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Abstract
Kondo scattering was originally observed in Au alloys containing dilute magnetic 
dopants. While higher densities reveal additional exotic quantum phenomena in other 
materials, advances combining Au and molecular systems have only increased 
magnetic dopant density to 0.1%.  We demonstrate for the first time a doping method 
employing ions (Cu2+ or Zn2+), bifunctional, amphiphilic molecular wires (4-
mercaptobenzoic acid) and nano-Au systems (nano-aggregates or thin films).  1) The 
high surface-to-volume ratios of nanostructures and 2) the abilities for bifunctional 
molecules to form closely-packed, self-assembled monolayers and bind ions yield >20-
fold higher densities than previously reported.  We observe hallmark signatures of the 
Kondo effect at low temperature: the nano-aggregates magnetic moment decreases 
~50-70% and film resistance increases logarithmically. Significantly, here the dopants 
are outside the Au, providing evidence for a “proximity” Kondo effect for the first time.  
These results demonstrate that quantum nanostructured materials enable a promising, 
bottom-up approach for exploring strongly correlated quantum phenomena.

Conduction electrons can interact with localized, magnetic moments (e.g. unpaired d- or 
f- electrons) to manifest a wide range of exotic quantum phenomena. The earliest 
example is the Kondo effect observed in the limit of low dopant density e.g. in Au films 
doped with magnetic, Fe impurities. Delocalized conduction electrons increasingly 
scatter from localized unpaired spins as the temperature decreases below a 
characteristic Kondo temperature (TK), causing 1) the electrical resistance of the host 
material to exhibit a resistance minimum, increase logarithmically at lower temperatures 
and eventually saturate and 2) the magnetic moment to become screened as it forms a 
singlet with the conduction electrons 1,2. Such interactions have gained renewed, 
intense interest as in the limit of higher densities, a number of remarkable phenomena 
have been observed, including high Tc superconductivity and heavy fermions3–7.
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Studying the evolution of the Kondo effect as magnetic dopant density in Au metal films 
increases is challenging. Simply increasing dopant levels leads to dopant clustering 
already at 0.01%, preventing the study of higher impurity levels in these systems8–10.  
An alternate approach that has been explored is to dope Au materials with molecules 
containing localized, unpaired spins11–17. For example, recent reports have varied the 
density of unpaired molecular spins using Au film – molecule – Au film layered systems, 
where the molecule included magnetic Co11 or Cu 16 dopants. A maximum impurity 
density of ~800 ppm or 0.08% is achieved.  A study using break junctions explored the 
coupling between delocalized electrons in Au electrodes and polypyridine ligands 
containing magnetic cobalt ions.  Interestingly, varying the length of  alkanedithiol 
spacers between Co and Au, the study found that Kondo effect is observed using only 
short linkers i.e. in the limit of strong coupling between  Co ion and electrons in the Au 
13. Subsequent studies using  mechanically controlled break junctions revealed that the 
Co ion was in 1+ spin state14.

Nanostructures offer unique opportunities to investigate the Kondo effect in a tunable 
fashion. Nanoparticle properties can be controlled through size, shape and chemical 
composition, and molecular functionality can be controlled via chemical structure.  
Further, a great variety of nanostructures and their corresponding properties have been 
described in the literature.  Among these, Au nanoparticles (NPs) functionalized with 
various ligands have been widely studied for their tunable optical and electronic 
characteristics 18–20. Previous studies have shown that assemblies of Au NPs capped 
with alkanethiol molecules are magnetic, likely due to holes in Au d-orbitals at or near 
the NP surface21–25. The holes are generated in an uncontrolled fashion during NP 
synthesis and/or processing; as a result, multiple studies have reported widely varying 
magnetic moment values24.  Nonetheless, studies have reported that the unpaired d-
electrons can couple to delocalized electrons,  driving a wide range of related spin-spin 
interactions at low temperatures20,26.

Here, we show that we can exploit nanostructures to engineer materials to exhibit the 
Kondo effect at higher dopant densities than previously reported.  Our approach, shown 
in Fig. 1, employes 4-mercaptobenzoic acid (MBA) and Au nanostructures, which are 
purpose-selected based on their structure-function relationships.  The thiol moiety 
enables MBA to form densely packed self-assembled monolayers (SAMs) on Au 
surfaces.  The benzoic acid moiety can deprotonate, and the resulting carboxylate ion 
can bind positive metal ions, which can be chosen to have unpaired or paired d-
electrons, i.e. Cu2+ (magnetic) or Zn2+ (nonmagnetic, control), respectively.  Finally, the 
short, phenyl backbone enables strong coupling between the d-electron and Au 
conduction electrons.  For the Au, we employ 2 systems: films with nanoscale thickness 
or nanoparticles, both of which have high surface-to-volume Au atom ratios. For the 
films, the ratio scales as A/At = 1/t, where A is area and t is thickness, and for spheres 
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as (4r2)/(4/3r3) ~ 1/r, where r is sphere radius. The ratios are tunable via length scale 
and are high at nanoscale dimensions.  As a result, ion doping with the aid of MBA self-
assembly on the Au surface is expected to yield higher densities for thinner films and 
smaller nanoparticles.  

We show here that this strategy of using surface chemistry and high surface / volume 
ratio of nanostructures achieves >20-fold higher localized, unpaired / delocalized 
electron ratios than previously reported.  In addition, the strategy reveals a remarkable 
result for the first time. Previous observations of the Kondo effect employed dopants 
embedded inside tunnel junctions or films; that is, delocalized electrons traverse and 
scatter in the same spatial regions that localized, magnetic moments spins occupy. In 
contrast, the present approach employes MBA which positions the magnetic impurities 
outside the Au films and nanoparticles. Even in the nanoparticle aggregate case, the 
vast majority of magnetic impurities are near the nanoparticle surface but not in gaps 
between nanoparticles, as discussed further below.  Nonetheless, we still observe 
hallmark signatures of the Kondo effect - resistance increases in films and screening of 
magnetic moments in the nanoparticle aggregates – providing evidence for a “proximity 
Kondo effect” in these materials. As such, this work not only underscores the potential 
for such tunable quantum nanostructured materials to serve as a platform for studying 
strongly correlated electron phenomena but also demonstrates a potential to reveal 
previously unobserved phenomena.    

Figure 1: Schematics illustrating a) Cu2+ doping via a MBA self-assembled monolayer on a thermally deposited, 
thin Au film.  b) Cu2+ or Zn2+ doping C- or MBA-capped Au NPs and forming nanostructured aggregates.  

Figs. 2a and 2b show UV-Vis spectra of Au NPs both before and after addition of Cu2+ 
ions (see Supplementary Information Fig. S1 for corresponding data using Zn2+ ions).  
Before addition of the ions, citrate-capped Au NPs (C-NPs) exhibit a surface plasmon 
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resonance (SPR) peak centered at 530 nm.  MBA-NPs exhibit an SPR peak that shifts 
to slightly longer wavelengths due to a change in the dielectric constant of NP surface, 
and an additional  - * transition peak near 270 nm due to the phenyl ring.   Adding 
Cu2+ ions causes C- and MBA-NP SPR peaks to redshift and broaden significantly due 
to the increase in effective size of the nanostructured systems as ions bind to surface 
carboxy groups in both cases. The doubly charged ions can bind to one and, in some 
instances, to two C- or MBA-capping groups on different NPs, which in turn can lead to 
formation of NP aggregates.   Figs. 2c – f show TEM images of the corresponding NPs 
and aggregates.  The formation of large-scale aggregates upon addition of Cu2+ is 
clearly apparent.  Interestingly, C-NP exhibit significant changes in individual NP sizes 
and shapes in the nanostructured aggregates compared with MBA-NP. This is 
supported by the larger and more dramatic redshift in SPR resonance of C-NPs when 
compared with MBA-NPs upon addition of Cu2+.  These data are consistent with MBA 
binding to Au NPs more strongly than citrate due to MBA’s thiol moiety and as a result, 
MBA serving as a more effective NP capping molecule.  

 

Figure 2: UV-Vis and TEM characterization of C- (top row) and MBA-NP (bottom row) solutions, NPs and aggregates. 
UV-Vis spectra of a) C-and b) MBA-NP solutions before and after adding Cu2+.  TEM images of the respective NPs c) 
and d) before vs. e) and f) after doping with Cu2+.  g) Main panel. M vs. H for Cu2+-doped MBA-NP aggregates.  
Lower inset. M vs. H for Zn2+ doped MBA-NP aggregates. Upper inset. M vs. H data for Cu2+ and Zn2+ doped C-NP 
aggregates as well as quartz paddle + GE varnish.  

Fig. 2g shows low temperature (2K) magnetic moment (M) vs. applied field (H) for C-NP 
and MBA-NP aggregates obtained using Zn2+ or Cu2+ ions.  Aggregates obtained with 
Zn2+ exhibit weak moments, the C-NP aggregate exhibiting a diamagnetic response 
(Fig. 2g, both insets). The C-NP aggregate obtained with Cu2+ exhibits a paramagnetic 
response. These results are consistent with Cu2+ having an unpaired 3d electron and 
Zn2+ only paired electrons.  We note that differences in the small background 
magnetization (~0.005 emu/g) are due to differences in the sample holders for the 
respective measurements.   In contrast, MBA-NP aggregates obtained with Cu2+ exhibit 
a strong paramagnetic moment, ~300-fold larger than that of corresponding C-NP 
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aggregates. Since the citrate can desorb from the Au NP surface due to weak citrate – 
Au interaction, excess citrate molecules in solution are required to replenish the Au NP 
surface and prevent Au NP aggregation27. However, these excess citrate molecules can 
also bind to added Cu2+ and interfere with Cu2+ binding to citrates on the Au NPs 
surface, resulting in poorer Cu2+ doping.  In contrast, the thiol moiety of MBA enables a 
strong Au-S bond, anchoring the MBA to the Au NP surface. This allows excess MBA 
molecules to be removed, resulting in much improved Cu2+ doping. We estimate that 
the observed magnetic moment of 1.5 emu/g for MBA-NP aggregates corresponds to 
130 𝜇𝐵 / Au NP.  Reported values of the magnetic moment of a single copper (II) 
benzoate complex range between 1.4 and 1.9 𝜇𝐵 depending on bond orientation28.  This 
yields an estimate of ~ 70 – 90 Cu2+ ions per Au NP.  Considering our ~4.5nm Au NPs 
each contain ~3,500 Au atoms (and therefore ~3,500 conduction electrons), we can 
conclude the impurity density in these NP aggregates is ~2-3%.  XPS analysis of the Cu 
2p region of similarly fabricated samples yielded a Cu2+ dopant density of 1.7% (see 
Supplementary Information Fig. S2).  This is over an order of magnitude higher than the 
best literature values of ~0.08% using thin film molecular assemblies11.  Raman 
spectroscopy has confirmed that Cu2+ binds to carboxyl groups on the MBA.29

An expected hallmark signature of Kondo scattering is screening of dopant magnetic 
moments at lower temperatures as unpaired d-electrons form singlets with delocalized 
electrons.   To aid in analyzing the temperature response of aggregate paramagnetic 
behaviour, we employ the Curie Weiss law for paramagnets, 𝑀 =  𝐵∗𝐶

(𝑇―ϴ) + 𝑀0 

where B is the applied magnetic field, C is the Curie constant, ϴ is the Weiss constant 
to account for the temperature scale for any transitions, and 𝑀0 contains any offset 
diamagnetic contributions. C is a measure of the number and size of the moments. Figs. 
3a and 4a show M vs T data for C-NP and MBA-NP aggregates, respectively, both 
employing Cu2+ ions.  The small feature in C-NPs data near 80 K is attributed to an 
antiferromagnetic transition of trapped oxygen gas in the GE varnish.  Overall, M 
increases rapidly at low temperature consistent with paramagnetic response expected 
given M vs. field behaviour observed at 2K. However, Figs. 3a and 4a show that fits to 
the data using the Curie Weiss law yield poor agreement over the entire temperature 
range – see insets which magnify 100-300 K region. The deviations can be readily seen 

by linearizing the data by plotting, 1 (𝑀―𝑀0) =  
(𝑇―ϴ)

𝐵∗𝐶.  Figs. 3b and 4b show the 

same data as in Figs. 3a and 4a, respectively, as well as the fits using the 
corresponding best fit parameters.  The fits clearly fail at higher temperatures.   To 
better model the data, we assume that there are two types of paramagnetic moments 
and fit low temperature (2 – 50 K) and high temperature (150 – 300 K) regimes to the 
Curie-Weiss law separately.  Figs. 3c and 4c show that this approach yields much more 
satisfactory agreement with the data. Fig. 3d and 4d show corresponding linearized 
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data and fits.  In both cases, high temperature data are well described by Curie-Weiss 
behaviour with negative ϴ. Between ~50-80 K, there is a transition, and then low 
temperature data are described by another Cure-Weiss behaviour with ~50-70% larger 
slope (smaller 𝐶) and vanishing ϴ.   Since the Curie constant, 𝐶, is a measure of the 
number of magnetic moments in the material30, this analysis indicates a loss of spins as 
temperature decreases for both types of aggregates.  We attribute the remaining 
paramagnetic moment observed at low temperature to approximately half of the Cu2+ 
dopants which are weakly coupled to delocalized electrons.  This remaining 
paramagnetic moment is strong and increases as temperature decreases (Curie 
behaviour), dominating magnetic moment that is screened by Kondo scattering.  As a 
result, quantitative analysis of the temperature-dependent Kondo screening and 
determination of the Kondo temperature is challenging with this magnetic data.

  

 
 

Figure 3: M vs T data and Curie-Weiss fits for a C-NP aggregate doped using Cu2+.  a) Single Curie-Weiss fit shown 
across the entire- and high-T ranges (main panel and inset, respectively). b) Linearized versions of data and fit shown 
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in a). c) The same data in a) with two Curie-Weiss fits at high and low temperatures shown across the entire- and 
high-T ranges (main panel and inset, respectively). d) Both linearized versions of this data and fits shown in c). 

In the MBA-NP case, the measured value for 𝐶 is much larger than that of C-NPs due to 
the higher density of spins; while there is less of a proportional difference between high 
and low T Curie constants (~50% vs ~70%), there is a much larger decrease in the total 
number of spins as the MBA-NP aggregate is cooled. The negative ϴ observed at 
higher temperatures is consistent with decreasing net magnetic moment at lower 
temperatures and with spin screening in Kondo materials.31

  

  

Figure 4: M vs T data and Curie-Weiss fits for a MBA-NP aggregate doped using Cu2+. a) Single Curie-Weiss fit 
shown across the entire- and high-T ranges (main panel and inset, respectively). b) Linearized versions of data and fit 
shown in a). c) The same data in a) with two Curie-Weiss fits at high and low temperatures shown across the entire- 
and high-T ranges (main panel and inset, respectively). d) Both linearized versions of this data and fits shown in c).
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Since MBA-Au aggregates have a ~300-fold higher moment density than C-Au 
aggregates yet both exhibit reductions in moment densities at similar temperature 
scales, it is not likely that interactions between unpaired d- electrons in Cu2+ dopants 
drive the reduction.  Rather, we favor a Kondo-type screening mechanism based on 
interactions between delocalized Au and Cu2+ d- electrons.  This is a remarkable result 
as the molecules incorporate the magnetic Cu2+ dopants outside the Au NPs. Further, 
for the MBA-aggregates, the number of moments/Au NP (~70-90) is at least 10-fold 
higher than the number of nearest neighbor Au NPs, given that the aggregates are 
disordered and porous; that is, many Cu2+ dopants are bound to MBA on single NP 
surfaces rather than sandwiched between two MBA molecules between NPs.   These 
results provide evidence for a “proximity” Kondo mechanism in which Au electrons 
scatter off d- electrons in Cu2+ ions, with the Cu2+ located outside the Au NP and near 
the surface. 

To test this hypothesis, we measured R vs. T of 8 nm-thick Au films before and after 
depositing MBA SAMs and doping with Cu2+ ions near the films’ surfaces and test for an 
expected second hallmark signature of Kondo scattering, namely a logarithmic 
resistance upturn at low temperature.   We characterized the binding of Cu2+ to MBA 
molecules by conducting Cyclic Voltammetry using 50 nm Au films – see Fig. 5a.  The 
initial negative voltage sweep direction generates a large negative cathodic peak related 
to Cu2+ to Cu1+ reduction, and the subsequent positive voltage sweeps generates a 
broader and smaller positive anodic peak related to Cu1+ to Cu2+ oxidation, in 
agreement with previous reports32.  As a control, Fig. 5a shows that bare Au films (no 
MBA) that are exposed to Cu2+ ions do not exhibit Cu2+/Cu1+ redox features.  The 
Cu2+/Cu1+ redox couple confirms the presence of electrochemically active Cu ions 
immobilized by the SAM near the Au surface and their initial state before 
electrochemistry is Cu2+. This is also confirmed by previous XPS studies of NP films 
coated with MBA which capture Cu2+ ions  . 

Page 8 of 14Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 9
:1

4:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR04073F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04073f


9

Figure 5: a) Current vs. potential electrochemical cyclic voltammograms obtained using two Au films - with and 
without an MBA SAM – both after doping with Cu2+. Data are obtained at room temperature using a triangular 
potential scan at 0.05 𝑉𝑠 and purged aqueous 0.1 M phosphate buffer (pH 7.4). b) R vs T of the same Au film at 
different stages of Cu2+ doping: bare film (red), after depositing an MBA SAM (blue), and subsequently doping with 
Cu2+ (green).  A resistance increase only after Cu2+ immersion is apparent below 10 K.  Here we normalized all data 
to 12 K.  

We measured the 4-probe R vs T of these films down to 4 K – Fig. 5b.   Film 
resistances for bare and SAM-coated Au films decrease down to ~15 K due to reduced 
phonon scattering then plateau due to residual defect scattering.  As anticipated, the 
SAM-coated Au film doped with Cu2+ exhibits a pronounced resistance increase 
proportional to log T below 
~10 K.  We note that some bare Au films exhibited a low temperature upturn and 
exposure to Cu2+ (no SAM) led to a slight increase due to small physisorption; however, 
for 5 of 6 samples, adding an MBA SAM and doping with Cu2+ led to significant, further 
low temperature increases as shown.  See Supplementary Information Fig. S2 for 
additional Au film + MBA monolayer sample, and corresponding data without 
assembling MBA monolayer as control.  Combined, magnetic moment screening and 
log T resistance increase at low temperature suggests a proximity Kondo effect in these 
nanostructured systems30,33.     

In disordered thin films, a resistance upturn at low temperatures can be driven by 
electron localization phenomena.34  To probe such phenomena, we measured 
magnetoresistance at 4 K first using bare Au films, then again using the same films with 
MBA SAM’s, and finally using the same films after immersing in Cu2+ or Zn2+ solutions 
(see Supplementary Information Fig. S4). Resistance increases with magnetic field in all 
samples. These results are consistent with localization contributing to 
magnetoresistance and R vs T upturn observed in samples.  However, we observe that 
magnetoconductance does not change significantly after doping with Cu2+ or Zn2+, 
indicating localization is not significantly modified in the film. This is supported by 
Raman analysis which shows that Cu2+ binds to the carboxy group on the MBA, as 
mentioned above. Since doping with Cu2+ causes the R vs T upturn to increase in a 
majority of samples tested, our results suggest that localization cannot entirely account 
for the R vs T upturn increase. 

The present experiment is closely related to electrochemically-driven charge transfer, in 
a common situation where redox molecules closely approach electrodes. A recent 
study35 reports that as metallocene complexes approach a thin film Au electrode, Au 
band and molecule states overlap and can hybridize.  At the redox potential, local 
electric field in the surface charge double later shifts molecule redox-active states to the 
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Au Fermi level where charge transfer can occur and hybridization leads to a resistance 
increase (delocalized electrons adopt a localized character).  After excluding Joule 
heating, this mechanism is used to explain an observed correlation between redox 
current and spikes in resistance, which is otherwise difficult to rationalize for an Ohmic 
metal film.   In the present experiment, Kondo scattering and low temperature 
resistance increase may also be viewed as being caused by hybridization between 
delocalized electrons at the Fermi level and localized, unpaired electrons, albeit at lower 
energies via a second order interaction.  In both experiments, such strong interactions 
are possible even when the localized state is outside but near the metal. As such, the 
proximity Kondo effect described here and electrochemical redox, which is of significant 
scientific and technological interest, provide reinforcing pictures when viewed through a 
quantum perspective. 
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Data availability

All data supporting the findings of this study are included within the article and the 
Supplementary Information. No additional source data are required.

Page 14 of 14Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 9
:1

4:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR04073F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04073f

