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      Nanotechnology. The latest news on  nanoscience, nanoelectronics, science and technology. Updated Daily.


      
        Nanopatterned graphene enables infrared 'color' detection and imaging
        University of Central Florida (UCF) researcher Debashis Chanda, a professor at UCF's NanoScience Technology Center, has developed a new technique to detect long wave infrared (LWIR) photons of different wavelengths or "colors."

      

      
        Atomic force microscopy reveals microtubule defects at submolecular resolution
        In a study recently published in the journal Nano Letters, researchers from Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Kanazawa, Japan, used frequency-modulated atomic force microscopy to reveal the submolecular structure of microtubule (MT) inner surface and visualize structural defects in the MT lattice, providing valuable insights into the complex dynamic processes that regulate microtubule function.

      

      
        Stabilized ferrocene molecules result in the world's smallest electrically controlled molecular machine
        Artificial molecular machines, nanoscale machines consisting of a few molecules, offer the potential to transform fields involving catalysts, molecular electronics, medicines, and quantum materials. These machines operate by converting external stimuli, like electrical signals, into mechanical motion at the molecular level.

      

      
        Nanoscale analysis uncovers method to prevent dental erosion from carbonated drinks
        A Korean research team, which had previously visualized and scientifically proven the harmful effects of carbonated drinks like cola on dental health using nanotechnology, has now identified a mechanism for an effective method to prevent tooth damage caused by these beverages.

      

      
        New methods generate and supercharge magnetism of 2D materials
        At just a few atoms of thickness, 2D materials offer revolutionary possibilities for new technologies that are microscopically sized but have the same capabilities as existing machines.

      

      
        Drug-free pain relief: Solvent molecules offer non-addictive alternative
        Researchers have made a discovery regarding the TRPV1 (transient receptor potential vanilloid 1) ion channel and its role in pain perception. The study reveals how solvent molecules can modulate pain signals, offering a potential pathway for a safer, non-addictive pain management approach.
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Nanopatterned graphene enables infrared 'color' detection and imaging

										

    
        
            [image: UCF researcher discovers new technique for infrared "color" detection and imaging]
             
                UCF NanoScience Technology Center Professor Debashis Chanda sits near an infrared camera image of himself in his lab. Chanda and his research group of UCF students developed a new long wave infrared detection technique. (Photo courtesy of Debashis Chanda). Credit: Debashis Chanda
            
        

    


University of Central Florida (UCF) researcher Debashis Chanda, a professor at UCF's NanoScience Technology Center, has developed a new technique to detect long wave infrared (LWIR) photons of different wavelengths or "colors."



										      
																																	The research was recently published in Nano Letters.

The new detection and imaging technique will have applications in analyzing materials by their spectral properties, or spectroscopic imaging, as well as thermal imaging applications.

Humans perceive primary and secondary colors but not infrared light. Scientists hypothesize that animals like snakes or nocturnal species can detect various wavelengths in the infrared almost like how humans perceive colors.

Infrared, specifically LWIR, detection at room temperature has been a long-standing challenge due to the weak photon energy, Chanda says.

LWIR detectors can be broadly classified into either cooled or uncooled detectors, the researcher says.

Cooled detectors excel in high detectivity and fast response times but their reliance on cryogenic cooling significantly escalates their cost and restricts their practical applications.

In contrast, uncooled detectors, like microbolometers, can function at room temperature and come at a relatively lower cost but exhibit lower sensitivity and slower response times, Chanda says.

Both kinds of LWIR detectors lack the dynamic spectral tunability, and so they can't distinguish photon wavelengths of different "colors."

Chanda and his team of postdoctoral scholars sought to expand beyond the limitations of existing LWIR detectors, so they worked to demonstrate a highly sensitive, efficient and dynamically tunable method based on a nanopatterned graphene.


																																						
    
     




																																			Tianyi Guo is the lead author of the research. Guo completed his doctoral degree at UCF in 2023 under Chanda's mentorship. This newly discovered method is the culmination of the research that Guo, Chanda and others in Chanda's lab have performed, Chanda says.

"No present cooled or uncooled detectors offer such dynamic spectral tunability and ultrafast response," Chanda says. "This demonstration underscores the potential of engineered monolayer graphene LWIR detectors operating at room temperature, offering high sensitivity as well as dynamic spectral tunability for spectroscopic imaging."

The detector relies on a temperature difference in materials (known as the Seebeck effect) within an asymmetrically patterned graphene film. Upon light illumination and interaction, the patterned half generates hot carriers with greatly enhanced absorption while the unpatterned half remains cool. The diffusion of the hot carriers creates a photo-thermoelectric voltage and is measured between the source and drain electrodes.

By patterning the graphene into a specialized array, the researchers achieved an enhanced absorption and can further electrostatically tune within the LWIR spectra range and provide better infrared detection. The detector significantly surpasses the capabilities of the conventional uncooled infrared detectors--also known as microbolometers.

"The proposed detection platform paves the path for a new generation of uncooled graphene-based LWIR photodetectors for wide ranging applications such as consumer electronics, molecular sensing and space to name a few," Chanda says.


																																																					
																				
																						More information:
												Tianyi Guo et al, Spectrally Tunable Ultrafast Long Wave Infrared Detection at Room Temperature, Nano Letters (2024). DOI: 10.1021/acs.nanolett.4c03832
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Atomic force microscopy reveals microtubule defects at submolecular resolution

										

    
        
            [image: Exploring microtubule lattice at submolecular resolution]
             
                Fig. 1. High-resolution AFM image of the inner and outer surfaces of a microtubule. Credit: Nano Letters (2024). DOI: 10.1021/acs.nanolett.4c04294
            
        

    


In a study recently published in the journal Nano Letters, researchers from Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Kanazawa, Japan, used frequency-modulated atomic force microscopy to reveal the submolecular structure of microtubule (MT) inner surface and visualize structural defects in the MT lattice, providing valuable insights into the complex dynamic processes that regulate microtubule function.



										      
																																	Microtubules (MTs), a key component of the cytoskeleton in eukaryotic cells, serve as scaffolds and play vital roles in cellular processes such as cell division, cell migration, intracellular transport, and trafficking. MTs are composed of a-tubulin and b-tubulin proteins, which polymerize into dimers and assemble into linear protofilaments that form a cylindrical lattice.

Traditional methods like X-ray crystallography and cryo-electron microscopy have provided structural insights into MTs but involve complex sample preparation and data analysis. There remains a need for techniques that can examine MT structural features, assembly dynamics, and lattice defects at submolecular resolution under physiological conditions.

The outer surface of the MT wall has been extensively studied. However, limited studies have examined the submolecular arrangement of tubulin dimers in the inner MT wall. The outer and inner walls of MTs interact with different proteins.

To address this gap, a team of scientists led by Ayhan Yurtsever, Hitoshi Asakawa, and Takeshi Fukuma at Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, employed frequency-modulation atomic force microscopy (FM-AFM) to study the submolecular arrangement of tubulin dimers on both the inner and outer MT surfaces (see fig. 1). The inner MT surface exhibited a corrugated structure, while the outer surface exhibited shallow undulations (see fig. 2).



    
        
            [image: Exploring microtubule lattice at submolecular resolution]
             
                Fig. 2. Structural details at the inner surface of an opened MT. (a) AFM image of the inner surface organizations of ab-tubulin heterodimers in the MT wall, acquired in PEM-G buffer. The presence of different molecular heights and orientations of tubulin protofilaments can be seen, marked by red and blue arrows. The white arrow indicates the direction of protofilament orientation. (b) AFM image of the inner surface of the MT wall shown in panel a, acquired at different scan angles, showing the submolecular structural details. (c) Enlarged AFM image of the framed region in (b), allowing the determination of the arrangement of ab-tubulin dimers within the topographically lower PF, providing a high-resolution image of the tubulin subunits (magenta and green circles). (d) The height profile taken across the PFs on the inner surface (dashed black line in panel (b)). Credit: Nano Letters (2024). DOI: 10.1021/acs.nanolett.4c04294
            
        

    



One protofilament was topographically higher than its adjacent protofilament. This differential topography was caused by differences in the structural orientations and conformation of ab-tubulin heterodimers between adjacent protofilaments. The a-tubulin and b-tubulin monomers of the protofilaments on the inner surface reoriented during the structural transition from tubes to sheets.


																																						
    
     




																																			The inner surface also had a "seam" line, which is considered to confer flexibility to MTs. FM-AFM enabled the detection of several lattice or structural defects caused by missing tubulin subunits along the protofilaments in the MT lattice shaft in the localized region. These defects can alter the molecular arrangement of protofilaments and consequently impair the functions of MTs.

The study also explored MT interactions with Taxol, a chemotherapy drug that exclusively binds to b-tubulin subunits within ab-tubulin dimers on the inner MT surface. Taxol-stabilized microtubules inhibit cancer cell division and migration, thereby potentially slowing cancer progression.

This binding served as a marker to distinguish individual a- and b-tubulin subunits in high-resolution AFM images. This insight underscores FM-AFM's potential to investigate the molecular mechanisms of drugs that target MTs.

In summary, FM-AFM provides critical insights into MT structure, dynamics, and drug interactions, revealing the potential for advancing drug discovery. Understanding MT function and protein interactions can guide the development of more specific and efficient therapies, particularly for cancer, where MTs are key therapeutic targets.


																																																					
																				
																						More information:
												Ayhan Yurtsever et al, Visualizing the Submolecular Organization of ab-Tubulin Subunits on the Microtubule Inner Surface Using Atomic Force Microscopy, Nano Letters (2024). DOI: 10.1021/acs.nanolett.4c04294
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Stabilized ferrocene molecules result in the world's smallest electrically controlled molecular machine

										

    
        
            [image: World's smallest molecular machine: reversible sliding motion in ammonium-linked ferrocene]
             
                The complex of ammonium-linked ferrocene (Fc-amm) and crown ether is assembled on a Cu(111) surface, and its sliding motion is activated by hole injection into the ferrocene group using scanning tunneling microscopy (STM). Credit: Toyo Kazu Yamada / Chiba University
            
        

    


Artificial molecular machines, nanoscale machines consisting of a few molecules, offer the potential to transform fields involving catalysts, molecular electronics, medicines, and quantum materials. These machines operate by converting external stimuli, like electrical signals, into mechanical motion at the molecular level.



										      
																																	Ferrocene, a special drum-shaped molecule composed of an iron (Fe) atom sandwiched between two five-membered carbon rings, is a promising foundational molecule for molecular machinery. Its discovery earned the Nobel Prize in Chemistry in 1973, and it has since become a cornerstone in the study of molecular machines.

What makes ferrocene so appealing is its unique property: A change in the electronic state of the Fe ion, from Fe2+ to Fe3+ causes its two carbon rings to rotate by about 36deg around the central molecular axis. Controlling this electronic state by an external electrical signal could enable precisely controlled molecular rotation.

However, a major hurdle in its practical application is that it readily decomposes when adsorbed onto the surface of substrates, especially flat noble metal substrates, near room temperature, even under ultra-high vacuum conditions. A definitive method for anchoring isolated ferrocene molecules on a surface without decomposition has not been found, until now.

In a groundbreaking study, a research team led by Associate Professor Toyo Kazu Yamada from the Graduate School of Engineering at Chiba University, Japan, including Professor Peter Kruger from the Faculty of Engineering at Chiba University, Professor Satoshi Kera of the Institute for Molecular Science, Japan, and Professor Masaki Horie of National Tsing Hua University, Taiwan, has finally overcome this challenge. They have successfully created the world's smallest electrically controlled molecular machine.


																																						
    
     




																																			"In this study, we successfully stabilized and adsorbed ferrocene molecules onto a noble metal surface by pre-coating it with a two-dimensional crown ether molecular film. This is the first direct experimental evidence of ferrocene-based molecular motion at the atomic scale," said Prof. Yamada.

Their findings were published in the journal Small on November 30, 2024.

To stabilize the ferrocene molecules, the team first modified them by adding ammonium salts, forming ferrocene ammonium salts (Fc-amm). This improved durability and ensured that the molecules could be securely fixed to the surface of the substrate.

These new molecules were then anchored onto a monolayer film made up of crown ether cyclic molecules, which were placed on a flat copper substrate. Crown ether cyclic molecules have a unique structure with a central ring that can hold a variety of atoms, molecules, and ions.

Prof. Yamada explains, "Previously, we found that crown ether cyclic molecules can form a monolayer film on flat metal substrates. This monolayer traps the ammonium ions of Fc-amm molecules in the central ring of crown ether molecules, preventing the decomposition of ferrocene by acting as a shield against the metal substrate."

Next, the team placed a scanning tunneling microscopy (STM) probe on top of the Fc-amm molecule and applied an electrical voltage, which caused a lateral sliding motion of the molecules. Specifically, on applying a voltage of [?]1.3 volts, a hole (vacant space left by an electron) enters the electronic structure of the Fe ion, switching it from Fe2+ to Fe3+ state.
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																																			This triggered the rotation of the carbon rings accompanied by a lateral sliding motion of the molecule. Density functional theory calculations showed that this lateral sliding motion occurs due to the Coulomb repulsion between the positively charged Fc-amm ions.

Importantly, on removing the voltage, the molecule returns to its original position, demonstrating that the motion is reversible and can be precisely controlled using electrical signals.

"This study opens exciting possibilities for ferrocene-based molecular machinery. Their ability to perform specialized tasks at the molecular level can lead to revolutionary innovations across many scientific and industrial fields, including precision medicine, smart materials, and advanced manufacturing," says Prof. Yamada.


																																																					
																				
																						More information:
												Fumi Nishino et al, Reversible Sliding Motion by Hole-Injection in Ammonium-Linked Ferrocene, Electronically Decoupled from Noble Metal Substrate by Crown-Ether Template Layer, Small (2024). DOI: 10.1002/smll.202408217
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Nanoscale analysis uncovers method to prevent dental erosion from carbonated drinks

										

    
        
            [image: KAIST Scientifically Identifies a Method to Prevent Dental Erosion from Carbonated Drinks]
             
                Schematic of the workflow. Credit: Biomaterials Research (2024). DOI: 10.34133/bmr.0103
            
        

    


A Korean research team, which had previously visualized and scientifically proven the harmful effects of carbonated drinks like cola on dental health using nanotechnology, has now identified a mechanism for an effective method to prevent tooth damage caused by these beverages.



										      
																					A team led by Professor Seungbum Hong from KAIST's Department of Materials Science and Engineering, in collaboration with Seoul National University's School of Dentistry (Departments of Pediatric Dentistry and Oral Microbiology) and Professor Hye Ryung Byon's research team from the Department of Chemistry, has revealed through nanotechnology that silver diamine fluoride (SDF) forms a fluoride-containing protective layer on the tooth surface, effectively inhibiting cola-induced erosion.

The work is published in the journal Biomaterials Research.

The team analyzed the surface morphology and mechanical properties of tooth enamel on a nanoscale using atomic force microscopy (AFM). They also examined the chemical properties of the nano-film formed by SDF treatment using X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR).

The findings showed significant differences in surface roughness and elastic modulus between teeth exposed to cola with and without SDF treatment. Teeth treated with SDF exhibited minimal changes in surface roughness due to erosion (from 64 nm to 70 nm) and maintained a high elastic modulus (from 215 GPa to 205 GPa).

This was attributed to the formation of a fluorapatite layer by SDF, which acted as a protective shield.

Professor Young J. Kim from Seoul National University's Department of Pediatric Dentistry noted, "This technology could be applied to prevent dental erosion and strengthen teeth for both children and adults. It is a cost-effective and accessible dental treatment."

Professor Hong emphasized, "Dental health significantly impacts quality of life. This research offers an effective non-invasive method to prevent early dental erosion, moving beyond traditional surgical treatments. By simply applying SDF, dental erosion can be prevented and enamel strengthened, potentially reducing pain and costs associated with treatment."


																														
																				
																						More information:
												Aditi Saha et al, Nanoscale Study on Noninvasive Prevention of Dental Erosion of Enamel by Silver Diamine Fluoride, Biomaterials Research (2024). DOI: 10.34133/bmr.0103
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New methods generate and supercharge magnetism of 2D materials

										

    
        
            [image: Researchers develop new methods to generate and improve magnetism of 2D materials]
             
                A diagram of the crystal structure of FGT. Credit: Michael Shatruk
            
        

    


At just a few atoms of thickness, 2D materials offer revolutionary possibilities for new technologies that are microscopically sized but have the same capabilities as existing machines.



										      
																																	Florida State University researchers have unlocked a new method for producing one class of 2D material and for supercharging its magnetic properties. The work was published in Angewandte Chemie.

Experimenting on a metallic magnet made from the elements iron, germanium and tellurium and known as FGT, the research team made two breakthroughs: a collection method that yielded 1,000 times more material than typical practices, and the ability to alter FGT's magnetic properties through a chemical treatment.

"2D materials are really fascinating because of their chemistry, physics and potential uses," said Michael Shatruk, a professor in the Department of Chemistry and Biochemistry who led the research. "We're moving toward developing more efficient electronic devices that consume less power, are lighter, faster and more responsive. 2D materials are a big part of this equation, but there's still a lot of work to be done to make them viable. Our research is part of that effort."

The research started with liquid phase exfoliation, a solution-processing technique that produces two-dimensional nanosheets from layered crystals in large quantities. The research team saw that other chemists were using this method to synthesize 2D semiconductors. They decided to apply it to magnetic materials.


																																						
    
     




																																			Liquid phase exfoliation allows chemists to collect much more of these materials than would be possible through a more widespread technique of mechanical exfoliation that uses tape in the collection process. In Shatruk's case, it allowed researchers to gather 1,000 times more materials than in the mechanical exfoliation methods.

"That was the first step, and we found that it was pretty efficient," Shatruk said. "Once we did the exfoliation, we thought, "Well, exfoliating things seems easy. What if we applied chemistry to these exfoliated nanosheets?'"



    
        
            [image: FSU researchers develop new methods to generate and improve magnetism of 2D materials]
             
                A microscopic image of the nanosheets developed by the research team. Credit: Michael Shatruk
            
        

    



Their success with exfoliation produced enough FGT for further exploration into the material's chemistry. The team mixed the nanosheets with an organic compound called TCNQ, or 7,7,8,8-Tetracyanoquinodimethane. This process created a new material, FGT-TCNQ, through the transfer of electrons from the FGT nanosheets to the TCNQ molecules.

The new material was another breakthrough--a permanent magnet with higher coercivity, a measure of a magnet's ability to withstand an external magnetic field.

The best permanent magnets used in the state-of-the-art technologies withstand magnetic fields of several Tesla, but achieving such resistance with 2D magnets like FGT is much more challenging, because the magnetic moment in the bulk material can be flipped with almost a negligible field--that is, the material has nearly zero coercivity.
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																																			Exfoliation of FGT crystals to nanosheets yielded a material with coercivity of about 0.1 Tesla, which is not high enough for many applications. When the FSU researchers added TCNQ to the FGT nanosheets, they increased the coercivity to 0.5 Tesla, a five-fold increase and very promising for potential applications of 2D magnets, for example, for spin filtering, electromagnetic shielding or data storage.

Unlike electromagnets, which need electricity to maintain a magnetic field, permanent magnets possess a persistent magnetic field on their own. They're crucial components in all sorts of technology, such as MRI machines, hard drives, cell phones, wind turbines, loudspeakers and other devices.

The researchers plan to explore the possibility of treating materials through other methods, such as by gas transport or by exfoliating the molecular layer of TCNQ or similar active molecules and adding it to the magnetic material. They'll also examine how such treatment might affect other 2D materials, such as semiconductors.

"It's an exciting finding, because it opens up so many paths for further exploration," said doctoral candidate and co-author Govind Sarang. "There are a lot of different molecules that can help stabilize 2D magnets, enabling the design of materials with multiple layers whose magnetic properties are manipulated to enhance their functionality."

FSU co-authors for this research included undergraduate student Jaime Garcia-Oliver and faculty researcher Yan Xin. Collaborators from the University of Valenicia, Spain, were Alberto M. Ruiz and Professor Jose J. Baldovi.


																																																					
																				
																						More information:
												Govind Sasi Kumar et al, Opening the Hysteresis Loop in Ferromagnetic Fe3GeTe2 Nanosheets Through Functionalization with TCNQ Molecules, Angewandte Chemie International Edition (2024). DOI: 10.1002/anie.202412425
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Drug-free pain relief: Solvent molecules offer non-addictive alternative

										

    
        
            [image: Breakthrough in drug-free pain relief: Solvent-mediated analgesia for safer, non-addictive pain management]
             
                Tracking the water permeability of TRPV1 using upconversion nanoprobes in single live cells. Credit: Nature Biomedical Engineering (2024). DOI: 10.1038/s41551-024-01288-2
            
        

    


Researchers have made a discovery regarding the TRPV1 (transient receptor potential vanilloid 1) ion channel and its role in pain perception. The study reveals how solvent molecules can modulate pain signals, offering a potential pathway for a safer, non-addictive pain management approach.



										      
																																	Pain management is a critical aspect of health care, directly impacting quality of life and overall well-being. The TRPV1 ion channel, essential for pain sensing, undergoes pore expansion when activated, allowing ions and larger molecules to pass through. However, the ability of water molecules to permeate the TRPV1 channel has remained uncertain.

To address this, the research team led by Professor Liu Xiaogang from the NUS Department of Chemistry developed an upconversion nanoprobe capable of distinguishing between ordinary water (H2O) and deuterated water (D2O). This advanced technology enabled real-time tracking of water dynamics at both the single-cell and single-molecule levels.

The study showed that when D2O passed through the TRPV1 channel, it suppressed pain signal transmission and achieved effective analgesia. This research was conducted in collaboration with Professor Chao Chang from Peking University and National Innovation Institute of Defense Technology, China, and also with Assistant Professor Bilin Zhuang when she was with Yale-NUS College.

The findings were published in the journal Nature Biomedical Engineering on 21 November 2024.



    
    
    
        
        
    
            
            Simulated Na+ movement through the TRPV1 channel pore under H2O or D2O environments. Credit: Nature Biomedical Engineering (2024). DOI: 10.1038/s41551-024-01288-2
  

Administering D2O to pre-clinical models, the team successfully reduced both acute and chronic inflammatory pain transmission without affecting other neurological responses. This solvent-mediated analgesia mechanism provides an effective, biocompatible, and non-addictive alternative to traditional pain medications, circumventing issues related to drug dependency and tolerance.

Prof Liu said, "This discovery not only expands the scientific understanding of TRPV1 functionality but also opens new avenues for pain management. The research team aims to further explore the effects of D2O on other ion channels, potentially applying this mechanism to treat neurological conditions and other medical challenges.

"The solvent-mediated analgesia mechanism represents an innovative breakthrough in pain relief, potentially driving the development of safer, non-addictive pain therapies for clinical use."


																																																					
																				
																						More information:
												Yuxia Liu et al, Solvent-mediated analgesia via the suppression of water permeation through TRPV1 ion channels, Nature Biomedical Engineering (2024). DOI: 10.1038/s41551-024-01288-2
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        Physicists uncover strong light-matter interactions in quantum spin liquids
        Physicists have long theorized the existence of a unique state of matter known as a quantum spin liquid. In this state, magnetic particles do not settle into an orderly pattern, even at absolute zero temperature. Instead, they remain in a constantly fluctuating, entangled state.

      

      
        Scientists control quantum states in new energy range
        An international team of scientists led by Dr. Lukas Bruder, junior research group leader at the Institute of Physics, University of Freiburg, has succeeded in producing and directly controlling hybrid electron-photon quantum states in helium atoms.

      

      
        New model find molecular interactions key to creating order in active systems
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Physicists have long theorized the existence of a unique state of matter known as a quantum spin liquid. In this state, magnetic particles do not settle into an orderly pattern, even at absolute zero temperature. Instead, they remain in a constantly fluctuating, entangled state.



										      
																																	This unusual behavior is governed by complex quantum rules, leading to emergent properties that resemble fundamental aspects of our universe, such as the interactions of light and matter. Despite its intriguing implications, experimentally proving the existence of quantum spin liquids and exploring their distinctive properties has been extremely challenging.

In a paper recently published in Nature Physics, an international group of researchers comprised of an experimental team from Switzerland and France and theoretical physicists in Canada and the U.S., including Rice University, have found evidence of this enigmatic quantum spin liquid in a material known as pyrochlore cerium stannate.

They achieved this by combining state-of-the-art experimental techniques, including neutron scattering at extremely low temperatures, with theoretical analysis. By measuring the way in which neutrons interact magnetically with the electron spin in pyrochlore, the researchers observed the collective excitations of spins interacting strongly with light-like waves.

"Fractional matter quasiparticles, long theorized in quantum spin liquids, required significant advancements in experimental resolution to be convincingly tested in this type of material," said Romain Sibille, the leader of the experimental team at Paul Scherrer Institute in Switzerland. "The actual neutron scattering experiment was performed on a highly specialized spectrometer at the Institut Laue-Langevin in Grenoble, France, allowing us to obtain extremely high-resolution data."

"Neutron scattering is a well-established tool in analyzing the behavior of spins in magnets," added Andriy Nevidomskyy, associate professor of physics and astronomy at Rice who conducted theoretical analysis of the acquired data. "It is very difficult, however, to come up with an unambiguous 'smoking gun' signature that would prove the material harbors a quantum spin liquid."

Indeed, a 2022 study by Nevidomskyy showed that narrowing the theoretical model to dependably describe the experiment is far from easy, requiring numerically sleuthing out the model parameters and fitting it to multiple experiments.


																																						
    
     




																																			Spinons and fractionalization

In quantum mechanics, electrons possess a property called spin, which behaves like a miniature bar magnet. When many electrons interact, their spins usually align or anti-align (aligning in an opposite direction). However, the arrangement of certain crystal structures such as pyrochlores can disrupt either arrangement.

This phenomenon, called "magnetic frustration," prevents spins from stabilizing into a conventional order, creating conditions where quantum mechanics can manifest in extraordinary ways, including the emergence of quantum spin liquids.

"Despite their name, quantum spin liquids exist in solid materials," said Nevidomskyy, who has studied the quantum theory of frustrated magnets for years.

Nevidomskyy explained that the geometric frustration in a quantum spin liquid is so severe that the electrons instead form a quantum mechanical superposition that results in fluid-like correlations between electron spins as if the spins are immersed in a liquid.

"What's more, the elementary excitations are not an individual spin flipping its direction from up to down or vice versa," Nevidomskyy said. "Instead, they are these bizarre, delocalized objects that carry half of one spin degree of freedom; we call them spinons. This phenomenon, when a single spin flip sort of splits into two halves, is called fractionalization."

The concept of fractionalization and understanding how the resulting fractional particles interact with one another was key to the research performed by this experiment-theory collaboration. The spinons can be thought of as having a magnetic charge, and the interaction between two such particles is akin to electrically charged electrons repelling each other.
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																																			"At a quantum level, the electrons interact with one another by emitting and reabsorbing quanta of light known as photons. Similarly, in a quantum spin liquid, the interaction between spinons is described in terms of exchanging light-like quanta," said Nevidomskyy.

This analogy connects the study of quantum spin liquids with quantum electrodynamics (QED), the theory that describes how electrons interact through the exchange of photons and forms the foundation of the Standard Model of particle physics. Similarly, the theory of quantum pyrochlore magnets describes spinons as interacting via emergent "photons."

However, unlike QED in our universe, where light travels at a constant speed, the emergent "light" in these magnets is much slower--about 100 times slower than the speed of spinons. This stark difference leads to fascinating phenomena such as Cherenkov radiation and an increased likelihood of particle-antiparticle pair production. When combined with complementary research from a group of physicists at the University of Toronto, these findings offered unambiguous evidence for QED-like interactions in the experimental data.

"It is very exciting to see the difficult experiment and dedicated effort of theorists result in such a conclusion," said Sibille.

Future applications

The study provides some of the clearest experimental evidence yet for quantum spin liquid states and their fractionalized excitations. It confirms that materials like cerium stannate can host these exotic phases of matter, which are not only fascinating for fundamental physics but could also have implications for quantum technologies like quantum computing. The results also suggest that we might be able to tune these materials to explore different quantum phenomena such as the existence of dual particles, opening doors to future research.

Dual particles, known as visons, are unlike spinons in that they carry an electric rather than magnetic charge. They resemble the theoretical magnetic monopoles first proposed nearly a century ago by quantum mechanics pioneer Paul Dirac, who predicted their quantization. Although magnetic monopoles have never been observed and are considered highly unlikely by high-energy theorists, the idea remains a captivating aspect of modern physics.

"After this discovery, it is all the more exciting to search for evidence of monopole-like particles in a toy universe formed out of electron spins in a piece of material," said Nevidomskyy.


																																																					
																				
																						More information:
												Victor Poree et al, Evidence for fractional matter coupled to an emergent gauge field in a quantum spin ice, Nature Physics (2024). DOI: 10.1038/s41567-024-02711-w
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An international team of scientists led by Dr. Lukas Bruder, junior research group leader at the Institute of Physics, University of Freiburg, has succeeded in producing and directly controlling hybrid electron-photon quantum states in helium atoms.



										      
																																	To this end, they generated specially prepared, highly intense extreme ultraviolet light pulses using the FERMI free electron laser in Trieste, Italy. The researchers achieved control of the hybrid quantum states using a new laser pulse-shaping technique. Their results have been published in the journal Nature.

Strong light fields can create new quantum states

As long as electrons are bound to an atom, their energy can only be of certain values. These energy values depend primarily on the atoms themselves. However, if an atom is in the beam of a very intense laser, the energy levels shift. Hybrid electron-photon states are created, known as "dressed states." These occur at laser intensities in the range of ten to a hundred trillion watts per square centimeter.

In order to be able to produce and control these special quantum states, laser pulses are necessary that achieve such intensities within a short time window of only a few trillionths of a second.

Free electron laser for producing laser radiation in the extreme ultraviolet range

For their experiment, the scientists used the FERMI free electron laser which allows generation of laser light in the extreme ultraviolet spectral range at very high intensity. This extreme ultraviolet radiation has a wavelength of less than 100 nanometers, which is necessary to manipulate the electron states in helium atoms.


																																						
    
     




																																			In order to control the electron-photon states, the researchers used laser pulses that dispersed or contracted depending on the scenario. To this end, they adjusted the time lag of the different color components of the laser radiation. The properties of the laser pulses were controlled using a "seed laser pulse," which preconditioned the emission of the free electron laser.

"Our research enabled us for the first time to directly control these transient quantum states in a helium atom," says Bruder.

"The technique we've developed opens up a new field of research: this includes new opportunities for making experiments with free electron lasers more efficient and selective or for gaining new insights into fundamental quantum systems, which are not accessible with visible light. In particular, it may now be possible to develop methods to study or even control chemical reactions with atomic precision."


																																																					
																				
																						More information:
												Fabian Richter et al, Strong-field quantum control in the extreme ultraviolet domain using pulse shaping, Nature (2024). DOI: 10.1038/s41586-024-08209-y
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New model find molecular interactions key to creating order in active systems
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Non-reciprocal interactions can increase the order in an active system. This is the finding of a study by scientists from the department of Living Matter Physics at the Max Planck Institute for Dynamics and Self-Organization (MPI-DS).



										      
																					The researchers created a model to describe the emerging patterns depending on the amount of non-reciprocity in an active system. The work is published in the journal Physical Review Letters.

Living matter often shows characteristics that are absent in simpler physical systems. A typical example is the asymmetrical interaction between different particle species: one type of molecule might be attracted by the other, which in turn is repelled--just like a predator chases its prey which in turn tries to escape.

This phenomenon is called non-reciprocal interaction and can give rise to fascinating patterns on a larger scale, as has been shown previously. The resulting macroscopic pattern often resembles structures that are essential for the overall functionality of the system, for example a living cell.

In a new study, Navdeep Rana and Ramin Golestanian investigated the interplay between non-reciprocity and the formation of defects, which influences the resulting patterns.

"Typically, stronger non-reciprocity causes higher activity and is thus associated with less order in the system," explains Rana. "However, we found that in fact the opposite is true and well-ordered wave patterns are formed when non-reciprocity exceeds a certain level."

Thus, the new study highlights the importance of non-reciprocity in eliminating defects in active systems to create ordered structures.

The scientists used simulations to probe the physical properties of the naturally occurring defects that disrupt order, just like the dislocations in the metal that is used to make spoons.

"While a non-equilibrium drive in the form of repeated bending of a spoon creates more entangled defects and weakens its strength until it breaks, non-reciprocal interactions drive the system towards the path of eliminating the defects and creating perfect order," adds Golestanian.

"This remarkable property opens many avenues for applications of non-reciprocal active matter systems," he concludes.

Overall, the study reveals fundamental physical principles underlying the organization of active matter--which are important for the formation of life.


																														
																				
																						More information:
												Navdeep Rana et al, Defect Solutions of the Nonreciprocal Cahn-Hilliard Model: Spirals and Targets, Physical Review Letters (2024). DOI: 10.1103/PhysRevLett.133.078301
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