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        Unexpectedly high heat transfer on the nanoscale confirmed
        More heat is transferred between objects that are just a few nanometers apart than physics theory predicts. A research team at the University of Oldenburg has now confirmed this phenomenon, which was first observed several years ago, using extremely precise measurements.

      

      
        A platform of gold adds color to nature's fundamental forces
        When dust sticks to a surface or a lizard sits on a ceiling, it is due to "nature's invisible glue." Researchers at Chalmers University of Technology, Sweden, have now discovered a quick and easy way to study the hidden forces that bind the smallest objects in the universe together. Using gold, salt water and light, they have created a platform on which the forces can be seen through colors.

      

      
        Nanoparticle blueprints reveal path to smarter medicines
        Lipid nanoparticles (LNPs) are the delivery vehicles of modern medicine, carrying cancer drugs, gene therapies and vaccines into cells. Until recently, many scientists assumed that all LNPs followed more or less the same blueprint, like a fleet of trucks built from the same design.
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Unexpectedly high heat transfer on the nanoscale confirmed

										

    
        
            [image: Unexpectedly high heat transfer in the nanoworld]
             
                The thermal camera for the nano range is concealed in a vacuum chamber within a complex test facility. Credit: Carl von Ossietzky-Universitat Oldenburg
            
        

    


More heat is transferred between objects that are just a few nanometers apart than physics theory predicts. A research team at the University of Oldenburg has now confirmed this phenomenon, which was first observed several years ago, using extremely precise measurements.



										  

										
																																	In the current issue of Physical Review Letters, the researchers, led by Prof. Dr. Achim Kittel and PD Dr. Svend-Age Biehs, report that across distances of just a few nanometers the heat transfer values from a warm measuring probe to a cold sample surface are around a hundred times higher than theoretical predictions would suggest.

This measurement confirms the results of experiments carried out by the Oldenburg group in 2017, according to which radiative heat values in the "extreme near-field regime" are significantly higher than the theoretical predictions. The underlying cause of this phenomenon is not yet understood.

The radiation laws formulated by physicists Max Planck and Gustav Kirchhoff describe heat transfer between two objects via thermal radiation. Planck's fundamental formulas can be used to calculate the maximum amount of energy that a body can radiate as heat.

Scientists have known for some time that this limit no longer applies in the near-field region--which corresponds to distances of less than ten micrometers. At such distances, the heat flux from one body to another can exceed the value predicted by Planck's law by a factor of a thousand. This phenomenon is well understood, both experimentally and in theory.


																																						
    
     




																																			"In principle, any material can transfer far more heat in the near field than should be possible according to Planck's radiation law," explains Biehs.

In 2017, an Oldenburg team led by Kittel and Biehs found evidence that at even smaller distances--less than ten nanometers--heat transfer values increase dramatically. The scientists performed their measurements using a unique near-field scanning thermal microscope, a type of thermal camera especially developed in Oldenburg for measuring heat currents with nanometer resolution. However, at the time the team was unable to entirely rule out the possibility of the effect being caused by impurities or measurement errors.



    
        
            [image: Unexpectedly high heat transfer in the nanoworld]
             
                A look at the near-field scanning thermal microscope reveals a unique device. It is capable of determining the heat flow between a measuring probe and a sample separated by just a few molecular diameters with exceptional precision. Credit: Carl von Ossietzky-Universitat Oldenburg
            
        

    



In the current study, the researchers changed their measurement set-up to be able to investigate the transition from near-field to extreme near-field radiative heat transfer with high precision at various distances. Before initiating the measurements, both the measuring probe and the sample, a thin gold film, underwent a particularly thorough multi-step cleaning process.

In addition, instead of a sharp tip, this time a gold-coated sphere was used as the probe of the thermal microscope. This decreased the lateral resolution of the heat transfer drastically but enabled highly precise measurements of the transferred heat values to larger distances.

"We basically turned a Ferrari into a tractor, but in doing so we increased the accuracy of heat transfer measurements in the transition regime between the near-field and the extreme near-field regime," Kittel explains.
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																																			The experiments were carried out by undergraduate Fridolin Geesmann as part of his bachelor's thesis, with assistance from Philipp Thurau and Sophie Rodehutskors. The results of the experiments indicate that heat transfer in the extreme near field increases by a factor of one hundred compared to the predicted values. The team is now confident that any measurement uncertainty is ruled out and that this is indeed an effect which is not explained by existing theoretical models.

"This is without doubt of far-reaching significance, because the result calls into question our current understanding of heat transfer in the nanometer range," says Kittel, adding that more systematic studies aimed at finding an explanation would be worthwhile.

The new insights could also make it possible for researchers to better control the temperature of nanosystems in fields such as nanoelectronics or nanooptics where it may be necessary to heat or cool objects--for instance, the mirrors used in high-precision laser experiments--without touching them.


																																	
																														
																				
																						More information:
												F. Geesmann et al, Transition from Near-Field to Extreme Near-Field Radiative Heat Transfer, Physical Review Letters (2025). DOI: 10.1103/lcz1-f5v9
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            [image: A platform of gold reveals the forces of nature's invisible glue]
             
                Researchers at Chalmers University of Technology, Sweden, have discovered a quick and easy way to study the hidden forces that bind the smallest objects in the universe together. Using gold, salt water and light, they have created a platform on which the forces can be seen through colors. Two thin glass plates hold everything needed to study nature's invisible glue. Credit: Chalmers University of Technology | Mia Hallerod Palmgren
            
        

    


When dust sticks to a surface or a lizard sits on a ceiling, it is due to "nature's invisible glue." Researchers at Chalmers University of Technology, Sweden, have now discovered a quick and easy way to study the hidden forces that bind the smallest objects in the universe together. Using gold, salt water and light, they have created a platform on which the forces can be seen through colors.



										  

										
																																	The research is published in the journal Proceedings of the National Academy of Sciences.

In the lab at Chalmers, doctoral student Michaela Hoskova shows a glass container filled with millions of micrometer-sized gold flakes in a salt solution. Using a pipette, she picks up a drop of the solution and places it on a gold-coated glass plate in an optical microscope.

What happens is that the gold flakes in the salt solution are immediately attracted to the substrate but leave nanometer-sized optical spaces between them and the gold substrate. The cavities created in the liquid act as resonators in which light bounces back and forth, displaying colors.

When the microscope's halogen lamp illuminates the platform and a spectrometer separates the wavelengths, the different colors of light can be identified.

On the monitor which is connected to the lab equipment, it is now possible to see many flakes moving and changing to colors like red and green against the golden yellow background.


    
    
    
        
        
    
            
            On the monitor, which is connected to the lab equipment, it is possible to see many gold flakes moving and changing to colors like red and green against the golden yellow background. The colors reveal the forces at play. Credit: Chalmers University of Technology | Mia Hallerod Palmgren
  


Studying 'nature's glue' using light trapped in tiny cavities

"What we are seeing is how fundamental forces in nature interact with each other. Through these tiny cavities, we can now measure and study the forces we call 'nature's glue'--what binds objects together at the smallest scales. We don't need to intervene in what is happening, we just observe the natural movements of the flakes," says Hoskova, a doctoral student at the Department of Physics at Chalmers University of Technology and first author of the paper.

Through the light captured in the cavities, the researchers can study the delicate balance between two forces--one pulling the tiny objects towards each other and one holding them apart. The joining force, the Casimir effect, makes the gold flakes connect to each other and the substrate.

The second, electrostatic force, arises in the salt solution and prevents the flakes from sticking completely to the substrate. When those two forces balance each other, this is known as a self-assembly process and the result is the cavities that open up new research possibilities.

"Forces at the nanoscale affect how different materials or structures are assembled, but we still do not fully understand all the principles that govern this complex self-assembly. If we fully understood them, we could learn to control self-assembly at the nanoscale. At the same time, we can gain insights into how the same principles govern nature on much larger scales, even how galaxies form," says Hoskova.


    
        
            [image: A platform of gold reveals the forces of nature's invisible glue]
             
                The Chalmers researchers' new platform makes it possible to measure and study the forces that are usually referred to as nature's invisible glue - what binds objects together at the smallest scales. Credit: Chalmers University of Technoogy | Michaela Hoskova
            
        

    





																																						
    
     




																																			Gold flakes become floating sensors

The Chalmers researchers' new platform is a further development of several years of work in Professor Timur Shegai's research group at the Department of Physics. From the discovery in 2021 that a pair of gold flakes creates a self-assembled resonator, researchers have now developed a method to study various fundamental forces.

The researchers believe that the platform, in which the self-assembled gold flakes act as floating sensors, could be useful in many different scientific fields such as physics, chemistry and materials science.

"The method allows us to study the charge of individual particles and the forces acting between them. Other methods for studying these forces often require sophisticated instruments which cannot provide information down to the particle level," says research leader Timur Shegai.


    
        
            [image: A platform of gold reveals the forces of nature's invisible glue]
             
                A platform of gold reveals the forces in nature's invisible glue. Researchers at Chalmers University of Technology, Sweden, have discovered a quick and easy way to study the hidden forces that bind the smallest objects in the universe together. Using gold, salt water and light, they have created a platform on which the forces can be seen through colors. Credit: Chalmers University of Technology | Mia Hallerod Palmgren
            
        

    




Can provide new knowledge on everything from medicines to biosensors

Another way to use the platform, which is important for the development of many technologies, is to gain a better understanding of how individual particles interact in liquids and either remain stable or tend to stick to each other.

It can provide new insights into the pathways of medicines through the body, or how to make effective biosensors, or water filters. But it is also important for everyday products that you do not want to clump together, such as cosmetics.

"The fact that the platform allows us to study fundamental forces and material properties shows its potential as a truly promising research platform," says Shegai.

In the lab, Hoskova opens a box containing a finished sample of the platform. She lifts it with tweezers and shows how easily it can be placed in the microscope. Two thin glass plates hold everything needed to study nature's invisible glue.

"What I find most exciting is that the measurement itself is so beautiful and easy. The method is simple and fast, based only on the movement of gold flakes and the interaction between light and matter," says Hoskova, zooming the microscope in on a gold flake, the colors of which immediately reveal the forces at play.


            	
            
                [image: A platform of gold reveals the forces of nature's invisible glue]
                 
                    In the lab at Chalmers, doctoral student Michaela Hoskova shows a glass container filled with millions of micrometer-sized gold flakes in a salt solution. Using a pipette, she picks up a drop of the solution and places it on a gold-coated glass plate in an optical microscope. Credit: Chalmers University of Technology | Mia Hallerod Palmgren
                
            

        

            	
            
                [image: A platform of gold reveals the forces of nature's invisible glue]
                 
                    When light is captured between micrometer-sized gold flakes in a salt solution, it is possible to study the delicate balance between two forces--one pulling the tiny objects towards each other and the other holding them apart. Credit: Chalmers University of Technology | Mia Hallerod Palmgren
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																																			How the researchers study 'nature's invisible glue'

Gold flakes approximately 10 micrometers in size are placed in a container filled with a salt solution, i.e. water containing free ions. When a drop of the solution is placed on a glass substrate covered with gold, the flakes are naturally attracted to the substrate and nanometer-sized cavities (100-200 nanometers) appear.

Self-assembly occurs as a result of a delicate balance between two forces: the Casimir force, a directly measurable quantum effect that causes objects to be attracted to each other, and the electrostatic force that arises between charged surfaces in a salt solution.

When a simple halogen lamp illuminates the tiny cavities, the light inside is captured as if in a trap. This allows the researchers to study the light more closely using an optical microscope connected to a spectrometer. The spectrometer separates the wavelengths of the light so that different colors can be identified.

By varying the salinity of the solution and monitoring how the flakes change their distance to the substrate, it is possible to study and measure the fundamental forces at play. To prevent the saline solution with the gold flakes from evaporating, the drops of gold flakes and saline are sealed and then covered with another glass plate.

The platform was developed at Chalmers' Nanofabrication Laboratory, Myfab Chalmers, and at the Chalmers Materials Analysis Laboratory (CMAL).


																																	
																														
																				
																						More information:
												Michaela Hoskova et al, Casimir self-assembly: A platform for measuring nanoscale surface interactions in liquids, Proceedings of the National Academy of Sciences (2025). DOI: 10.1073/pnas.2505144122
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            [image: Nanoparticle blueprints reveal path to smarter medicines]
             
                In shape and structure, lipid nanoparticles turn out to be more like jelly beans than spheres, as previously thought. Credit: Bella Ciervo
            
        

    


Lipid nanoparticles (LNPs) are the delivery vehicles of modern medicine, carrying cancer drugs, gene therapies and vaccines into cells. Until recently, many scientists assumed that all LNPs followed more or less the same blueprint, like a fleet of trucks built from the same design.



										  

										
																																	Now, in Nature Biotechnology, researchers from the University of Pennsylvania, Brookhaven National Laboratory and Waters Corporation have characterized the shape and structure of LNPs in unprecedented detail, revealing that the particles come in a surprising variety of configurations.

That variety isn't just cosmetic: As the researchers found, a particle's internal shape and structure correlates with how well it delivers therapeutic cargo to a particular destination.

"Treating LNPs like one model of car has worked, as evidenced by the millions of people these particles have helped, but LNPs are not one-size-fits-all for every RNA therapy," says Penn Engineering's Michael J. Mitchell, Associate Professor in Bioengineering and a co-senior author of the paper.

"Just as pickups, delivery vans and freight trucks best suit different journeys, we can now begin to match LNP designs to particular therapies and tissues, making these particles even more effective."

"These results deliver a more fundamental understanding of how the composition and shape of these therapeutic particles relate to their biology," adds Kushol Gupta, Research Assistant Professor in Biochemistry and Biophysics in Penn's Perelman School of Medicine and the paper's other co-senior author.

"These particles have already proven themselves in the clinic, and these insights will make them even more powerful by helping us tailor delivery to specific diseases more quickly."


																																						
    
     




																																			Illuminating the black box

In recent years, the Mitchell Lab, among others, has found that different LNP formulations have varying biological effects. Adding phenol groups, for instance, reduces inflammation, while branched ionizable lipids improve delivery.

"It's almost like recipe development," says Marshall Padilla, a Bioengineering postdoctoral fellow and the new paper's first author. "We've known that different ingredients and techniques change the outcomes."

But understanding why certain chemical tweaks lead to particular biological effects has proved challenging. "These particles are something of a 'black box,'" adds Padilla. "We've had to develop new formulations mostly by trial and error."


    
        
            [image: Nanoparticle blueprints reveal path to smarter medicines]
             
                The varied shapes and structures of lipid nanoparticles could lead to smarter medicines. Credit: Bella Ciervo
            
        

    




Bringing LNPs into focus

To visualize the particles, the researchers employed multiple techniques. Past studies, by contrast, typically relied on a single method, like freezing the particles in place.

Because of the particles' size--it would take thousands of LNPs to encircle a human hair--prior work also frequently tagged the particles with fluorescent materials and averaged measurements, at the risk of altering the particles' shape and obscuring variations.

"We needed to combine multiple, fundamentally dissimilar techniques that left the particles intact in solution," says Gupta. "That way, we could be confident that agreement between the methods showed us what the particles really looked like."
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																																			Three techniques, one study

The researchers examined four "gold-standard" LNP formulations, including those used in the COVID-19 vaccines and Onpattro, an FDA-approved therapy for a rare genetic disease.

One visualization technique, sedimentation velocity analytical ultracentrifugation (SV-AUC), involved spinning the LNPs at high speeds to separate them by density.

Another, field-flow fractionation coupled to multi-angle light scattering (FFF-MALS), gently separated the LNPs by size and measured how the nucleic acid was distributed across the different particles.
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                Equipment in the National Synchrotron Light Source II. Credit: Timothy Kuhn/Brookhaven National Laboratory
            
        

    



A third, size-exclusion chromatography in-line with synchrotron small-angle X-ray scattering (SEC-SAXS), allowed the researchers to study the internal structure of LNPs by hitting them with powerful beams of X-rays at the National Synchrotron Light Source II (NSLS-II), a U.S. Department of Energy (DOE) Office of Science user facility at DOE's Brookhaven National Lab.

"We used to think LNPs looked like marbles," says Gupta, summarizing the results. "But they're actually more like jelly beans, irregular and varied, even within the same formulation."

The power of collaboration

The results would have been unattainable without bringing together academia, industry and a national laboratory.

"We've been developing methods to measure both lipid nanoparticle size and their drug content without breaking the particles apart," says Martin Kurnik, Wyatt Technology Principal Scientist at Waters Corporation, who led the FFF-MALS experiments.

"The capabilities at Brookhaven National Lab enabled a unique experiment that combined X-rays with ultraviolet light to quantify the particles' geometric characteristics," adds James Byrnes, a beamline scientist at NSLS-II, who conducted the SEC-SAXS experiments.

"This paves the way to characterizing particle formulations at scale and highlights the exciting potential for deeper collaborations between synchrotron facilities and LNP developers."

"This entire project speaks to the power of different institutions pooling their resources and expertise," says Padilla. "We were only able to visualize the particles in such detail because each partner saw them from a different angle."


    
        
            [image: Nanoparticle blueprints reveal path to smarter medicines]
             
                An aerial view of Brookhaven National Laboratory. Credit: Kevin P. Coughlin / Brookhaven National Laboratory
            
        

    





																																						
    
     




																																			Testing the effects

Once the researchers had characterized the LNP formulations, they tested their effects in a range of targets, from human T cells and cancer cells to animal models.

Hannah Yamagata, a doctoral student in the Mitchell Lab, found that certain particle internal structures corresponded with improved outcomes, like more cargo being offloaded or more deliveries reaching the target. "Interestingly, it varied depending on the context," says Yamagata.

Some LNP formulations performed better in immune cells, for instance, while others showed greater potency in animal models. "The right model of LNP depends on the destination," adds Yamagata.

Mixing the right batch

The researchers also noticed that, depending on the method they used to prepare the LNPs, the particles' characteristics--and potency--varied.

Microfluidic devices, which push ingredients through small tubes, led to more consistent shapes and sizes, while mixing by hand using micropipettes resulted in more variation.

Until now, researchers had assumed that microfluidic devices performed better, but Yamagata saw that micropipetting produced better results in certain cases.

"It's kind of like baking cookies," she says. "You can use the same ingredients, but if you prepare them differently, the final product will have a different structure."
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                From left: doctoral student Hannah Yamagata, Research Assistant Professor Kushol Gupta and postdoctoral fellow Marshall Padilla, holding 3D-printed models of nanoparticles. Credit: Bella Ciervo
            
        

    





																																			Future directions

The results open the door to a new era of rational LNP design, moving beyond today's trial-and-error approach.

Rather than assuming a single "best" formulation, the study shows that particle size, shape, internal structure and preparation method must be matched to the therapeutic context. "There's no one-size-fits-all LNP," says Yamagata. "Every detail affects their shape and structure, and the shape and structure affect their function."

While some of the tools used in the experiments--like a particle accelerator--are difficult to access, many of the steps can be reproduced with more common equipment. As additional labs generate structural and functional data, the field could even assemble the data sets needed to train AI for LNP design.

Ultimately, the findings point toward a future in which nanoparticles can be engineered with the same precision as drugs themselves. "This paper provides a road map for designing LNPs more rationally," says Mitchell.
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												Elucidating lipid nanoparticle properties and structure through biophysical analyses, Nature Biotechnology (2025). DOI: 10.1038/s41587-025-02855-x
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        Simulations hint at new strongly correlated states of matter in ultracold polar molecules
        Bose-Einstein condensates (BECs) are fascinating states of matter that emerge when atoms or molecules are cooled to extremely low temperatures just slightly above absolute zero (0 K). In 2023, physicists at Columbia University realized BECs comprised of ultracold molecules for the very first time.

      

      
        Scientists create a new form of light matter in a quasicrystal
        Researchers have for the first time created a reconfigurable polariton 2D quasicrystal.  The team from the Skolkovo Institute of Science and Technology (Skoltech), in collaboration with colleagues from the University of Iceland, the University of Warsaw, and the Institute of Spectroscopy of the Russian Academy of Sciences, demonstrated that this unique state of matter exhibits long-range order and a novel type of phase synchronization, opening new pathways for research into exotic phenomena such ...

      

      
        Supersolid spins into synchrony, unlocking quantum insights
        A supersolid is a paradoxical state of matter--it is rigid like a crystal but flows without friction like a superfluid. This exotic form of quantum matter has only recently been realized in dipolar quantum gases.

      

      
        Physicists unlock secrets of stellar alchemy, yielding new insights into gold's cosmic origins
        You can't have gold until a nucleus decays. The specifics of that process have been hard to pin down, but UT's nuclear physicists have published three discoveries in one paper explaining key details. The results can help scientists come up with new models to describe the stellar processes that give us heavy elements, as well as make better predictions about the expanding landscape of exotic nuclei.
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Simulations hint at new strongly correlated states of matter in ultracold polar molecules

										

    
        
            [image: Study hints at emergence of new strongly correlated states of matter in ultracold polar molecules]
             
                A self-bound crystal of individual dipolar molecules surrounded by a superfluid ring. I have made the figure myself, based on simulation data. Credit: Ciardi et al.
            
        

    


Bose-Einstein condensates (BECs) are fascinating states of matter that emerge when atoms or molecules are cooled to extremely low temperatures just slightly above absolute zero (0 K). In 2023, physicists at Columbia University realized BECs comprised of ultracold molecules for the very first time.



										  

										
																																	Building on their work, another research group at TU Wien and the Vienna Center for Quantum Science and Technology recently set out to investigate the behavior of these ultracold dipolar molecules, while also exploring the possibility that they could spontaneously organize themselves into new forms of matter. Their findings, published in Physical Review Letters, suggest that new correlated states could emerge in ultracold polar molecules, showing that these states could be probed in future experiments.

"BECs of ultracold polar molecules were a decade-long goal, but have only been realized experimentally very recently," Matteo Ciardi, co-author of the paper, told Phys.org.

"From the beginning, our objective was to perform accurate simulations for realistic systems, to serve as future benchmarks for other numerical works and a useful comparison for experiments. It was also important that an analytical expression describing a realistic experimental potential, which we could directly use in our simulations, had just been published."

Initially, Ciardi and his colleagues were planning to study molecules that were held in place by an external trap (i.e., a structure made of light). However, they subsequently decided to investigate states in which molecules might hold themselves together naturally, which are known as self-bound phases.

"Our work was motivated by our earlier research on weakly dipolar magnetic quantum gases and by the recent breakthroughs from two other groups who realized strongly dipolar molecular BECs," said Tim Langen, co-author of the paper. "These developments opened exciting new possibilities, but it remains unclear what kinds of novel physical phenomena might emerge in this new regime."


																																						
    
     




																																			The primary objective of this recent study carried out by Ciardi, Langen, Kasper Ronning Pedersen, and Thomas Pohl was to identify new aspects of dipolar molecule physics that could soon be probed experimentally. In addition, they wished to shed light on how these aspects might manifest in ultracold molecules, where interactions are particularly strong.

"When I started my Ph.D. two years ago, dipolar BEC systems were studied with atoms, and the first BEC of polar molecules was not yet realized," said Kasper Ronning Pedersen, co-author of the paper. "Atoms with large dipole moments are interesting because they can form exotic phases such as superfluid droplets and superfluids, and certain quantum effects are enhanced by the dipole strength."

The dipole moments in atoms are magnetic and this poses limits on their size. In contrast, polar molecules can also have electric dipoles and their size can be significantly larger than that of atoms, which increases their complexity and can open new possibilities for the observation of new phases of matter.

"The problem with ultracold molecules is that since interactions are very strong, approximate methods usually employed for ultracold atoms become unreliable," explained Ciardi.


																									
    
        Discover the latest in science, tech, and space with over 100,000 subscribers who rely on Phys.org for daily insights.
        Sign up for our free newsletter and get updates on breakthroughs,
        innovations, and research that matter--daily or weekly.
    


    
    


																																			"We thus turned to more sophisticated techniques, specifically Path Integral Monte Carlo, which was developed to make predictions for strongly correlated bosons such as superfluid Helium-4. The method requires extensive computational resources and is limited by the number of particles.

"Luckily, BECs of ultracold polar molecules have around 500-1500 particles, which is within the reach of simulations (especially contrasted with the ~100,000 particles usually involved in ultracold atom experiments)."

While Path Integral Monte Carlo allowed the researchers to reliably simulate BECs of ultracold polar molecules, the simulations they performed were still computationally heavy. To perform them, they thus had to employ advanced computing systems and even then, a single simulation run lasted up to several days.

"The dipole physics community has developed methods based on mean-field equations that work well for atoms," said Pedersen.

"In addition to the dipole-dipole interaction, which dominates at large distances, atoms repel each other like billiard balls when they get very close. The way molecules interact shows many similarities, but the repulsive 'wall' works at larger distances, meaning that the molecules do not get as close to each other as atoms do. This is one reason why we needed to use the computationally heavy quantum Monte Carlo method for this study."

The simulations performed by the researchers showed that ultracold polar molecules could form strongly correlated phases without requiring any external confinement. In particular, they hinted at the emergence of these self-bound phases in single-molecule crystals.


																																						
    
     




																																			"Since the parameters we use are realistic (and more recent experiments in recent months are starting to approach those regions of the phase diagram) there is a strong implication that these phases can be realized in experiments soon," said Ciardi.

The researchers found that ultracold polar molecules could form self-bound quantum droplets at lower interaction strengths than earlier works had predicted. These droplets could then transform into superfluid membranes, frictionless two-dimensional (2D) layers, and subsequently into a crystalline monolayer than remains bound together without the need to be confined.

"Our results demonstrate that strongly correlated new states of matter can indeed exist and be probed in ultracold molecular systems under realistic experimental conditions," added Langen.

"This is particularly exciting because it bridges two worlds--the supersolid phases previously explored in magnetic Bose-Einstein condensates and the long-sought physics of helium systems, which has remained elusive for decades."

This recent study could inform future experiments with ultracold dipolar molecules, which could potentially lead to the observation of the new states of matter that emerged in their simulations. In the meantime, the researchers plan to continue their analysis in the hope of uncovering any other phases that could be probed experimentally.

"The dipolar interactions studied in this paper already show very interesting properties, but they are only a specific case of a much wider range of potentials which can and are being used in experiments," said Ciardi. "Our short-term goal is therefore to extend the analysis to more potentials and figure out what other phases can be expected in experiments."


																																			In his next studies, Ciardi particularly hopes to characterize other crystalline phases of ultracold polar molecules. Langen, on the other hand, who is an experimental physicist, is now working towards the realization of the states simulated with his colleagues in a laboratory setting.

"We are trying to realize these states by laser cooling molecules to ultracold temperatures," Langen said. "This ongoing effort will allow us to bring our theoretical predictions to life and directly study their properties."

"One cool thing about polar molecules is that we can control and modify the way they interact," added Pedersen. "This is in contrast to, say, how electrons interact, which is fixed and given by nature. The interaction we chose to study in the paper is just one of many possibilities, meaning that there are a lot more out there to be explored."

The researchers hope that their work will soon contribute to the discovery of new quantum phases of matter. They are now planning additional studies that will rely on their newly proposed experimental platform.

"For example, exotic strongly correlated crystalline phases that simultaneously feature superfluid properties have been conjectured more than 50 years ago but have not yet been found in nature," said Thomas Pohl, who led the research project. "Our demonstration of ultracold molecular crystals with such widely tunable interactions, suggests that this could now become possible in the near future."
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            [image: Scientists create a new form of light matter in a quasicrystal]
             
                Realization of 2D polariton quasicrystal based on the Penrose tiling. Credit: Science Advances (2025). DOI: 10.1126/sciadv.adz2484
            
        

    


Researchers have for the first time created a reconfigurable polariton 2D quasicrystal. The team from the Skolkovo Institute of Science and Technology (Skoltech), in collaboration with colleagues from the University of Iceland, the University of Warsaw, and the Institute of Spectroscopy of the Russian Academy of Sciences, demonstrated that this unique state of matter exhibits long-range order and a novel type of phase synchronization, opening new pathways for research into exotic phenomena such as supersolids and superfluidity in aperiodic settings.



										  

										
																																	The breakthrough, published in Science Advances, was achieved using exciton-polaritons--hybrid quasiparticles that are part light and part matter. By arranging these polaritons in a Penrose tiling, a famous aperiodic pattern with five-fold symmetry, the team observed the emergence of a macroscopic coherent state where the individual nodes synchronized in a nontrivial way, unlike anything seen in conventional periodic crystals.

The allure of the aperiodic

Since their controversial discovery by Dan Shechtman in 1984, for which he later won the Nobel Prize, quasicrystals have fascinated scientists. They possess a paradoxical structure: They lack the repeating pattern of ordinary crystals yet exhibit a strict, long-range order. The unique structure of quasicrystals can be used to create extremely durable, nonstick coatings for frying pans and razor blades, making them last significantly longer. In the future, quasicrystals may lead to more efficient insulation for buildings and improved LED technologies for lighting.

From a fundamental point of view, quasicrystals reveal fractal energy spectra and unusual wave transport properties, such as Anderson localization of light. While studied in various electronic, photonic, and atomic systems, their behavior in a nonequilibrium, laser-driven quantum fluid remained largely unexplored until now.


																																						
    
     




																																			The experiment: Painting with light

To build their quasicrystal, the Skoltech researchers used a sophisticated optical technique. They shaped a laser beam with a spatial light modulator to project a Penrose tiling pattern--composed of thick and thin rhombuses--onto a semiconductor microcavity sample. This "imprinting" of an array of pump spots onto the semiconductor material creates a potential landscape for interacting polaritons.

When the laser power was increased above a certain threshold, exciton-polariton condensates formed at each node of the tiling. Due to their hybrid nature, these condensates are not localized on the spots pumped by a laser but can flow ballistically across the sample, interacting and interfering with one another. By fine-tuning the laser power, the number of nodes, and the spacing between them, the researchers achieved precise control over the polariton system in aperiodic settings.

Long-range order and nontrivial phases

The team's most striking observation was the spontaneous formation of macroscopic coherence across the entire aperiodic structure, extending over distances 100 times larger than the size of a single condensate. The emergence of long-range order was confirmed by the appearance of sharp, tenfold symmetric Bragg peaks in the momentum-space photoluminescence--a clear hallmark of quasicrystalline order.
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																																			Furthermore, using a sensitive interferometry technique, the researchers measured the map of the relative phases between the condensates. They discovered that the nodes synchronized with phase differences that were neither perfectly in phase nor perfectly out of phase, a phenomenon not seen in periodic lattices. This "nontrivial phase locking" is a direct consequence of the complex, aperiodic environment of the Penrose tiling.

"The results are literally beautiful," said Sergey Alyatkin, the first author of the paper and an assistant professor at the Photonics Center of Skoltech. "We found a complex interference pattern in the plane of the microcavity sample as polaritons from different nodes of the Penrose mosaic ballistically propagate and interact."

The authors believe that the implemented optical approach opens a route to further physical realization of an aperiodic monotile recently discovered by mathematicians. The discovered monotile requires only a single shape of a tile to cover the entire plane without any gaps. Before this discovery, it was believed that a 2D quasicrystal could be tiled with at least two distinct shapes of tiles, the prototypical example being the Penrose quasicrystal made up of a pair of thin and thick rhombuses realized in this work.
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                Quantum vortices--tiny whirlpools in the quantum fluid--cause the precession and revolution of the superfluid crystal structure to synchronize their motion. Credit: Andrea Litvinov
            
        

    


A supersolid is a paradoxical state of matter--it is rigid like a crystal but flows without friction like a superfluid. This exotic form of quantum matter has only recently been realized in dipolar quantum gases.



										  

										
																																	Researchers led by Francesca Ferlaino set out to explore how the solid and superfluid properties of a supersolid interact, particularly under rotation. The study is published in Nature Physics.

In their experiments, they rotated a supersolid quantum gas using a carefully controlled magnetic field and observed a striking phenomenon.

"The quantum droplets of the supersolid are in a crystal-like periodic order, all dressed by a superfluid between them," explains Francesca Ferlaino.

"Each droplet precesses following the rotation of the external magnetic field; they all revolve collectively. When a vortex enters the system, precession and revolution begins to rotate synchronously."

"What surprised us was that the supersolid crystal didn't just rotate chaotically," says Elena Poli, who led the theoretical modeling. "Once quantum vortices formed, the whole structure fell into rhythm with the external magnetic field--like nature finding its own beat."

Andrea Litvinov, who conducted the experiments, adds, "It was thrilling to see the data suddenly align with the theory. There was a moment when the system just 'snapped into rhythm.'"

A new probe for quantum matter

Synchronization is when two or more systems fall into rhythm with each other. It's common in nature--like pendulum clocks ticking in unison, fireflies flashing together, or heart cells beating in sync. The Innsbruck team showed that even exotic quantum matter can synchronize.

The discovery not only deepens understanding of this unusual state of matter but also offers a powerful new way to probe quantum systems. By tracking synchronization, the team was able to determine the critical frequency at which vortices appear--a fundamental property of rotating quantum fluids that has been difficult to measure directly.

The team combined advanced simulations with delicate experiments on ultracold atoms of dysprosium, cooled to just billionths of a degree above absolute zero. Using a technique called "magnetostirring," they were able to rotate the supersolid and capture its evolution with high precision.


																																						
    
     




																																			From the lab to the cosmos

The findings could have implications beyond the laboratory. Similar vortex dynamics are thought to play a role in sudden "glitches" observed in neutron stars, some of the densest objects in the universe.

"Supersolids are a perfect playground to explore questions that are otherwise inaccessible," says Poli. "While these systems are created in micrometer-sized laboratory traps, their behavior may echo phenomena on cosmic scales."

"This work was made possible by the close collaboration between theory and experiment--and the creativity of the young researchers on our team," says group leader Francesca Ferlaino from the University of Innsbruck's Department of Experimental Physics and the Institute for Quantum Optics and Quantum Information (IQOQI) of the Austrian Academy of Sciences (OAW).

The research was conducted in partnership with the University of Trento's Pitaevskii BEC Center.
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            [image: Physicists unlock secrets of stellar alchemy, yielding new insights into gold's cosmic origins]
             
                Neutron TOF spectra in coincidence with 134In b[?] decay. Credit: Physical Review Letters (2025). DOI: 10.1103/l24v-5m31
            
        

    


You can't have gold until a nucleus decays. The specifics of that process have been hard to pin down, but UT's nuclear physicists have published three discoveries in one paper explaining key details. The results can help scientists come up with new models to describe the stellar processes that give us heavy elements, as well as make better predictions about the expanding landscape of exotic nuclei.



										  

										
																																	The work is published in the journal Physical Review Letters.

The physics of bling

Elements like gold and platinum are created under extreme conditions, such as when stars collapse, explode, or collide. In the rapid neutron-capture process (or r-process for short), a nucleus captures a barrage of neutrons in quick succession until it becomes so heavy it decays into lighter, more stable nuclei.

As it crosses the nuclide chart, the r-process path winds through territory where the main decay mode is beta decay of the parent nucleus, followed by the emission of two neutrons.

The nuclei involved are difficult (if not impossible) to study experimentally, so the calculations describing them lean heavily on models that must be validated in the lab.

To get a better picture of how all this happens, researchers including UT Graduate Students Peter Dyszel and Jacob Gouge, Professor Robert Grzywacz, Associate Professor Miguel Madurga, and Research Associate Monika Piersa-Silkowska worked with a host of scientists from other institutions. Building on data analysis methods outlined by Research Assistant Professor Zhengyu Xu, they started with large amounts of indium-134.

"These nuclei are hard to make and require a lot of new technology to synthesize in sufficient quantities," Grzywacz explained.

The ISOLDE Decay Station at CERN met the challenge by providing plenty of indium-134 nuclei, as well as sophisticated laser separation technology to make sure they were pristine. When indium-134 decays, it populates excited states in tin-134, tin-133, and tin-132. Using a neutron detector built at UT, scientists made three important discoveries. At the top of the list, they made the first measurement of neutron energies for beta-delayed two-neutron emission.

"The two-neutron emission is the biggest deal," Grzywacz said.

Beta-delayed two-neutron emission occurs only in exotic nuclei, those that are short-lived and unstable. The two-neutron separation energy is very small, but in this experiment it was enough to be measured.

"The reason this is hard is because neutrons like to bounce around. It's hard to tell if it's one or two," Grzywacz explained. In earlier attempts, "no one measured energies," so this approach "opens a completely new field," he said.

This is the first study detailing the two-neutron emission for a nucleus that follows the r-process path, opening the door for clearer models about how stellar events can create elements like gold.


																																						
    
     




																																			Tin never forgets

A second discovery was the first observation of a long-sought single-particle neutron state in tin-133. Grzywacz explained that "tin is in an excited state. (It) has to cool off. It can spit out a neutron, or with enough energy, it can spit out two neutrons. It should always spit two neutrons, but it doesn't."

He said the traditional view is that tin "boils off" neutrons to cool down, becoming "an amnesiac nucleus," with no memory of beta decay.

"We say the tin doesn't forget," Grzywacz said. "This 'shadow' of indium doesn't completely disappear. The memory is not erased."

In this experiment, state-of-the-art neutron detectors identified this elusive state, indicating that a better theoretical framework is needed to understand why sometimes one neutron is emitted and sometimes two are.

"People were searching for it for 20 years and we found it," Grzywacz said. "Those two neutrons allowed us to see this state."

He explained that this newly-observed state is an intermediate step in the two-neutron emission process. It's also the last elementary excitation in the tin-133 nucleus, completing the picture and helping make calculations more accurate.

Better calculations and modeling are tied to the third discovery this research brought to light--the observation of the non-statistical population of this newly-observed state. Grzywacz explained that the decay process is relatively clean, so everything is separate with no neighboring states.

"You're not making split-pea soup," he said. "Still, in most cases, it behaves like split-pea soup. Somehow this statistical mechanism happens. Why is it statistical, even though it shouldn't be, and why, in our case, isn't it?"

The results indicate that as you travel across the nuclear landscape, farther from stability and into the realm of exotic nuclei like Tennessine, the old models don't hold and new ones are needed.
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                University of Tennessee graduate student Peter Dyszel. Credit: University of Tennessee
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																																			The pursuit of curiosity

The need for new models to explain nuclear origins and structure presents a tremendous opportunity for graduate students like Dyszel. He joined Grzywacz's group in 2022 and was the first author on the Physical Review Letters paper outlining the three discoveries.

His to-do list for this experiment was a long one, from constructing physical pieces to interpreting the results. He built frames for the neutron tracking detectors and assembled them in the experimental setup. He set up the required electronics and made beta detectors. He ran test measurements, helped with software for data acquisition, made corrections for optimal timing resolution, and analyzed the experimental data. With all that, Dyszel's work was still part of a multi-person effort.

"The success of this work is due in part to my colleagues and collaborators, whose guidance and constructive input were crucial," he said.


																																	
																														
																				
																						More information:
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Astronomers share largest molecular survey to date: GOTHAM legacy data goes public

										

    
        
            [image: Astronomers share largest molecular survey to-date: GOTHAM legacy data goes public]
             
                The NSF Green Bank Telescope. Credit: NSF/AUI/NSF NRAO/J.Hellerman
            
        

    


A new dataset from the Green Bank Telescope (GBT) is now publicly available, opening the door for scientists worldwide to make discoveries in one of the richest molecular clouds in our galaxy, TMC-1.



										  

										
																																	After 1,438 hours of observations and years of data processing pipeline development, astronomers in the "GBT Observations of TMC-1: Hunting Aromatic Molecules" research survey, known as GOTHAM, have released a spectral line survey with largest amount of telescope time ever conducted, charting more than 100 molecular species--including many with complex and aromatic structures--only found in deep space.

The research is published in The Astrophysical Journal Supplement Series.

TMC-1 is a region within the Taurus Molecular Cloud known for its incredible diversity of interstellar molecules, the perfect "cosmic laboratory" for astrochemistry. Using the GOTHAM survey, researchers identified ten individual aromatic molecules and nearly a hundred other chemical species, helping decode how molecules form and evolve before stars are born. Unlike regions closer to newborn stars, TMC-1's chemistry is dominated by large hydrocarbons and nitrogen-rich compounds, providing tantalizing clues about the building blocks of planets and organic matter in the universe.

Until now, most telescope data remained inaccessible or too cumbersome for outside researchers to analyze, limiting discoveries to the original teams that collected the data. By releasing a fully-reduced and calibrated dataset, the GOTHAM project invites the global scientific community to pursue new questions, develop advanced chemical models, and potentially uncover phenomena no one expected. For the first time, astronomers everywhere can explore the deepest secrets of TMC-1 without needing advanced computing or data-cleaning skills.


																																						
    
     




																																			"Sharing GOTHAM's research in this way allows us to democratize access to big data in astronomy," shares Brett McGuire, Associate Professor, Department of Chemistry, Massachusetts Institute of Technology (MIT), and an Adjunct Assistant Astronomer with the National Radio Astronomy Observatory (NRAO.) Data sharing efforts have been a mission of collaborative teams producing large datasets using NRAO instruments for nearly two decades.

"It's a lot of hard work to prepare and package this data for access. We're really excited to see what the scientific community does next with this. We want to spread word far and wide that it's available," adds Ci (Ceci) Xue, co-PI of GOTHAM and lead author of the paper that shares the process behind the automated pipeline her team developed for data reduction and calibration. Xue, formerly a post doc with MIT's Department of Chemistry, is now a post doc fellow at the Simons AI Institute for Cosmic Origins, of which the NRAO is a partner.

The GOTHAM dataset is the largest and most comprehensive survey of its kind, setting a new benchmark for astronomical legacy data. Astronomers at MIT, the NRAO, University of British Columbia, and partners are excited for new opportunities for collaboration and cross-disciplinary breakthroughs. The dataset includes calibrated spectra, detailed molecular abundances, and the cutting-edge software used for analysis, all publicly accessible for scientific exploration and innovation.

The release of this GOTHAM dataset is the product of a diverse collaboration spanning multiple institutions and specialties, led by McGuire. As new molecule discoveries continue to be made in TMC-1, astronomers anticipate more groundbreaking advances in our understanding of how cosmic chemistry shapes our universe.
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                Experiment viewed from above. Credit: European Space Agency
            
        

    


From dew at dawn to a foggy mirror after a shower, condensation is part of our daily lives on Earth. In space, microgravity alters how heat flows through gases and liquids, a potential enemy for spacecraft electronics needing to cool down in extreme environments.



										  

										
																																	For the first time, a European experiment is now looking at the shape liquid films take on cooled surfaces aboard the International Space Station. A fin-shaped metal is in the spotlight for scientists to better observe fundamental aspects of condensation.

The Condensation on Fins experiment is pioneering heat transfer tests in orbit to study the role of capillary pressure--the force that pulls liquids through tiny spaces, like water climbing up a paper towel--during film condensation, all without gravity getting in the way.

While this is fundamental physics research to refine mathematical models, the results will have practical applications, such as cooling electronics in smartphones and computers, and optimizing industrial coating processes on our planet.

Space missions could also benefit from more efficient heat exchangers to maintain electronics and life support systems at the right temperature.

The fin factor

Refrigerators, air conditioners and radiators use tiny metal fins for a more efficient heat transfer between fluids and gases. The fin shape is also critical for space experiments.

"We are looking for the best fin shape to maximize heat transfer," says Brice Saint-Michel, ESA project scientist for this experiment.



    
        
            [image: Condensation defying gravity]
             
                Film condensation at different gravity conditions around a fin-shaped object highlighted in grey. The black layer on the surface of the fin shows the thickness of the moisture layer. On Earth, the liquid film is very thin because gravity drainage dominates over capillary forces. In space, without gravity's pull, this film becomes thicker because it is driven by capillary pressure, the natural force that draws liquids through small spaces. Credit: CREST/Universite Libre de Bruxelles
            
        

    



The 1-centimeter-tall fin made of aluminum alloy gradually becomes soaked with a low surface tension refrigerant--this volatile fluid can evaporate or condense with little heat. The liquid drains and puddles at the foot of the fin, where a sponge-like material and a pump draw it away.

"Microgravity conditions allow us to use a large fin without being disturbed by gravity drainage and vapor convection. It is then much easier to see if liquid films take a different shape," explains Balazs Toth from ESA's low Earth orbit payload team.


    
    
    
        
        
    
            
            Greyscale footage shows how vapor condenses on the ground (left) and on the International Space Station (right). The footage is sped up five times--the whole clip took around one minute in real time. Credit: European Space Agency
  



																																						
    
     




																																			Keep cool and carry on

On Earth the liquid puddles at the foot of the fin, whereas in microgravity the liquid accumulates on the entire fin surface.

"The liquid seems to be attracted to cold surfaces as a safe place to go, unlike what happens with heat transfer on Earth," says Andrey Glushchuk from the Center for Research and Engineering in Space Technologies (CREST) at the Universite Libre de Bruxelles, Belgium.

"Any thermal system designed with ground standards won't work in microgravity. We need to create new designs with novel concepts in mind," he adds.

The two pointy fingers on each side are part of the experiment as reference objects for calibration. They are made of thermally stable nickel-iron alloy. During every run, the condensed liquid is continuously drawn by a sponge-like material at the foot of the fin, pumped, and re-evaporated in a closed loop.

A high-precision interferometer records the temperature and vapor concentration changes around the fin and tracks the liquid film thickness.

Theoretical models flying high

Similar experiments on heat transfer have been enjoying brief bursts of microgravity during parabolic flight campaigns over the last two decades. Knowledge from those flights helped the science team develop a technique to precisely measure the liquid film distribution.

"We needed the constant microgravity conditions of the International Space Station; nowhere else could we have achieved this level of stability, accuracy and high resolution in our measurements," says Glushchuk.

The scientific community works with several theoretical models to predict how condensation rates would evolve depending on the liquid film thickness distribution. "We want a formula that applies to all, and this is the first time we have had a wealth of data to consolidate it," adds Carlo Saverio Iorio, head of CREST at the Universite Libre de Bruxelles.
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																																			New space facility for heat transfer

The Condensation on Fins experiment is part of a larger round of tests on heat transfer in gases and liquids.

It all happens inside the new Heat Transfer Host 2 facility, installed on 30 September 2025 after its delivery on the 23rd Northrop Grumman cargo resupply mission to the International Space Station. This waist-high module sits within the European Drawer Rack-2 as the latest upgrade for the European Columbus laboratory on the space station.

The facility is working flawlessly, and its design allows for experiments to be slotted in and run autonomously. Following this first condensation study, the campaign will continue with a Marangoni in films experiment, focused on instabilities in evaporating liquid films.
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