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


      
        A chilling discovery: The surprising flexibility of ice at the nanoscale
        You'd think there's nothing surprising left to discover about water. After all, researchers have been studying its properties for centuries.

      

      
        Broadband photodetector material senses visible light to long-wave infrared, simplifying device design
        A research team in South Korea has developed a next-generation sensor material capable of integrating the detection of multiple light wavelengths.
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                Crystallization of liquid water for HRTEM. Credit: Nature Communications (2025). DOI:10.1038/s41467-025-62451-0
            
        

    


You'd think there's nothing surprising left to discover about water. After all, researchers have been studying its properties for centuries.



										      
																																	But today researchers at the Department of Energy's Pacific Northwest National Laboratory report a new finding. Even though ice forms in a perfectly hexagonal lattice, it is surprisingly flexible and malleable, which explains why ice so often has trapped gas bubbles.

The findings come from the first-ever molecular-resolution observations of nanoscale samples of ice frozen from liquid water, which were published today in the journal Nature Communications.

"We observed dissolved gas not only generate cavities in ice crystals, but also migrate, merge with other gas bubbles and dissolve--behavior that is only possible due to the unusual nature of bonding in ice," said James De Yoreo, principal investigator of the work and a Battelle Fellow at PNNL. "This work opens up an entirely new opportunity to explore ice crystallization and melting behavior at scales unimaginable only a few years ago."

The research could have profound implications for preserving deeply frozen (cryogenic) biological tissue samples, forecasting ice behavior for aviation and vehicle safety and understanding the movement of glaciers, among other areas of research.

"There have been a lot of mysteries about ice," said PNNL materials scientist Jingshan Du, lead author of the work. "We want to understand how ice tolerates structural imperfections in the crystal and how trapped bubbles affect the mechanical properties of the crystal. Now we have a way to understand that."


    
    
    
        
        
    
         
             
         

        Why do ice cubes so often trap air bubbles? Now we know, thanks to researchers at Pacific Northwest National Laboratory, who captured the first-ever nanoscale images of ice crystals formed from liquid water. Credit: Sara Levine | Pacific Northwest National Laboratory
  



																																						
    
     




																																			What's new with ice

Until now, no one has been able to directly observe molecules of water undergoing the shift from liquid water to ice. That's because the techniques scientists use to view individual atoms involve harsh conditions, including using high-energy radiation and removal of all air (vacuum sealing). While researchers have generated some images of ice at the molecular scale, that ice doesn't reflect the normal freeze-thaw cycles on Earth. It's generated by flash freezing directly from vapor to solid.

To avoid those issues, the research team sandwiched liquid water between thin carbon membranes, which turned out to be the critical factor that led to this imaging breakthrough. Then they developed a new technique, cryogenic liquid-cell transmission electron microscopy, to follow the freezing process.

"The membranes protect the ice crystals from high vacuum and radiation, allowing us to acquire images with atomic-level information," said Du.

They watched gas bubbles form, move through the lattice, merge with other bubbles and dissolve.

The study results showed that when liquid water turns to solid ice, defects in its crystal structure or trapped gas bubbles don't cause much strain to the ice crystal, which could cause fracturing. It adapts to the presence of the defect with surprising ease compared with other solids, like metal or minerals.



    
    
    
        
        
    
            
            Watch how the same nanoscale forces shape both ice cubes and snowflakes. PNNL researchers just recorded the first-ever molecular scale video of ice formed from liquid water over a century after this snowflake was photographed. Credit: Composite image by Sara Levine | Pacific Northwest National Laboratory
  

The nature of water's chemical bonds makes it extraordinarily flexible and malleable, even as solid ice. This new observation, combined with the crucial fact that ice is less dense than liquid water, are properties that support life on Earth, and especially in the sea.

The researchers also made direct observations of the geometries and forces that guide ice crystal formation at all scales, including the formation of snowflakes. While snow forms from water vapor, not liquid water, the same underlying forces are at work.

To confirm their experimental observations, the PNNL scientists collaborated with researchers from Argonne National Laboratory and the University of Illinois-Chicago who had used machine learning to develop a highly accurate molecular dynamics model for ice. The comparisons between the experiment and what was predicted by theoretical models confirmed that ice is unique among solids in its tolerance for defects without compromising the integrity of the ice crystal structure.

Why trapped air bubbles in ice matter

While the PNNL team is studying ice dynamics on a nanoscale, other researchers are discovering that the presence of air bubbles in glaciers greatly affects their behavior. Recently, scientists showed that glaciers melt more than two times faster if they contain bubbles, compared with bubble-free ice. Other scientists are trying to avoid having ice form in delicate tissue samples or on aircraft in flight.

Next steps for this research include studying melting and working with more complicated samples, including water with dissolved materials.


																																	
																														
																				
																						More information:
												Jingshan S. Du et al, Molecular-resolution imaging of ice crystallized from liquid water by cryogenic liquid-cell TEM, Nature Communications (2025). DOI: 10.1038/s41467-025-62451-0. www.nature.com/articles/s41467-025-62451-0
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Broadband photodetector material senses visible light to long-wave infrared, simplifying device design
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                Development of a broadband and high-stability photo detector based on SnSeTe ternary topological crystalline insulator. Credit: Korea Research Institute of Chemical Technology (KRICT)
            
        

    


A research team in South Korea has developed a next-generation sensor material capable of integrating the detection of multiple light wavelengths.



										      
																																	A joint research team led by Dr. Wooseok Song at the Korea Research Institute of Chemical Technology (KRICT) and Professor Dae Ho Yoon at Sungkyunkwan University successfully developed a new broadband photodetector material that can sense a wider range of wavelengths compared to existing commercial materials, and achieved cost-effective synthesis on a 6-inch wafer-scale substrate.

This research is published in ACS Nano.

Photodetectors are typically divided into different categories depending on the wavelength range they detect, serving applications in smart devices, security, environmental monitoring, and health care.

Until now, separate sensors for visible, near-infrared (NIR), mid-infrared (MWIR), and long-wave infrared (LWIR) were required. For example, autonomous vehicles or military drones need to mount multiple sensors for different functions. Broadband photodetectors, however, integrate multiple wavelength ranges into a single sensor.

Conventional broadband sensors based on two-dimensional (2D) materials could only detect from visible to NIR wavelengths, while MWIR and LWIR detection was limited, and their poor stability under humidity and temperature variations hindered outdoor or defense applications.


																																						
    
     




																																			The newly developed broadband photodetector material detects the full spectrum from visible to LWIR and maintains stability even under high-temperature and high-humidity conditions. This allows product designs to be simplified and production costs reduced by replacing multiple sensors with a single integrated device.

For instance, an autonomous vehicle or military drone could integrate visible-light sensors (for daytime imaging and recognition), NIR sensors such as LiDAR (for distance measurement), and MWIR/LWIR sensors (for night-time human detection) into one.
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                Large-area and highly uniform synthesis method of SnSeTe ternary topological crystalline insulator. Credit: Korea Research Institute of Chemical Technology (KRICT)
            
        

    



The team utilized a topological crystalline insulator (SnSe0.9Te0.1), derived from the 2D semiconductor tin selenide (SnSe) with tellurium (Te) substitution.

As a quantum material, TCIs exhibit a narrow band gap, enabling detection of long-wavelength light such as MWIR and LWIR, while also maintaining high stability.

Unlike conventional 2D semiconductors that cannot detect low-energy photons due to a wide band gap, the TCI structure allows electrons to move freely on the surface states, enabling broadband and highly sensitive detection--including subtle LWIR thermal radiation such as that emitted by human fingers.

As a result, this new material achieves broadband detection over an ~8x wider range (0.5-9.6 mm), compared to conventional 2D semiconductors (0.4-1.2 mm). It is also thin, lightweight, and highly stable under high temperature, humidity, and even underwater conditions.
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																																			Another key advantage is the simplified and low-cost fabrication process.

While traditional TCI synthesis required expensive ultra-high-vacuum equipment such as molecular beam epitaxy (MBE), the research team designed SnSe0.9Te0.1 to retain topological properties while being less sensitive, enabling cost-efficient solution-based thermal decomposition synthesis. This allowed uniform production on a palm-sized 6-inch wafer, which is compatible with existing semiconductor processes, making it favorable for large-scale manufacturing.

The team is now extending this technology to 8-inch or larger wafers and integrating sensor arrays and circuits to develop complete sensor modules.
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                (from left) Dohyung Lee (First author, KRICT), Wooseok Song (corresponding author, KRICT). Credit: Korea Research Institute of Chemical Technology (KRICT)
            
        

    



Dr. Wooseok Song explained, "This sensor can cover applications ranging from autonomous vehicles and military drones to smartwatches and home IoT security systems."

KRICT President Young-Kuk Lee emphasized, "This breakthrough will mark a turning point in replacing expensive imported broadband sensors and usher in an era of high-performance, domestically produced broadband sensors."


																																	
																														
																				
																						More information:
												Do Hyung Lee et al, Ultrabroadband Photoconductive Topological Material with Exceptional Multienvironmental Stability, ACS Nano (2025). DOI: 10.1021/acsnano.5c06541
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        Gradient-doped crystal design enhances laser performance in dual-end pumping configuration
        Recently, the research groups led by Prof. Zhang Qingli and Prof. Jiang Haihe from Hefei institutes of Physical Science (HFIPS) of Chinese Academy of Sciences (CAS) have jointly developed a high-symmetry gradient-doped Nd:YAG laser crystal designed for dual-end pumping configurations. This innovation significantly mitigates thermal effects and enhances laser performance.

      

      
        Light-driven thermal barriers control fluid flow in three dimensions
        Scientists at the Department of Applied Physics II of the University of Malaga have participated in the design of a new technology that controls fluids and particles in three dimensions through virtual thermal barriers generated using light.

      

      
        A new twist on Heisenberg's uncertainty principle can sharpen quantum sensors
        For almost a century, Heisenberg's uncertainty principle has stood as one of the defining ideas of quantum physics: a particle's position and momentum cannot be known at the same time with absolute precision. The more you know about one, the less you know about the other.

      

      
        Quantum random number generator combines small size and high speed
        Researchers have developed a chip-based quantum random number generator that provides high-speed, high-quality operation on a miniaturized platform. This advance could help move quantum random number generators closer to being built directly into everyday devices, where they could strengthen security without sacrificing speed.

      

      
        Ferrimagnet spin waves act like bosonic semiconductors, study finds
        Ferrimagnets are a special type of magnet where different atoms' magnetic moments partially cancel each other out, creating a rich internal structure. They are widely used in technologies from magneto-optical devices to spin-based electronics.

      

      
        Chip-scale cold atom experiments could unleash the power of quantum science in the field
        Cold atom experiments are among the most powerful and precise ways of investigating and measuring the universe and exploring the quantum world. By trapping atoms and exploiting their quantum properties, scientists can discover new states of matter, sense even the faintest of signals, take ultra-precise measurements of time and gravity, and conduct quantum sensing and computing experiments.

      

      
        Shining a light on dark valleytronics: First direct observation of dark excitons in atomically thin materials
        In a world-first, researchers from the Femtosecond Spectroscopy Unit at the Okinawa Institute of Science and Technology (OIST) have directly observed the evolution of the elusive dark excitons in atomically thin materials, laying the foundation for new breakthroughs in both classical and quantum information technologies.
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Gradient-doped crystal design enhances laser performance in dual-end pumping configuration

											by Dou Renqin; Zhao Weiwei, Hefei Institutes of Physical Science, Chinese Academy of Sciences									
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Recently, the research groups led by Prof. Zhang Qingli and Prof. Jiang Haihe from Hefei institutes of Physical Science (HFIPS) of Chinese Academy of Sciences (CAS) have jointly developed a high-symmetry gradient-doped Nd:YAG laser crystal designed for dual-end pumping configurations. This innovation significantly mitigates thermal effects and enhances laser performance.



										    
																					The relevant results were published in Optics Express.

In solid-state laser technology, the thermal effect of the laser gain medium is one of the technical bottlenecks that limit the improvement of laser performance. The previous research showed that gradient concentration crystals could effectively improve the thermal effect.

In this study, the team designed high-symmetry gradient-concentration Nd:YAG crystal rods by bonding two identical gradient-doped rods. In these rods, the dopant concentration gradually decreases from the center to both ends, forming a higher-doped center and lower-doped ends.

When operated at the same pump power, the high-symmetry gradient-doped Nd:YAG crystal showed a far smaller temperature difference between its center and ends--about only one-third of that in a conventional uniformly doped crystal. It achieved a much higher output, reaching over 14 W, with its efficiency boosted by more than half. Even at moderate output levels, it maintained a noticeably better beam quality, producing a more stable and symmetrical laser beam than the uniformly doped crystal.

This work shows that a high-symmetry gradient-concentration laser crystal is expected to provide an outstanding gain media for dual-end pumping.


										
																														
																				
																						More information:
												Renqin Dou et al, High-symmetry gradient-doped 0.17-0.38-0.17 at% Nd:YAG laser crystal for dual-end pumping configurations, Optics Express (2025). DOI: 10.1364/oe.571694
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Light-driven thermal barriers control fluid flow in three dimensions
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                Generation of a localized optofluidic barrier. Credit: Nature Photonics (2025). DOI: 10.1038/s41566-025-01731-z
            
        

    


Scientists at the Department of Applied Physics II of the University of Malaga have participated in the design of a new technology that controls fluids and particles in three dimensions through virtual thermal barriers generated using light.



										      
																																	Known as reconfigurable optofluidic barriers, they enable the manipulation of the environment in a precise, quick and contactless manner, managing to deflect, trap or split particles without the need for fixed physical structures. This finding has been published in Nature Photonics.

This is an international study within the field of microfluidics--which studies and manipulates the behavior of small quantities of fluids with microscopic dimensions--which, together with the Multiphysics Modeling School (MMS) of the UMA, has been conducted by the Nanophotonic Systems Laboratory (ETH Zurich) and the Nanoparticle Trapping Laboratory (NanoTLab) of the University of Granada.

These barriers were developed by optically induced temperature gradients. More specifically, they were created by illuminating surfaces coated in elongated gold nanoparticles (AuNRs), inducing these localized temperature gradients via photothermal conversion and the fluid flow, using phenomena such as thermo-osmosis, thermophoresis and natural convection.

"Thanks to the fact that they can be configured in real time, this technology can be dynamically adjusted to tasks such as steering or splitting particles, as well as simulating real biological environments," explains UMA researcher Emilio Ruiz Reina, one of the authors of this paper, who adds that, as it enables multiple functions, it facilitates the design of fast, precise and portable tools for, among other things, clinical analysis, pharmacological studies or basic research.


																																						
    
     




																																			In this regard, the expert assures its direct impact on personalized medicine and biotechnology and highlights that this innovative solution opens the door to lab-on-chip systems--miniaturized devices that integrate multiple functions of a conventional laboratory into a single chip of a few millimeters in size--which are reconfigurable, compact and highly efficient.

"This research has been based on a hybrid methodology that combines advanced experimentation with high-fidelity numerical simulations. Computational models allowed us to predict thermal and fluidic behavior in complex geometries, optimizing the design of the experiments. In turn, the experimental results enabled the validation and refining of the models, in a process of continuous feedback that was key to achieve the level of control demonstrated," concludes Professor Ruiz Reina, who is also coordinator at the UMA MMS.


																																	
																														
																				
																						More information:
												Falko Schmidt et al, Three-dimensional optofluidic control using reconfigurable thermal barriers, Nature Photonics (2025). DOI: 10.1038/s41566-025-01731-z
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For almost a century, Heisenberg's uncertainty principle has stood as one of the defining ideas of quantum physics: a particle's position and momentum cannot be known at the same time with absolute precision. The more you know about one, the less you know about the other.



										      
																																	In a new study published in Science Advances, our team demonstrates how to work around this restriction, not by breaking physics but by reshaping uncertainty itself.

The result is a breakthrough in the science of measurement that could power a new generation of ultra-precise quantum sensors operating at the scale of atoms.

Moving uncertainty around

The uncertainty principle makes clear there will always be a minimum amount of uncertainty in measurements. But you can think of it like air in a balloon: the air cannot escape, but you can freely move it around inside.

Similarly, when measuring position and momentum, the total amount of uncertainty is fixed. But we can redistribute it between the two.

Traditionally, this trade-off means making a choice. You can measure position precisely but lose information about momentum, or vice versa.

Our work takes a different approach. We push the uncertainty into a sensing range that is unimportant.

To understand this, let's try another analogy: imagine a clock with only one hand. If it's the hour hand, we know the hour exactly but only roughly know the minutes. If it's the minute hand, we can read minutes precisely but do not know the hour.

We apply this same idea to quantum measurements. We redistribute the uncertainty so that we can simultaneously track small changes in position and momentum around a chosen point, even if we do not know the absolute location of the point itself.

With this, we can detect very tiny changes in both position and momentum at once, beyond the limit of any classical sensor.


																																						
    
     




																																			Using error-correcting codes for quantum sensing

How did we do this? We repurposed techniques originally designed to protect quantum computers from noise to enhance the precision of measurement devices. This idea was first proposed in a theoretical study in 2017.

We performed our experiment using a trapped ion. This is a single electronically charged atom held in place and controlled with electric and magnetic fields.

We prepared the ion in "grid states," a kind of quantum state originally developed for error-corrected quantum computing. We then used these states as a sensor to measure tiny signals, in a way similar to how one would detect errors in a quantum computer.

This crossover between quantum computing and quantum sensing is the key idea behind our work.

Our experiment showed we can measure an uncertainty in a signal corresponding to half a nanometer, roughly about the size of an atom.

We can also measure extremely small forces, measured in yoctonewtons--that's a trillionth of a trillionth of a newton. That's like measuring the weight of about 30 oxygen molecules.

Why does it matter?

Being able to measure extremely small signals has profound implications. Counterintuitively, measuring the minuscule can help us improve our understanding on the grandest scale.

Quantum sensors already help gravitational-wave observatories detect cosmic events such as colliding black holes. Our work opens the door to even greater sensing capabilities, potentially deepening our understanding of astrophysical objects.

This experiment is still within the confines of a physics laboratory. It's not a gadget you'll see in the shops tomorrow. But we are confident this new way to make precision measurements will lead to a whole generation of ultra-sensitive quantum sensors.
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Researchers have developed a chip-based quantum random number generator that provides high-speed, high-quality operation on a miniaturized platform. This advance could help move quantum random number generators closer to being built directly into everyday devices, where they could strengthen security without sacrificing speed.



										      
																																	True randomness is essential for secure online banking, private messaging, and protecting sensitive data from hackers, and the rising need for stronger digital protection is driving fast-growing demand for high-quality random numbers generated at high speeds.

"The quantum properties of light make it possible to produce numbers that are truly random, unlike the numbers generated by computer algorithms, which only imitate randomness," said research team leader Raymond Smith from Toshiba's Cambridge Research Laboratory in the United Kingdom. "However, making this technology practical for real-world use requires the optical components that create these quantum effects to be as small as possible so they can fit inside other systems."

In the journal Optica Quantum, the researchers describe a new quantum random number generator design that can recover the quantum signal even when it's buried in noise, which has been challenging to accomplish with chip-integrated devices. The new device can generate unpredictable random numbers at a rate of 3 gigabits per second, fast enough to support the security needs of large-scale data centers.

"A major application of random number generators is in protecting sensitive data and communications using encryption keys," said Smith. "Our technology can generate those keys at high speed and with strong security guarantees. High-speed random numbers are also critical for scientific simulations and artificial intelligence and for ensuring fairness in applications like online gaming or digital lotteries."


																																						
    
     




																																			Suppressing noise

Integrated photonics--which uses tiny optical circuits on a chip to generate, guide, and manipulate light--makes it possible to shrink complex optical setups down to just a few millimeters. However, these small systems are more sensitive to external disturbances such as electronic noise, which can ruin the quality of the quantum random numbers. For this reason, recovering true quantum randomness typically requires complex filtering procedures to clean the numbers, but these extra steps significantly reduce the generation rate.

To overcome these challenges, the researchers developed a quantum random number generator that boosts weak signals with an optical amplifier and uses a second photodiode to help suppress crosstalk and any other optical or electrical noise.

"Thanks to its built-in noise-rejection features, the photonic integrated circuit produces a much cleaner signal from the start, so it relies far less on heavy post-processing," said Smith. "This means we can keep the benefits of a miniaturized platform while still generating truly random numbers at high speed."

Robust random number generation

To test the new design, the researchers began by measuring the optical performance of the chip-based quantum random number generator in isolation. They found that the circuit behaved as expected, with the on-chip optical amplifier boosting the quantum signal.

They then packaged the chip and mounted it on a printed circuit board so that it could operate alongside high-speed electronics. Once the chip was no longer isolated, they observed electronic crosstalk, but their dual-photodiode design helped minimize this interference. In addition to generating random numbers at 3 Gbps, the system ran continuously for 24 hours, confirming excellent stability--a benefit of using a single laser to maximize interference visibility.

Next, the researchers plan to increase the level of integration between the optical and electronic parts. "Our goal is to add more electronic functionality directly alongside the photonic chip, so the generator becomes as close as possible to a compact, standalone device," said Smith. "This would make it easier to deploy in real-world systems and move it closer to commercial viability."


																																	
																														
																				
																						More information:
												Peter Smith et al, Noise-Rejecting Photonic Integrated Circuit for Robust Quantum Random Number Generation, Optica Quantum (2025). DOI: 10.1364/opticaq.570625
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Ferrimagnets are a special type of magnet where different atoms' magnetic moments partially cancel each other out, creating a rich internal structure. They are widely used in technologies from magneto-optical devices to spin-based electronics.



										      
																																	In my recent study published in the Journal of Physics D: Applied Physics, I show that the spin waves inside ferrimagnets--collective ripples of magnetization also known as magnons--behave in a strikingly similar way to electrons and holes in semiconductors. While other bosonic particles such as photons or exciton-polaritons also have band structures, I find that ferrimagnetic magnons stand out because their transport role directly parallels semiconductor carriers.

One of the most important effects here is the spin Seebeck effect--the spin current version of the familiar Seebeck effect in thermoelectrics. In semiconductors, the Seebeck constant can be positive or negative depending on whether electrons or holes dominate. I find that ferrimagnets work in the same way: right-handed and left-handed magnons each contribute spin currents with opposite signs.

A new interpretation of compensation

Ferrimagnets like gadolinium iron garnet can generate a spin current when exposed to a temperature gradient, which makes them useful for spin-based information technologies. A key puzzle has been the compensation temperature, the point where this spin current vanishes. Many researchers explained it as a simple crossing of magnon modes.

I offer a different interpretation. Compensation is not caused by a spectral crossing. Instead, it comes from a precise cancellation of contributions from right- and left-handed magnons. Each one acts like the spin-wave equivalent of electrons or holes, and their balance determines the compensation point.


																																						
    
     




																																			Why compare ferrimagnets to semiconductors?

In semiconductors, current comes from both electrons and holes, which contribute oppositely. I show that ferrimagnets display the same behavior: right-handed magnons behave like electrons, left-handed magnons like holes. Their spectrum even shows positive and negative frequency branches separated by a gap--just like a semiconductor band gap. And importantly, this analogy is not just mathematical. It appears directly in measurable transport signals such as the spin Seebeck voltage.

What role does temperature play?

I find that temperature decides which magnons dominate. At high temperatures, right-handed magnons carry most of the current. As the system cools, their contribution is suppressed by a magnon gap, while left-handed magnons emerge as the main carriers. The spin current disappears at the exact temperature where they cancel, the bosonic analog of electron-hole compensation in semiconductors.

How does this match experiments?

The agreement is very good. Experiments in gadolinium iron garnet show two compensation points: one near 250 K where magnetization cancels, and a lower one about 70-80 K where the spin current vanishes. My model reproduces this ratio almost exactly, showing that the compensation comes from competing magnon contributions rather than mode crossings.

What are the broader implications?

By treating ferrimagnets as bosonic semiconductors, I provide a new framework for understanding spin transport. This approach clarifies a key puzzle in spin-caloritronic and suggests new design rules for devices. Just as semiconductor physics underpins modern electronics, I believe this bosonic analogy can guide the development of technologies that convert heat into spin signals for low-power computing, sensing, and energy harvesting.

This story is part of Science X Dialog, where researchers can report findings from their published research articles. Visit this page for information about Science X Dialog and how to participate.


																																	
																														
																				
																						More information:
												Adam B Cahaya, Spin current compensation from competing magnon modes in ferrimagnets, Journal of Physics D: Applied Physics (2025). DOI: 10.1088/1361-6463/adfaa0. On arXiv: DOI: 10.48550/arxiv.2505.22315
																						
																						

																					

                               														
																															 
												  Adam Cahaya completed B.Sc., M.Sc., and Dr.Sc. in Physics at Tohoku University, Japan, investigating spin dynamics and their role in next-generation spintronic devices. Since then, Cahaya's work has expanded to explore quantum phenomena and spin dynamics in nanoscale condensed matter systems--not only the spin of moving electrons, but also the behavior of magnons and photons.
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            [image: Chip-scale cold atom experiments could unleash the power of quantum science in the field]
             
                Laser cooling beam delivery PIC installed in the 3D MOT setup. The cooling and repump lasers are combined in a fiber coupler and connected to the PIC fiber input. The polarization is adjusted with a polarization controller. The quarter waveplate (QWP) holder layer is placed on the PIC and the stray-light filtering layer (not shown) is above the QWP holder. The PIC is placed under the glass cell containing the rubidium atoms and the magnetic field coils are aligned along beam B2 (the other beams are labeled B1 and B3). Retro-reflector mirror mounts are mounted above and used to overlap the counter-propagating beams. Credit: Nature Communications (2023). DOI: 10.1038/s41467-023-38818-6
            
        

    


Cold atom experiments are among the most powerful and precise ways of investigating and measuring the universe and exploring the quantum world. By trapping atoms and exploiting their quantum properties, scientists can discover new states of matter, sense even the faintest of signals, take ultra-precise measurements of time and gravity, and conduct quantum sensing and computing experiments.



										      
																																	However, as powerful and sophisticated these experiments are, currently they're still confined to the highly controlled environment of the laboratory, set up on optical tables and racks of equipment designed to isolate the environment and afford users the stability to precisely align the various lasers and optical components--including lenses, modulators, frequency shifters and other components that generate, manipulate and tune light waves needed for quantum experiments.

There's a wealth of knowledge to be gained by taking these experiments out of the laboratory and using their power to measure and monitor phenomena in the outside world, according to UC Santa Barbara electrical and computer engineering professor Daniel Blumenthal.

"You can measure sea level rise, changes in sea ice, even earthquakes with a hundred-kilometer precision," he said. "Literally, events happening on Earth you can see from the gravitational fields around the planet. Additionally, precise measurements of time in space will open up new avenues of gravitational experiments and search for new particles such as dark matter."

Small components, big performance

That's why, for more than an entire decade, Blumenthal and collaborators have been working to translate the various functions of current cold-atom quantum experiments to a more portable, deployable form, integrating entire tabletop systems into devices that can sit in the palm of your hand. It began with a series of chip-scale projects for the U.S. Defense Advanced Research Projects Agency (DARPA).


																																						
    
     




																																			"They wanted to make a small form-factor atomic clock," Blumenthal recalled of one particular project, "and we were responsible for beam delivery." The "beam" refers to the lasers used to trap, cool and probe the timekeeping atoms--likely cesium or rubidium--which have to be confined from their atomic source to a cold "atomic molasses" where the timekeeping can be performed.

That effort led the researchers to ask: Why not miniaturize the rest of the optical table? In addition to beam delivery, there are components responsible for light (lasers), stabilization cavities, optical modulators, frequency shifting, frequency programming, gating and intensity control--all hardware meant to manipulate and modify the optical signal as it is relayed from point to point.

This miniaturization is not a simple task. In addition to replicating the functions of an optical table, the components have to do so with the performance necessary to perform the cooling, trapping, preparation and measurement of atomic states on miniature chips as would be done on conventional optical tables. These tiny components should then afford users the same stability in the outside world, all in a durable setup that can withstand the extreme environments into which they might be deployed.

"We want to create the same stability and precision, but with the addition of reliability and ease of making more to scale to large numbers of qubits," Blumenthal explained. The chips would also require less power, he said, and cost less to produce for wider accessibility and commercialization.
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																																			Fortunately, advances in integrated photonics have been making it increasingly possible for engineers and scientists to develop chip-scale optical hardware; in other realms such as telecommunications and biomedicine, photonic integrated circuits are already major players. The time was ripe to ride the wave.

The first major milestone for Blumenthal and his team came in 2023 when they announced that they were able to create cold rubidium atoms with beams delivered by integrated photonics for the first time, via their photonic integrated 3D magneto-optical trap (PICMOT). The beam delivery, embedded into a low-loss silicon nitride integration platform, connects cooling and repumping lasers to three beams that then interface to rubidium atoms in a vacuum.

The three beams traverse the atom cell and are reflected by mirrors back on themselves to form the optical intersection region used to cool down and trap rubidium atoms, in combination with magnetic coils. Once the cooled atoms are formed, other lasers can be used to exploit the cold atoms' properties and perform further quantum experiments.

"Warm atoms--thermal atoms--move around a lot," Blumenthal explained. "If you now cool the atoms and attach a laser to those transitions, you can make a more precise sensor and clock."

The researchers' proof of concept demonstrated that their tiny PICMOT was able to trap over a million atoms from the rubidium vapor inside the vacuum cell and cool them down to 250 microkelvin (that's about -460degF or -273degC). According to Blumenthal, the more atoms trapped and cooled, the more precise the resulting measurement would be for these neutral atom experiments.


																																						
    
     




																																			"Colder atoms plus more atoms equals better precision and more sensitivity," Blumenthal said. "It's because you're averaging the measurement out over more sensors."

In 2024, Blumenthal's lab reported a further accomplishment: integration of an ultra-low linewidth, self-injection locked 780nm laser onto a silicon nitride chip. Using a common, commercially available Fabry-Perot laser diode as the light source, the team was able to "clean up," "calm down" and tune the laser to the desired frequency with photonic components they had been developing, including ultra high-quality factor resonators and lowest-loss waveguides.

In cleaning up the spectral "noise" that comes with the store-bought laser, Blumenthal said, it becomes possible to use the light for quantum applications. The narrow linewidth, he explained, means that the emitted light is in a single frequency and is also stable enough to overcome internal and external noise and vibration.

"Noise and a noisy large linewidth would limit the sensitivity of the sensor, or the speed of the quantum computer, or the stability of the atomic clock," he said. "A narrow linewidth, low-noise laser comes into play when you want to do the precision work. Other functions, such as cooling, don't require that precision laser, but there are quantum functions that do."

Indeed, the resulting photonic integrated laser is comparable to the ones in conventional setups, according to Blumenthal Lab member Andrei Isichenko. "In some ways, the performance is improved compared to conventional lasers because of full chip-scale integration," he said. The compact form factor allows for faster feedback, which in turn suppresses noise and leads to a more robust signal. Fiber optics also accumulate fewer random fluctuations relative to their free-space counterpart, adding to the stability of the signal on chip.


																																			Putting it all together

With much of the optical table infrastructure for generating, moving and controlling light miniaturized, it's only a matter of time before all these tiny 3D MOT components, including the lasers and the reference cavity, are integrated on a single chip. In an invited article for the journal Opticaphys.org/news/2025-03-cold-ato ... oors-accessible.html, the researchers draw upon their experience and report on the progress and discuss potential paths toward integration.

"We are there for the photonic engine for neutral atoms," Blumenthal said, referring to the lasers, optical components and light control and delivery. For systems that are based on trapped ions--atoms with an unequal number of protons and electrons--they are "making their way to that engine."

As for the "physics package," which contains the vacuum cell and the atoms to be cooled and trapped, the researchers are still experimenting with how to implement ideal conditions on chip, but they're getting close, Blumenthal said, explaining that when it comes to trapping neutral atoms, more is better. But there are other ways to use atoms for these applications that utilize trapped ions, which typically require just a few atoms in a two-dimensional setup. This is another area of intense interest and effort for the Blumenthal group.

"For the trapped ion physics package the trap will be on chip this year," he said. "We are still a ways off from moving the physics package which holds the neutral atoms onto a chip, and we are collaborating with UMass Amherst on that." In fact, Blumenthal and UMass collaborator Robert Niffenegger have utilized integrated lasers to create quantum qubits with trapped ions for the first time.

"The creation of a trapped ion qubit with an integrated laser in the ultra low loss silicon nitride platform is a huge milestone," Blumenthal said, "that paves the path towards full integration of the trap, lasers, and optics and creation of compact trapped ion quantum computer and quantum sensors."
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            [image: Shining a light on dark valleytronics]
             
                The TR-ARPES setup used in the research. Credit: Jeff Prine (OIST)
            
        

    


In a world-first, researchers from the Femtosecond Spectroscopy Unit at the Okinawa Institute of Science and Technology (OIST) have directly observed the evolution of the elusive dark excitons in atomically thin materials, laying the foundation for new breakthroughs in both classical and quantum information technologies.



										      
																																	Their findings have been published in Nature Communications.

Professor Keshav Dani, head of the unit, says, "Dark excitons have great potential as information carriers, because they are inherently less likely to interact with light, and hence less prone to degradation of their quantum properties. However, this invisibility also makes them very challenging to study and manipulate.

"Building on a previous breakthrough at OIST in 2020, we have opened a route to the creation, observation, and manipulation of dark excitons."

"In the general field of electronics, one manipulates electron charge to process information," explains Xing Zhu, co-first author and Ph.D. student in the unit.

"In the field of spintronics, we exploit the spin of electrons to carry information. Going further, in valleytronics, the crystal structure of unique materials enables us to encode information into distinct momentum states of the electrons, known as valleys."

The ability to use the valley dimension of dark excitons to carry information positions them as promising candidates for quantum technologies. Dark excitons are by nature more resistant to environmental factors like thermal background than the current generation of qubits, potentially requiring less extreme cooling and making them less prone to decoherence, where the unique quantum state breaks down.


																																						
    
     




																																			Defining landscapes of energy with bright and dark excitons

Over the past decade, progress has been made in the development of a class of atomically thin semiconducting materials known as TMDs (transition metal dichalcogenides).

As with all semiconductors, atoms in TMDs are aligned in a crystal lattice, which confines electrons to a specific level (or band) of energy, such as the valence band. When exposed to light, the negatively charged electrons are excited to a higher energy state--the conduction band--leaving behind a positively charged hole in the valence band.

The electrons and holes are bound together by electrostatic attraction, forming hydrogen-like quasiparticles called excitons. If certain quantum properties of the electron and hole match, i.e. they have the same spin configuration and they inhabit the same "valley" in momentum space (the energy minima that electrons and holes can occupy in the atomic crystal structure), the two recombine within a picosecond, emitting light in the process. These are "bright" excitons.



    
        
            [image: Shining a light on dark valleytronics]
             
                The experimental setup at OIST, featuring the world-leading TR-ARPES (time- and angle resolved photoemission spectroscopy) microscope, which features a proprietary, tabletop XUV (extreme ultraviolet) source, capable of imaging the electrons and excitons at femtosecond timescales (1fs = one quadrillionth (10-15) of a second). Credit: Jeff Prine & Andrew Scott (OIST)
            
        

    



However, if the quantum properties of the electron and hole do not match up, the electron and hole are forbidden from recombining on their own and do not emit light. These are characterized as "dark" excitons.

"There are two 'species' of dark excitons," explains Dr. David Bacon, co-first author who is now at University College London, "momentum-dark and spin-dark, depending on where the properties of electron and hole are in conflict. The mismatch in properties not only prevents immediate recombination, allowing them to exist up to several nanoseconds (a much more useful timescale), but also makes dark excitons more isolated from environmental interactions."

"The unique atomic symmetry of TMDs means that when exposed to a state of light with a circular polarization, one can selectively create bright excitons only in a specific valley. This is the fundamental principle of valleytronics," explains Dr. Vivek Pareek, co-first author and OIST graduate who is now a Presidential Postdoctoral Fellow at the California Institute of Technology.

"However, bright excitons rapidly turn into numerous dark excitons that can potentially preserve the valley information. Which species of dark excitons are involved and to what degree they can sustain the valley information is unclear, but this is a key step in the pursuit of valleytronic applications."


            	
            
                [image: Shining a light on dark valleytronics]
                 
                    Graphical illustration of the results, showing how the population of different exciton emerge and evolve over time at a picosecond scale (1ps = 10[?]12 second). Credit: Jack Featherstone (OIST), adapted from Zhu et al. (2025) Nature Communications 16 6385.
                
            

        

            	
            
                [image: Shining a light on dark valleytronics]
                 
                    The atomic structure of ultrathin semiconductors like TMDs is hexagonal, and this symmetry is reflected in momentum space, where the conduction (top) and valence (bottom) bands each have local energy minima and maxima at specific points (K), which can be visualized as valleys in a momentum landscape. Credit: Momentum landscape figure adapted Bussolotti et al., (2018) Nano Futures 2 032001. Insert adapted from Zhu et al., (2025) Nature Communications 16 6385
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																																			Observing electrons at the femtosecond scale

Using the world-leading TR-ARPES (time- and angle resolved photoemission spectroscopy) setup at OIST, which includes a proprietary, table-top XUV (extreme ultraviolet) source, the team has managed to track the characteristics of all excitons after the creation of bright excitons in a specific valley in a TMD semiconductor over time by simultaneously quantifying momentum, spin state, and population levels of electrons and holes--these properties have never been simultaneously quantified before.

Their findings show that within a picosecond, some bright excitons are scattered by phonons (quantized crystal lattice vibrations) into different momentum valleys, rendering them momentum-dark. Later, spin-dark excitons dominate, where electrons have flipped spin within the same valley, persisting on nanosecond scales.

With this, the team has overcome the fundamental challenge of how to access and track dark excitons, laying the foundation for dark valleytronics as a field.

Dr. Julien Madeo says, "Thanks to the sophisticated TR-ARPES setup at OIST, we have directly accessed and mapped how and what dark excitons keep long-lived valley information. Future developments to read out the dark excitons valley properties will unlock broad dark valleytronic applications across information systems."


																																	
																														
																				
																						More information:
												Xing Zhu et al, A holistic view of the dynamics of long-lived valley polarized dark excitonic states in monolayer WS2, Nature Communications (2025). DOI: 10.1038/s41467-025-61677-2
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