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I
t is an interesting prospect to use nano-
scale structuring to modify and possi-
bly improve the superconducting prop-

erties of materials. Nanostructure can affect

the electronic density1�4 and the

electron�electron and electron�phonon

interactions,5,6 all of which are relevant for

superconductors. With advances in colloidal

synthesis, increasingly well-monodispersed

nanoscale materials can be used to test the

superconducting properties of macroscopic

samples of nanoparticles with or without in-

terparticle interactions. Considering an indi-

vidual superconducting grain, the Anderson

criterion for superconductivity is that the

average spacing between energy levels �

should be comparable or smaller than the

superconducting gap �.7 The energy level

spacing is inversely proportional to the vol-

ume, and this criterion can be fulfilled for Pb

when the diameter of the particle is larger

than 5 nm.8 Experimental evidence that su-

perconducting correlations could survive in

small particles with � � � and are absent for

� � � was made by tunneling through a

single superconducting grain,9,10 while the

thermodynamic properties of the granular

superconductors were also found to be in

agreement with this criterion.11�13

Prior experiments on gas-phase depos-

ited Pb particles14�18 show the evolution of

the transition temperature TC and critical

field HC as expected from theory. Gas-phase

preparation of nanoparticles has its draw-

backs. In particular, it requires a controlled

oxidation to ensure that particles remain

isolated from each other, and it does not

guarantee that particles are not sintered

and that the size distribution of the par-

ticles is maintained. More importantly par-

ticles prepared in this fashion are restricted

to the UHV environment making it difficult

for further processing and assembly in su-
perlattices. Monodisperse colloidal particles
would bring the ease of the solution-based
preparation techniques to the field of
granular superconductors. In spite of the
benefits that the colloidal nanoparticles can
provide, there are few reports on the syn-
thesis of sufficiently small superconducting
nanoparticles.19,20 Previous reports on Pb
nanoparticles did not report the Meissner
effect at sizes where it should have been ex-
pected according to the Anderson crite-
rion. Among the drawbacks of the reported
preparation methods is the absence of con-
trol over the oxidation.

In this article, we report a synthesis of
colloidal core/shell lead particles that allevi-
ates the problems of uncontrolled oxida-
tion. We then report on the magnetic sus-
ceptibility of a range of particle sizes and
find that the expectations from the Ander-
son criterion are met.

RESULTS AND DISCUSSION
Synthesis. In developing a new synthesis

of colloidal metal nanoparticles starting
from metal ions, one usually faces two main
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ABSTRACT Monodisperse colloidal lead nanoparticles with diameters ranging from 4.4 to 20 nm are prepared

by a self-limiting growth method. The nanoparticles are monodispersed and protected from oxidation by an

amorphous tin�lead oxide shell of 1.5�2 nm thickness. The magnetic susceptibility of the particles is measured

as a function of size, temperature, and magnetic field. The Meissner effect is observed indicating the

superconducting transition. For the 20 and 16 nm particles, the critical temperature is suppressed to 6.9 K from

the bulk value of 7.2 K and is further reduced for smaller particles. Depending on the size of the particles, the

critical field is enhanced by 60�140 times. The superconducting properties agree closely with the theoretical

expectations.
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obstacles. The first is finding a suitable reducing agent

and the second is stabilizing the surface of the newly

formed solid phase. These problems are solved for

noble metals and some transition metals with high re-

duction potentials;21 however, the successful synthesis

of monodispersed metal nanoparticles of the supercon-

ducting metals remains scarce.19,20,22,23 Reduction of

the group III and IV elements requires strong reducing

agents and in most cases anhydrous conditions. An-

other complication is that main group metals have low

affinity to conventional ligands such as amines and

phosphines, or will dissolve upon reacting with thiols

or long-chain carboxylic acids. In this work we provide

a new synthesis of monodisperse lead nanoparticles in

the range from 4 to 20 nm that are protected by a stable

oxide shell and that are soluble in organic solvents.

We used a hot injection method to control the

nucleation. A tin precursor, Sn[N(TMS)2]2, was rapidly in-

jected to a solution of lead stearate at 240 °C. The pre-

cursor can lead to the formation of elemental lead by

two possible reactions. Immediately after the injection

a ligand exchange forms Pb[N(TMS)2]2
24 which then de-

composes to provide Pb0. The tin precursor also decom-

poses to metallic tin, but at a slower rate. The electro-

chemical reduction potential of Sn2� is 10 mV smaller

than of the Pb2�, thus providing reduction of the Pb2�

by metallic tin.

Figure 1 shows TEM images of the lead particles

with core diameters from 4 to 20 nm. The largest stan-

dard deviation of the particle size distributions is 7%.

Nanoparticles typically self-assemble in superlattices on

the surface of the TEM grid as shown in the inset of Fig-

ure 1. High-resolution TEM images show the crystalline

core and an amorphous lower contrast shell that sur-

rounds every particle. Particles are well separated from

each other suggesting that they are also well capped by

organic ligands that provide solubility in nonpolar sol-

vents. X-ray diffraction spectrum (XRD) of the nanopar-

Figure 1. Transmission electron microscopy images of the lead nanoparticles. Core diameters of nanoparticles are (A) 4.4 �
0.4, (B) 11.4 � 0.6, (C) 16 � 1, and (D) 20 � 1 nm. The shell thickness is in the range of 1.5�2 nm for particles shown. Inset in
Figure B shows an example of self-assembly into superlattice. Scale bars in all pictures are 20 nm. TEM pictures for 7.7 �
0.5 nm nanoparticles are in the SI.
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ticles is shown in Figure 2. Several crystal structures
have been reported for lead nanoparticles; however,
we see only the cubic face-centered structure of bulk
lead.25 The peak positions agree well with reference
data.26 Peaks are broad due to the small size of the crys-
tals, and in good agreement with the Scherrer formula.
The shell on the TEM images is likely an oxide shell, al-
though we did not see a signature of crystalline PbO,
SnO, or SnO2 at the XRD spectra. A fit of the peak at
31.3° shows the presence of a broad low intensity peak
at 30.9°, which might be attributed to small inclusions
of tetragonal tin.26 From the nature of the reaction one
might assume that the crystalline core of the particles is
in fact a lead tin alloy rather than pure lead. Although
the positions of the XRD peaks coincide well with the
reference data for bulk lead, it does not eliminate the
possibility of alloying or inclusions of Sn0, because the
relative concentration of Sn0 is small.

The EDS spectrum shows the presence of lead and
tin (Supporting Information (SI)). Quantitative analysis
of the EDS spectra of particles with core diameter of 11
nm gave a tin-to-lead ratio in the range of 0.1�0.15,
and for 20 nm particle this ratio decreased to
0.05�0.07. Similar ratios are obtained by elemental
analysis: 0.2 and 0.07, respectively. This suggests that
tin is more probably located in the shell of the particles.

To determine the oxidation state of the surface at-
oms we measured high-resolution XPS spectra of the
Pb 4f7/2 and Sn 3d5/2 bands, which are shown in Figure
3. Survey scan, carbon and oxygen XPS spectra are
shown in the SI. The Pb 4f7/2 band can be fitted with
two peaks positioned at 136.5 and 138.5 eV.27,28 The first
peak corresponds to the Pb0 and the second to the
Pb2�. The peak positions and the separation between
the Pb 4f7/2 and Pb 4f5/2 bands fit the reference data for
the native oxides of lead.29 We also observe a peak at
133.9 eV, but it does not correspond to the reported
chemical shifts for the lead compounds. The spectrum
of the Sn 3d5/2 band also shows substructure with a
main peak at 486.5 eV, which corresponds to Sn2� and
a less intense one for Sn0 at 484.2 eV. The chemical
shifts of SnO and SnO2 are too close to determine the
oxidation state.26,29 It was reported that complete oxida-
tion of Sn0 to Sn4� occurs only at elevated tempera-
tures and moist air, and therefore we presume that the
oxidized tin is in the Sn2� oxidation state.30,31 The thick-
ness that is probed by XPS is 5�10 nm and is larger
than the combined thickness of ligand and oxide shell
(ca. 3�3.5 nm). The quantitative analysis of the XPS
spectra gives the PbO to SnO ratio as 40% to 60% and
Pb0 to Sn0 as 54% to 46%. This proportion of Sn is thus
much larger than that obtained with elemental analysis
and EDS spectra, and therefore supports the notion
that tin is concentrated in the shell of the particle. Thus
we conclude that most of the tin is in the shell, either
as Sn0 or Sn2�, and arrive at a composition of the shell
with SnO, PbO, Sn0 in the ratio of 50:30:20, respectively.

We now discuss the origin of the shell. According

to published data on oxidation mechanisms of lead tin

solders it is primarily tin oxide that is formed on the sur-

face after exposure to air.32 In attempts to minimize

the shell thickness, we performed all the cleaning pro-

cedures in inert atmosphere and minimized air expo-

sure before the TEM to 1 min, nevertheless the shell was

still present. As a control, we also reproduced a previ-

ously published procedure for the preparation of lead

nanoparticles using alcohol reduction20 and, using the

same precautions to limit air exposure, we verified that

the TEM images showed little or no shell. Therefore we

must conclude that the shell is formed during the reac-

tion and is peculiar to the usage of Sn[N(TMS)2]2 as a re-

ducing agent.

When Sn0 is oxidized to the Sn2� it forms a salt with

the carboxylate group that is left after the reduction of

lead stearate. At high temperatures, carboxylate salts of

tin have a tendency to decompose to form tin oxide.

This process is slow at the growth temperatures and can

be accelerated by the presence of amines.33 The thick-

ness of the shell shows an almost linear growth during

the course of reaction (see SI) while the size of the core

saturates at 10 nm after 2 min. Meanwhile, the concen-

tration of the particles continues to grow, which we

see by the intensification of the color of the solution.

We therefore argue that the shell is being formed dur-

ing the reaction and is not due to the exposure to air.

We propose that the amount of SnO formed is small,

and that it preferentially nucleates on the particles

forming an amorphous oxide shell, rather than making

independent nuclei of SnO. A similar reaction is possible

for the decomposition of lead stearate that might ex-

plain the presence of PbO in the shell; however, the de-

composition of lead stearate happens at higher temper-

Figure 2. X-ray diffraction spectrum of the 11.4 nm lead nanoparti-
cles. Peak positions and comparison with the reference data can be
found in the SI.
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atures than tin stearate,34 therefore explaining the

lower PbO concentration. The unusual saturation of

the core growth suggests that the development of the

shell slows down the growth and stabilizes the particles

at specific sizes. Therefore the growth is self-limiting

due to the shell formation. Finally, the long chain car-

boxylates are weak ligands for metallic lead, and stron-

ger ligand for the tin oxide particles, which explains the

high solubility and stability of the colloid.

The presence of the tin oxide shell is thus useful for

the formation of the monodisperse colloids. This was

tested in an attempt to eliminate the shell by using

Li[N(TMS)2] instead of Sn[N(TMS)2]2. In this reaction we ob-

served immediate formation of the yellow Pb[N(TMS)2]2

and its subsequent decomposition to Pb0. However, the

colloids formed did not have a shell and were not very

monodisperse, while the reaction yield was low.

The synthesis described above is robust to small

variations in the concentrations of lead and tin precur-

sors and produces monodisperse particles with a core

diameter of 11 nm. On the basis of the proposed reac-
tion mechanism we developed a variation of the syn-
thesis to make particles with bigger or smaller diam-
eters. The nucleation step and the rate of the shell
thickness growth are the key parameters that deter-
mine the final size of the particles. Increasing the rate
of decomposition of the carboxylic salts will lead to
smaller particles and slowing it down will increase the
final diameter. The addition of octadecylamine to the
initial reaction mixture in 1 to 1 ratio to tin precursor
produces particles with a diameter of 4 nm. This obser-
vation agrees with the proposed mechanism of the re-
action and the fact that amines facilitate the decompo-
sition of carboxylic salts of tin. Decrease of the amine
concentration leads to the formation of the bimodal
distribution. Changing the length of the chain does not
affect the final size. To controll the nucleation step, we
exploited the differences in the decomposition rates of
the Pb[N(TMS)2]2 and Sn[N(TMS)2]2. To prepare the par-
ticles with diameter of 7.7 nm, the injection tempera-
ture was increased to 285 °C and Li[N(TMS)2] was added
to the tin precursor.

The addition to the reaction mixture of a small
amount (5�20 �mol) of indium acetylacetonate leads
to the increase in the diameter of the nanoparticles, and
the increase of the concentration of In3� leads to the in-
crease of the size of the particles up to 25 nm. A fur-
ther increase does not affect the size of the particles,
but drastically reduces the yield. The final product of
the synthesis has however a bimodal distribution. It
contains particles with diameters of 4�5 nm and 20 nm.
The exact mechanism of this reaction is not known,
but one of the possibilities is that In3� provides a side
reaction for the formation of the In[N(TMS)2]3 from the
tin precursor leading to a smaller number of nuclei and
therefore bigger particles. Lowered reaction yield at
high In3� concentration and the presence of small par-
ticles favors this assumption, because lowering the tin
concentration does not produce similar effects. The
other possibility is that the In3� salt modifies the prop-
erties of the shell. In support of this suggestion, EDS
spectrum and elemental analysis of these particles
show the presence of indium. More studies are neces-
sary to elucidate the reason why indium leads to the in-
crease of the particle size and appearance of the bimo-
dal distribution.

The shell that is formed during the reaction serves
as an excellent protection from oxidation. Indeed, lead
particles without the shell oxidize in 3�5 h when ex-
posed to air. In contrast, when the core/shell particles
are exposed to air, Sn0 in the shell would be the first el-
ement to be oxidized therefore decreasing the permit-
tivity for oxygen even further. The nanoparticles with
the shell can be handled and stored in air without no-
ticeable change in size distribution for several days.
Such particles left on a TEM grid in air for 5 days show
an increase in the shell thickness by only 0.5 nm. This

Figure 3. XPS spectrum of a film of lead nanoparticles with core diam-
eter 11.4 nm. Spectra A and B show the Pb 4f7/2 and Sn 3d5/2 bands,
respectively.
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improved stability against oxidation is most helpful to

correctly characterize the magnetic superconducting

properties of the samples.

Meissner Effect. To characterize the magnetic suscepti-

bility of the nanoparticles, they are precipitated using

polar solvents and redispersed in molten paraffin. All

the sample processing is performed in the glovebox to

minimize oxidation. The NMR quartz tubes are half-

filled with paraffin, then the sample is added over a

thickness of �1 cm, and the tube is filled to the top

with paraffin to provide further protection from oxida-

tion. This procedure also ensures a uniform back-

ground, since as the tube is translated through the

pick up coils in the SQUID magnetometer, the only dif-

ference in magnetic moment arises from the dissolved

lead nanoparticles and the excluded volume of the

paraffin.

A color plot of the magnetic susceptibility as a func-

tion of temperature and field is shown in Figure 4 for

nanoparticles with different diameters. At tempera-

tures higher than TC the signal is temperature indepen-

dent and was subtracted as a background. Below the

superconducting transition temperature, TC(H � 0) �

6.9 K, the magnetic susceptibility decreases due to the

diamagnetic superconducting response. The dashed

line is a HC(TC) fit that separates the superconducting

state from the normal state. The grains are strongly in-

sulated from each other, because the combined thick-

ness of the oxide and ligand shells is 4�5 nm. There-

fore, the sample can be viewed as �1015 individual

particles in the magnetic field. In a bulk superconduc-

tor, the magnetic field is excluded from the entire vol-

ume of the sample except for a surface layer of the

thickness 	L, where 	L is a London penetration length.

For lead 	L � 37 nm, and therefore the particles stud-

ied in this work are completely penetrated by the mag-

netic field. This brings significant changes to the ob-

served Meissner effect compared with the bulk material.

First, the magnetic susceptibility is much reduced

from the bulk value of 
bulk
SC � �1/(4�) to

where r is the radius of the particle, �0 is the coherence

length, and 	L is the London penetration depth.35,36 For

lead particles of 11.4 nm diameter this leads to the reduc-

tion in the signal amplitude by 5.3 
 104 times. Combin-

ing this fact with the milligram quantities obtained in one

reaction batch makes it a challenging measurement. It

may be one of the reasons why the Meissner effect at

Figure 4. Intensity plots of the magnetic susceptibility as a function of temperature and magnetic field. The color repre-
sents the magnitude of the signal, red being high and violet being low. Core diameters of the nanoparticles used for these ex-
periments correspond in the same order to the particles shown on Figure 1 Black dots represent the critical temperature
and the blue dashed line separates normal and superconducting phases. Similar data for the nanoparticles with d � 7.7 nm
are in the SI.
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small sizes has not been previously reported. The high re-
producibility of the synthesis allowed combining several
batches of nanoparticles in order to achieve a stronger
signal. For particles of 11 nm and larger, the agreement
of the observed susceptibility with theoretical expecta-
tion is good. The amplitude of the signal for the 4 nm di-
ameter particles is smaller than expected by 11 times, but
the dependence on the diameter is still in fair agreement
with the theoretical prediction, see SI. Thus the observed
small negative deviation from the otherwise Curie law in
the signal for 4 nm particles is also assigned to the super-
conducting transition.

For the critical temperature determination in a bulk
superconductor, 
SC(T) is a step function with a transi-
tion width determined by crystal imperfections.35 For
nanoparticles, 
(T) curves are smooth as shown on the
Figure 5. According to eq 1 the magnetic susceptibility
is 
grain

SC � 	L
�2 with 	L(t) � (1 � t4)�1/2, where t � T/TC.

The signal below TC is thus proportional to the fourth
power of temperature. The effect of the fluctuation in
the order parameter is another feature of the supercon-
ducting transition in small particles. This can be ob-
served as an onset of the diamagnetism above the tran-
sition temperature. Following a literature procedure,
the critical temperature at varying magnetic field, TC(H),

was then chosen as the intersection of the T4 fit of the

(T) with the horizontal line.37 Example of this proce-
dure and the London equation fit38,39 are shown in the
SI. For high magnetic fields for 16 and 20 nm diameter
particles, TC is close to the lower accessible temperature,
thus making this procedure impossible. For these points
TC was then estimated as the onset of the negative dia-
magnetic contribution.

Along with the Meissner effect we also observe a
temperature dependent paramagnetic contribution,
Figure 4 and 5. For 4.4 nm particles this is the major con-
tribution to the magnetic susceptibility, and for bigger
particles it is observed at low values of the magnetic
field and temperature. If the number of electrons in the
isolated metal nanoparticle is odd, then the unpaired
electron will provide a re-entrant Curie-like contribution
to the magnetic susceptibility.8,40,41 This can be ob-
served only for metal nanoparticles when kT is much
smaller than the level spacing. However, the paramag-
netic signal is not due to the odd/even effects, because
we do not see a � d�3 scaling with diameter of the par-
ticles.36 A closer look at Figure 5 reveals that the mag-
netic susceptibility curves for the 4 nm particles and 20
nm particles coincide at H � 5 T when the supercon-
ducting response of the bigger particles is completely

Figure 5. Magnetic susceptibility as a function of temperature measured at magnetic fields of 0.25 (A), 3(B), 4(C), and 5 T
(D). The color of the traces corresponds to different sizes of the nanoparticles: (blue) 4.4, (black) 11.4, (red) 16, and (green)
20 nm. Inset is a magnification of the graph for 4.4 nm particles at low temperatures.
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suppressed. The absolute intensity of the signal corre-
sponds to �10 spins per particle. These observations
suggest that this paramagnetic response is a contami-
nation of the starting materials by paramagnetic impu-
rities, or results from the nonstoichiometric sites in the
oxide shell.

Figure 6 shows the critical temperature as a func-
tion of magnetic field. The magnetic behavior of the
small particles is analogous to that for thin supercon-
ducting film in the parallel field geometry. In both cases,
the entire volume of the sample is penetrated by the
magnetic field and the superconducting transition be-
comes first order. Therefore, instead of using an empiri-
cal law HC(t) � (1 � t2) that is widely used for bulk ma-
terials, we can use

which is suggested for small spherical grains.43 An-
other option is to use an implicit condition for the criti-
cal field and temperature:

where

and � is a digamma function.42,43 Both function are
plotted in Figure 6 together with experimental data
for 7.7, 11.4, 16, and 20 nm particles. Results of the fit
are summarized in Table 1 and also plotted on the in-
sets of the Figure 6 as a function of the diameter of
the particles. For the theoretical values of the critical
field we use HC � 4.85(	L�0

1/2/R3/2)HC, bulk, where HC, bulk

� 0.08 T is the bulk value of the critical field.44 Our ex-
perimental values of the critical field are 1.3�1.4 times
larger than the theoretical predictions; however, the de-
pendence on the size of the particles is well main-
tained. Previous experiments in gas-phase condensed
Pb particles systems11 report values of the critical field
that are about 2 times smaller than what is reported
here. A partial sintering of the unprotected particles as
described in ref 11 is a possible explanation for the dis-
crepancy between the two preparations. Depending
on the initial theoretical assumptions there are several
variants for the prefactor in the formula for the critical
field, but all of them are smaller than used above,45 so
this is not improving the agreement. As an alternative
explanation, we note that the effective radius that will
provide agreement between theory and experiment is
about one standard deviation smaller than the average
size. This small deviation from theory could then be ex-
plained by a decrease in size of the particles due to oxi-
dation; however, the systematic nature of the deviation
rules this out. Our preferred reason for the small devia-
tion lies in the nature of the surface scattering and the

�k
�1 term. It seems likely that the surface should show

an effect on the magnetic response and that this can

only be seen with small, monodispersed, and stable su-

perconducting systems as synthesized here.

The critical temperature of bulk lead is 7.2 K. For par-

ticles with diameters 16 and 20 nm we observe a slight

depression of TC � 6.9 K. Qualitatively it could be ex-

plained by several reasons. The observed paramagnetic

contribution arises from unpaired spins that have a

pair breaking effect, therefore lowering the TC. Also,

softer surface phonons could enhance the TC for the

free-lead surface, while in the case of the oxide-covered

particles, the phonon spectrum should be affected in

the opposite way.5

Particles with diameter 11.4 nm show a further de-

crease in the critical temperature to TC � 6.7 K. For this

size, the ratio of the average level spacing to the super-

conducting energy gap is �/� � 0.1 and the discreteness

of the energy levels begins to play role. The decrease of

the critical temperature continues for the 7.7 nm particles

with TC � 6.3 K. The critical ratio �/� at which supercon-

ductivity disappears is predicted to be different for par-

Figure 6. Transition temperatures for particles of 20 (triangles), 16
(squares), 11.4 (circles) and 7.7 (diamonds) as a function of the ap-
plied magnetic field. The dashed and solid black lines correspond to
eq 2 (top axis) and eq 3 (bottom axis), respectively. Right inset: Criti-
cal field as a function of particle size. Fits are shown, dashed green line
with eq 2, and black line with eq 3. The blue line is the expectation
from theory. Left inset: Critical temperature as a function of particle
size. The blue line is a guide to the eye.

TABLE 1. Summary of the Fit of the Experimental Data to
eq 2 and eq 3, Compared to the Theoretically Predicted
Values of the Critical Magnetic Field. �/� is a Ratio of the
Average Level Spacing to the Superconducting Energy
Gap

d, nm �/� TC
Exper, K HC

Exp. Eq.2, T HC
Exp. Eq.3, T HC

Theory, T

20 � 1 0.02 6.9 � 0.5 5.9 � 0.1 5.0 � 0.6 4.2
16 � 1 0.03 6.9 � 0.3 7.8 � 0.2 6.7 � 0.2 5.8

11.4 � 0.6 0.09 6.7 � 0.3 12.8 � 0.4 11 � 2 9.6
7.7 � 0.5 0.3 6.3 � 0.1 22 � 2 19 � 2 17
4.4 � 0.4 1.6 2.4 � 0.4 - - 40

HC(t) ) HC(0)√1 - t (2)

ln
TC(H)

TC(0)
) Ψ(1

2) - Ψ(1
2
+ p

4πkBTC(H)τK
) (3)

1
τK

) 1.76kBTc(0)[Hc(T)

Hc(0)]2

(4)
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ticles with odd and even number of electrons and is 0.89
and 3.56, respectively.46 The smallest particles of diameter
4.4 nm show TC � 2.4 K. This result is a direct conse-
quence of the finite level spacing as for this size �/� �

1.6 and is in qualitative agreement with theoretical calcu-
lations. The size dependence of the critical temperature
follows closely that measured before for gas-condensed
particles.11 The abrupt change in the critical temperature
in the range from 4 to 6 nm echos the sudden change in
the superconducting gap that was also observed for
single islands of lead.4

In summary, we have developed a new procedure
for the preparation of colloidal monodisperse lead par-

ticles that are much less prone to oxidation than in pre-
vious studies. This allowed the first measurement of
the magnetic susceptibility on superconducting colloi-
dal nanoparticles down to very small sizes where TC is
affected. The superconducting state is present in Pb col-
loidal nanoparticles as small as 4.4 nm albeit with a
strongly depressed TC. The results are in good agree-
ment with the Anderson criterion and prior experi-
ments on gas-phase condensed nanoparticles, al-
though the critical field is measured to be �2-fold
larger for the colloidal particles. This work adds colloi-
dal superconducting nanoparticles to the toolkit for the
nanoengineering of future materials.

METHODS
Lead stearate was purchased from Chem Service; all other

materials were from Sigma-Aldrich and used as received with-
out purification. Solvents were of the anhydrous grade, and all
the procedures were made in a Schlenk line or in a glovebox with
nitrogen atmosphere.

A procedure for the preparation of particles with a lead core
of 11 nm diameter and 1.7 nm shell thickness was as follows. In
6 mL of 1-octadecene, 70 mg of lead stearate (90 �mol) and 0.05
mL of trioctylphosphine (110 �mol) were dissolved. The quality
of the lead precursor is a crucial component to make a prepara-
tion procedure reproducible. An excess of the carboxylic acid
that is not converted to the lead salts is of the greatest concern.
The reaction mixture was kept under vacuum in the Schlenk
line for 30 min at room temperature and then for 15 min at
100 °C, periodically flushing the flask with argon. Under argon
the temperature was increased to 244 °C and 1.1 mL of 0.06 M so-
lution of bis[bis(trimethylsilyl)amino]tin(II), Sn[N(TMS)2]2, in hexa-
decane was rapidly injected. The temperature of the reaction
mixture instantaneously drops to 210 °C and then jumps back
to 218�220 °C at which it was stabilized. After the injection the
color of the solution turns black within several seconds, which in-
dicates nucleation and growth of the lead particles. The solu-
tion was kept at 220 °C for 6�7 min and then was cooled down
to room temperature. It was then degassed to remove volatile
products and transferred to the glovebox for cleaning.

Nanoparticles were centrifuged after precipitation with
2-propanol/ethanol mixture. The supernatant was decanted
and the precipitate was redissolved in toluene or hexane. The
cleaning procedure was repeated two more times using pure
2-propanol for the precipitation. After the last cleaning cycle,
particles were redissolved in hexane and the excess of lead stear-
ate was filtered trough a 0.2 �m Millipore filter. Transmission
electron microscopy images of the filtered and unfiltered solu-
tions did not show a significant change in the particle size distri-
bution. Filtered particles form a stable colloid and could be
stored under argon for 1�2 months. Particles could also be
cleaned and stored in air; however, in this case the shelf life is
limited to several weeks. To ensure complete cleaning, the nano-
particles were precipitated several more times before conduct-
ing measurements. This step lowers the colloid stability and was
performed right before the experiments. The weight of the
cleaned nanoparticles is 10�12 mg, which corresponds to �50%
final yield. The synthesis can be scaled up to 10 times without
loosing the monodisperse size distribution.

To decrease the size of the particles, Li[N(TMS)2] was added
to the tin precursor. Increase of the Li[N(TMS)2] concentration
leads to the decrease in the diameter of the particles. For the
preparation of the particles with diameter of 7.7 nm the follow-
ing conditions were used. A 840 mg portion of lead stearate was
dissolved in 8 mL of 1-octadecene and degassed for 1 h at room
temperature and then filled with argon. Injection solution was
mixed in the glovebox from a 0.4 mL of Sn[N(TMS)2]2, 0.1 mL of
trioctylphosphine, 1 mL of 0.1 M solution of Li[N(TMS)2] in hexa-

decane and 2.2 mL of hexadecane. After injection at 285 °C tem-
perature was stabilized at 220 °C and kept for 4 min. Cleaning
procedures were the same as for 4.4 nm nanoparticles.

Particles with core diameters larger than 10 nm were pre-
pared with addition of the indium acetylacetonate to the reac-
tion mixture. The size of the particles can be controlled by chang-
ing the initial concentration of TOP and indium salt. An increase
of the In3� concentration leads to the increase of the nanoparti-
cle diameter. Changes in the TOP concentration have an oppo-
site effect. For the final tuning of the core size in the range of sev-
eral nanometers the concentration of the tin precursor can be
adjusted in the range of 0.055�0.065 M. For example for the syn-
thesis of 20 nm particles, the reaction conditions were changed
in the following way. A 3.5 mg portion of indium acetylacetonate
(8 �mol), 0.03 mL of TOP (65 �mol), and 230 mg of lead stear-
ate (300 �mol) were added to 17 mL of ODE. The volume of the
injected tin precursor was increased to 3.6 mL. When In3� ions
are present, the resulting colloid has a bimodal distribution of
particles with diameters of 20 nm and 4�5 nm. The fraction of
smaller particles can be easily removed by size-selective precipi-
tation with 2-propanol. All other procedures remained
unchanged.

To prepare particles with smaller core diameters of �4 nm,
octadecylamine (ODA) was added to the initial reaction mixture
in the ratio 0.9:1 to the tin precursor. Better results were obtained
if TOP was not added. The product of this reaction contains a
fraction of particles of larger diameters. These particles can be re-
moved by size selective precipitation. For this size of particles,
the reaction byproducts can be effectively cleaned by centrifuga-
tion of the hexane solution of nanoparticles after the first precipi-
tation cycle. All other procedures remained unchanged.

The transmission electron images (TEM) were obtained at
300 kV using an FEI Tecnai F30, equipped with energy disper-
sive X-ray spectrometer (EDS) for compositional analysis. A drop
of dilute solution of nanoparticles was allowed to dry on the TEM
grid in the inert atmosphere and transferred to the TEM in a
closed vial. Exposure to air was limited to a few minutes. Size dis-
tributions were measured manually using the ImageJ program
on at least 100 particles. The diffraction patterns were collected
using a Bruker D8 diffractometer with Cu K� X-ray source oper-
ating at 40 kV and 40 mA and Vantec 2000 area detector.

Low-resolution X-ray photoelectron spectroscopy (XPS) meas-
urements were performed in the Keck Interdisciplinary Surface
Science (Keck-II) facility of Northwestern University using an
Omicron ESCA Probe system. High-resolution XPS spectra were
acquired with a Phoibos HSA 3500 Energy Analyzer. Samples for
the XPS were prepared by drying of the concentrated colloids
on the silicon substrate in the inert atmosphere. Elemental analy-
sis of the 11.4 and 20 nm particles was performed by Galbraith
Laboratories, Inc.

Measurements of the magnetic susceptibility of 11.4 and 20
nm particles were performed using a Quantum Design MPMS
and for 4.4 and 16 nm particles using the MPMS-XL in the Cen-
ter for Nanoscale Materials of Argonne National Laboratory. Mag-
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netic susceptibility is reported in emu units per gram of lead in
the core of the particles, which was estimated on the basis of the
spherical geometry and total sample weight. Several batches of
particles were combined into one sample after checking that
their average sizes were within �0.5 nm. The dry weights of the
samples used for SQUID measurements ranged from 30 to 100
mg. Particles were dissolved in a previously degassed wax and
positioned in the EPR tube of the 4 mm diameter half filled with
wax. From the top, particles were sealed with the same wax.
This arrangement provides an almost background free measure-
ment and also further excellent protection from oxidation. Meas-
urements were done in field-cooled mode, scanning the field at
each temperature point. No difference in signal intensity was ob-
served for zero-field-cooled and field-cooled experiments sug-
gesting that there is no coupling between particles due to the
thick oxide and ligand shell.
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