos 2
sin 2

2RKKY
2

2 3 F
F

F (4)

S⃗ is the spin of the local moment, J is a measure of the strength
of the interaction, r is the distance between the local moments,
ρ is the conduction electron density of states per spin, and kF is
the Fermi wavenumber. Although both NP and NS systems are
chemically similar, their different magnetic behavior may arise
from a difference in the hollow (insulating) NS vs solid
(metal) NP nanostructure architecture. A transition to
antiferromagnetic coupling can occur as free electron density
and, correspondingly, kF decreases at least locally. However,
further studies are needed to detail the nature of the magnetic
interactions in these materials.
While Au NPs comprise metal cores with delocalized

electrons, NP surfaces are likely depleted of charge due to
binding with electron-withdrawing thiols. Also, NP surfaces
likely possess unpaired, localized d electrons associated with
Au−thiol bonds, as previously reported in magnetic and X-ray
studies of isolated alkanthiol-capped NPs.36 Well beyond the
PT, electrons can delocalize through sample spanning metallic
clusters of BDT-linked NPs containing NP−NP interfaces; as a
result, delocalized electrons can couple to unpaired d-electrons,
generating signatures of the Kondo effect observed in the R vs
T data (Figure 1). Closer to the PT, BDT-linked NP clusters
are smaller, and films are more insulating. The importance of
tunneling in overall transport in this regime is supported as
tunneling conductance is proportional to density of states, and
a ZBCP is observed, corresponding to the expected Kondo
density of states peak at the Fermi level.
In the present study, we find that NP films exhibit Kondo

peaks up to ∼20 K, while remarkably, NS+NP films exhibit
peaks up to more than 10-fold higher temperatures exceeding
220 K. From plots of ZBCP widths vs T exhibiting saturation
of widths at low temperature, we estimate TK ∼ 4 K for NP
films. We cannot estimate TK for NS films as at low
temperatures film resistance becomes too high to measure,
and the ZBCP width varies linearly over the accessible range of
temperatures. However, since the temperature to which the
Kondo peak survives increases with TK, we infer that the TK of
NP+NS films are correspondingly higher. Previous studies
using QD and single-molecule systems have reported TK
typically in a ∼10−30 K range.9−13

The Kondo temperature scale is given by35

T Jexp( 1/ )K (5)

and since the Kondo effect persists to higher temperatures in
NP+NS films than in NP films, Jρ must increase. A number of
observations indicate that ρ decreases in NP+NS films at least
locally. g (proportional to density of states in tunneling) for
NP+NS films is lower than that for NP films; also, NP+NS
films remain insulating even after many immersion cycles,
while NP films become metallic. That is, including insulating
NSs results in isolation of conduction electrons. In order for

TK to increase in NP+NS films despite a decrease in ρ, J must
correspondingly increase. Previous studies of Coulomb block-
ade using quantum dots have shown that charges can produce
local fields which can shift quantum dot energy levels relative
to the Fermi level.37 Also, studies of heavy fermion materials
have reported that increased hybridization of localized and
delocalized states are associated with increased J.38 In the
present system, NSs are stabilized in water by sodium citrate
charges on their surface which may be retained in the NP+NS
films, potentially altering local moment and Fermi level energy
alignment and increasing hybridization for some local
moments.
Given a RKKY interaction between local magnetic moments

and a Kondo interaction between local moments and
conduction electrons, a Doniach phase diagram can be
expected and may account for some of our observations:
since TK varies exponentially with J and ρ while TN varies as a
power law, Kondo moment screening should give way to
RKKY-driven spin−spin interactions as J and ρ decrease. Our
results suggest that starting from NP, adding NS causes J to
increase and ρ to decrease (via lower NP concentration) such
that Jρ and TK overall increase. However, pure NS systems
have still lower ρ (since they are more insulating), and any
potential increase in J does not compensate, so that Jρ
decreases overall. As a result, TK drops below TN, and NS
powders exhibit magnetism as observed. Notably, ρ remains
finite in NS films. Observation of surface plasmon resonance in
NS films (Figure S1b(vi) in the Supporting Information)
indicates the presence of delocalized electrons, at least locally,
which could mediate the proposed RKKY interaction. Such an
interplay between delocalized electrons and localized, unpaired
electrons has been widely discussed in a context of Kondo
lattices and transition metal/rare earth materials. Given that a
variety of nanostructures and molecular cross-linkers are
described in the literature, the present results point to a
potential opportunity to use nanostructured materials as a
tunable test bed to study such quantum strongly correlated
electron−electron interactions, including up to rather high
temperatures.
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