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Despite being a low temperature phenomenon till date, superconductivity has found 

numerous applications in diverse fields of medicine, science and engineering. The great 

scientific interest in the phenomenon as well as its practical utility has motivated extensive 

efforts to discover and understand new superconductors. We report the observation of 

superconductivity at ambient temperature and pressure conditions in films and pellets of a 

nanostructured material that is composed of silver particles embedded into a gold matrix. 

Specifically, we observe that upon cooling below 236 K at ambient pressures, the resistance 

of sample films drops below 10
-4 

Ohm, being limited by instrument sensitivity. Further, 

below the transition temperature, samples become strongly diamagnetic, with volume 

susceptibilities as low as -0.056. We further describe methods to tune the transition to 

temperatures higher than room temperature.  

 

While superconductivity was initially studied in metals such as lead
1
, more recently, materials as 

diverse as cuprates
2,3

, iron oxypnictides
4,5

, bismuth
6,7

, graphene
8
 and even H2S

9
 have been shown 

to undergo transitions to superconducting states under suitable conditions. Despite the discovery 

of a large number of materials that undergo normal to superconducting transitions, it is apparent 

that conditions of extremely low temperature and/or extremely high pressure are necessary in 

each case
9-17

. Therefore, there remains an unfulfilled need for a material system that undergoes 

this transition under more conveniently attainable temperature and pressure conditions. 

Nanostructured materials have been extensively investigated in the context of 

superconductivity
18-27

. For example, recent studies have shown that nanostructuring gives rise to 

enhancements in critical magnetic fields of lead
24,25,28

. More significantly, some past studies 

showed modest increases in transition temperatures in the case of certain nanostructured 

materials over their bulk counterparts
29

. In all such investigations, the nanostructured material 

was also known to undergo a superconducting transition in its bulk form
1
. The explanations of 

transition temperature rise were based on extensions of the BCS formalism
30

 as well as more 

unconventional pictures such as polarization waves and plasmons
21,31-36

.  



 

Figure 1. Structural characterization of NS prepared in this work. (a) TEM image of NSs. (b) 

HRTEM image of a single NS. (c) HAADF-STEM map of a single NS.  (d) The elemental 

distribution along the red line in panel (c). 

 

With a view towards discovering non-phonon based electron pairing mechanisms (viz. 

plasmonic)
37-40

, we investigated the properties of nanostructures prepared from Au and Ag. Both 

materials have low electron-phonon coupling and are not known to exhibit a superconducting 

state independently. During our studies we synthesized nanostructures (NS) comprising of silver 

particles (~1 nm) embedded into a gold matrix. Sample preparation was done using standard 

colloidal techniques. Briefly, the method employed by us involves the preparation of silver 

particles (exemplified in figure S1) that are then incorporated into a gold matrix in a separate, 

second step. Figure 1a and 1b shown a representative transmission electron microscopy (TEM) 

image and a high resolution TEM (HRTEM) image of the resultant particles. The lattice planes 

observed in figure 1b correspond to the [111] plane of Au and Ag. Due to the near identical 

lattice constants of both constituents, lattice diffraction methods lead to a single diffraction 

maximum for each material. Figure S2a additionally shows the ensemble X-ray diffraction 

pattern of the material. The ensemble level reflections are also in excellent agreement to the 

standard powder patterns of either Au or Ag. To better understand their internal structure, we 

studied these NS using electron microscopy. Images were recorded using a 200 kV Titan TEM 

(Thermo Fisher Scientific), and samples were deposited on a carbon coated grid in each case. 

Figure 1c shows a HAADF-elemental contrast image of these nanostructures. The elemental 

occurrences of silver and gold along the red line are shown in Figure 1d. Figures S2b-e further 

exemplify the elemental occurrences within these NS. Figure S3 additionally shows the overall 



compositional analysis of the material using energy dispersive x-ray spectroscopy (EDAX). 

Collectively, these data confirm the successful inclusion of silver particles into the gold matrix.   

These nanostructures were cast into films or else compacted into pellets for further study. 

Figure 2 exemplifies the typical electrical properties observed in these nanostructured materials. 

Granular superconductors with discrete particles may or may not show the transition in 

resistivity measurements, depending on the precise state of separation of particles and their 

electrical properties in the normal state.
41

 Consequently, we employed the methods described in 

the extended data to ensure the sintering of particles (effects of chemical sintering are 

highlighted in Figure S4). The data in figure 2a were collected by depositing a 25 nm thick layer 

(Figure S5) of the nanocrystals onto a four-probe electrode (Figure S6) comprising of four 100 

nm high gold fingers evaporated onto a glass substrate. In the region of sample deposition, the 

spacing between fingers 100 um, while each digit is 1 mm thick. As is evident from the data 

shown in figure 2a, the resistance of the sample is weakly temperature sensitive until it abruptly 

falls below      ohm at temperatures lower than 240 K. Using the Nelson-Halperin formulation 

(           √     ) that is applicable to the Berezinskii-Kosterlitz-Thouless transition in 

thin superconducting films,
42

 we obtain a transition temperature of          for the system. 

To obtain this temperature, data points in the vicinity of the transition were fit to the above 

expression. The value of      ohm is essentially limited by the instrument characteristics, and 

corresponds to a resistivity          
ohm-m, well below the resistivity of any known normal 

material. We further studied the effects of magnetic field on this transition. Consistent with the 

expectations of a normal to superconducting transition, the transition temperature decreases with 

increasing fields. This effect is shown in Figure 2b. It is further noteworthy that above the 

transition temperature, resistance of this sample is magnetic field independent and rises roughly 

linearly with temperature (Figure S7). 

 

Figure 2. (a) Variation of resistance of a 25 nm thick film of NSs with temperature at different 

fields. (b) Relationship of Tc and magnetic field for the data in panel (a). 



 

Besides the transition in resistance, the appearance of strong diamagnetism is also 

observed when this sample is cooled. This is highlighted in figure 3a that shows the zero field 

cooled (ZFC) susceptibilities of a pellet of the sample. Consistent with the results obtained from 

films, pellets of this sample also show a sharp decrease in susceptibility at 234 K. The slight 

difference in the transition temperatures of the pellet and the film could arise from the different 

processing schemes employed to make a film and a pellet as well as due to geometry effects. 

Regardless, 65 mg of this sample with a density of 11.61 g/cc shows volume susceptibilities as 

low as -0.056 (SI units) that are about a fifth of what we observe in the case of a 90 mg pellet of 

lead at 5 K, using the same measurement protocols (see extended data). Our inability to attain a 

perfect (     ) diamagnetic state in this class of materials presumably arises due to imperfect 

sintering and the continued persistence of the nanoparticles within the material. The diamagnetic 

response of a granular superconductor composed of nanoparticles of radius   is given by 

    
 

  

  

  
   

, where    is the volume susceptibility,          is the London penetration 

depth and          is the coherence length
43

.  Indeed, the magnitude of the observed 

diamagnetism is thus consistent with a granular superconductor of grain size 20 nm. This grain 

size estimate is in good agreement with the topography observed in sintered nanoparticle 

assemblies exemplified by figure S5 (mean grain size ~30   ). Further, the observed 

diamagnetism is far stronger than the values associated with most normal materials, as well as 

with previous reports of nanostructured gold or silver. Figure 3b further shows the variation of    

with applied magnetic field. 

 

Figure 3. (a) Variation of volume magnetic susceptibility of a pellet of NSs with temperature at 

different fields. (b) Relationship of     and applied magnetic field for data in panel (a). 

We further studied the variation of the superconducting transition temperature as a 

function of the material composition. In particular, Figure S8 shows the transition of three 

different samples containing different Au and Ag mole fractions. In each case the stoichiometric 



ratio has been altered by growing different amounts of Au over the same Au/Ag core. Figure 4a 

further shows the variation of the transition temperature plotted against the Au mole fraction in 

the NS. As evident from this figure, increased Au mole fraction on the NS significantly lowers 

the transition temperature. In view of this observation, we focused our attention towards NSs 

with a low Au mole fraction, prepared by limiting Au overgrowth in the synthetic steps.   

 

Figure 4. (a) Variation of    with composition for a single starting NS core. (b) Resistivity and 

(c) Susceptibility for NS with low Au mole fraction. 

Films of NSs with low Au mole fraction (        ) were prepared using procedures 

that will be reported elsewhere. Figure 4b shows the typical resistivity of a 25 nm thick film of 

such NSs. While a measurable transition could not be observed in the temperature window 

accessible to us, it is nevertheless apparent that the sample resistivity (          ) is 

significantly lower than the bulk resistivity of highly conductive metals such as Au and Ag 

(          over a similar measurement range). Further, we observed that pellets of such 

samples are significantly diamagnetic (         ) under ambient conditions (Figure 4d), 

consistent with the existence of a superconducting state at room temperatures.  

  

Conclusions 

In conclusion, we describe observations that strongly suggest the emergence of 

superconductivity in an Au-Ag based material at ambient temperature and pressure conditions. 

We observed the transitions in magnetic susceptibility as well as resistance upon cooling the 

samples below 236 K (-37 
o
C) at ambient pressures. The transition temperature was observed to 

shift to lower temperatures at applied magnetic fields. The transition temperature could be tuned 

by varying the NS architecture, allowing us to observe transitions in resistivity at temperatures 

higher than room temperature. We further described the preparation of samples where a strongly 

diamagnetic, highly conductive state appears to persist over the temperature range available to 

us. Our observations pave the way for the fabrication of devices of these NS capable of room 

temperature operation. 
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Figure S1. TEM image of small (~1 nm) Ag particles 

 

Figure S2. Structural characteristics of the NSs. (a) Powder XRD pattern of NS (red) 

matches with the standard pattern of gold (blue). (b) - (e) HAADF-STEM of the NS with 

elemental mapping. 

  



 

 
Figure S3. Energy Dispersive X-Ray spectrum and elemental composition of the NS. 

 

 
Figure S4. TEM and HRTEM images of NS (a) TEM images of NS. (b) Size distribution 

corresponding to panel (a). (c) HRTEM image of the NS. (d)-(e) TEM images of 

agglomerated NS and (f) HRTEM image of agglomerated NS. To acquire (d)-(e) the sintered 

NS were sonicated in water for 2 hours, the dispersed particles were then drop cast onto a 

carbon coated copper grid for microscopic imaging. 

  



 

 

Figure S5. AFM image a deposited NS film used to study electrical characteristics. 

 

 

 

Figure S6. Optical image of the electrode array on a glass substrate. The dark gray region is 

the deposited sample. Each Au digit has a 1 mm width in the region of the sample deposition. 

The inter-digit gap is 100 µm and each digit is 100 nm high. Scale bar: 3 mm. 



 

Figure S7. Variation of sample resistance above the transition temperature. Resistance is 

observed to increase roughly linearly, independent of applied magnetic field. 

 

 
Figure S8. Transitions in resistivity as observed for three different NS samples.  

 

Experimental procedures: 

 

TEM characterization: TEM grid was prepared with ultra clean sample in water solution. 

HR-TEM images were obtained on a Themis TITAN transmission electron microscope (200 

kV). STEM was performed in a Themis TITAN TEM operating at 200 kV. STEM-EDX 

elemental mapping was also performed using the same instrument. 

 

Magnetic susceptibility measurement: The obtained fine grains were separated from the 

growth solution, dried and a pellet was made by pressing in a titanium die. The obtained 

pellet which weight 65 mg was taken for magnetometry measurement. The magnetometry 

measurement was done in a SQUID (MPMS
®

3, Quantum Design). The sample was filled into 



a tube that was then attached to the sample holder. The holder was placed on SQUID and 

various measurements were taken. 

 

Resistance measurement: For resistivity measurement the film was prepared as follows. A 

partially cleaned sample was drop casted on a glass substrate which had six gold metallic 

pads (100 nm height with a width of 1 mm and an equidistant separation of       ) 

deposited on it. The cross linking was done by adding CHCl3 followed by KOH (aqueous). 

Only four of the electrodes were employed during the actual measurement. The process of 

addition of CHCl3 followed by KOH (aqueous) was repeated twice. After each addition the 

film was washed with water several times. The film was dried in vacuum inside a desiccator 

and moved to Glove-box immediately after drying. The film was blown with Nitrogen gas 

prior to the measurement. Film thickness was verified using optical profilometry as well as 

through atomic force microscopy (Cypher ES, Asylum Research). The measurement was 

carried out in PPMS6000 from quantum design and four probe measurement setup from 

Agilent Technologies. 
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