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Phase-transition-driven ferroic response in
2D CuMnP2Se6 under ultra-low electric fields

Jingyan Chen1, Meiling Xu 1 , Yuntao Jie1, Jiaqi Feng1, Xiaodong Zhou 2 ,
Yanchao Wang 3,4 & Yinwei Li 1

Low-field electric control of magnetic phase transitions is critical for the
development of energy-efficient spintronic and non-volatile memory tech-
nologies. Yet, the weak magnetoelectric coupling in most known two-
dimensional multiferroics hinders their practical implementation. Here, using
crystal structure prediction and high-throughput first-principles calculations,
we identify four previously unexplored bimetallic thio(seleno)phosphate
multiferroics, XMnP2(S/Se)6 (X = Cu, Au), all exhibiting robust in-plane spon-
taneous polarization—contrasting with the predominantly out-of-plane beha-
vior in this material family—which effectively mitigates depolarization effects.
In particular, CuMnP2Se6 hosts two stable C2-symmetric ferroelectric phases
with opposite in-plane polarizations and distinct magnetic orders. Remark-
ably, an electric field as small as ~0.001 V/Å can simultaneously reverse the
polarization and induce an antiferromagnetic-to-ferromagnetic transition. The
associated barrier is exceptionally low ( ~49 meV/f.u.), yielding a sizable
magnetoelectric coefficient of ~0.04 G ⋅ cm/V. These results highlight a viable
strategy for realizing electric-field-driven magnetism in intrinsic two-
dimensional multiferroics under experimentally feasible conditions.

Electric-field control ofmagnetism offers a promising route to reduce
energy consumption in spintronic and memory devices, paving the
way for low-power, non-volatile information technologies that could
transform future computing paradigms1–3. To date, two primary
mechanisms have been extensively investigated: (i) electric-field-
induced magnetization switching4–6, and (ii) electric-field-driven
magnetic phase transitions7–10. The former enables binary logic
operations through spin-orbit torque-driven reversal of magnetiza-
tion, whereas the latter involves switching between distinct magnetic
phases—such as ferromagnetic (FM) and antiferromagnetic (AFM)—
offering dynamic tunability between writable and interference-
robust memory states. Realizing such functionality requires mate-
rial systems where electric polarization and magnetic order are
strongly coupled and reversibly tunable under experimentally
accessible conditions.

Multiferroics, which simultaneously host two or more ferroic
orders—such asmagnetism, ferroelectricity, or ferroelasticity—within a
single phase11, offer a natural platform for realizing intrinsic magne-
toelectric (ME) coupling. However, electric-field-induced magnetic
phase transitions in existingmultiferroics remain rare, primarily due to
the generally weak coupling between electric and magnetic order
parameters. As a result, polarization reversal alone is often insufficient
to drive amagnetic transition12–22. An alternative strategy leverages van
der Waals heterostructures composed of 2D magnets and ferro-
electrics, where electric control of magnetism arises from interfacial
ME effects6,23–27. However, such heterostructures often suffer from
weak interfacial coupling and require precise lattice matching and
stacking control, posing significant challenges for scalable fabrication
and long-term device stability28. Thus, identifying single-phase 2D
multiferroics with strong intrinsic ME coupling has become a central

Received: 22 July 2025

Accepted: 2 December 2025

Check for updates

1Jiangsu Key Laboratory of Extreme Multi-Field Materials Physics, School of Physics and Electronic Engineering, Jiangsu Normal University, Xuzhou, China.
2School of Physical Science and Technology, Tiangong University, Tianjin, China. 3Key Laboratory of Material Simulation Methods & Software of Ministry of
Education, College of Physics, Jilin University, Changchun, China. 4State Key Laboratory of High Pressure and Superhard Materials, College of Physics, Jilin
University, Changchun, China. e-mail: xml@calypso.cn; zhouxiaodong@tiangong.edu.cn; wyc@calypso.cn; yinwei_li@jsnu.edu.cn

Nature Communications | ���������(2026)�17:811� 1

12
3
4
5
6
78

9
0
()
:,
;

12
3
4
5
6
78

9
0
()
:,
;

Article https://doi.org/10.1038/s41467-025-60173-x

Control ofmagnetic transitions via interlayer
engineering in ferroelectric H2O–OH systems

JingyanChen1,5,QiaoxiaoZhao 2,3,5,MeilingXu 1,4 , Zijia Liu2,3, XuegaoHu2,3,
Jiaqi Feng1, Xiaodong Zhou 1, Hong Jian Zhao 4, Baojie Feng 2,3 ,
Lan Chen 2,3, Yinwei Li 1 & Yanchao Wang 4

Controlling magnetic phase transitions in two-dimensional (2D) multiferroics
is crucial for both fundamental scientific knowledge andpractical applications.
Here, we present a general strategy for inducing magnetic transitions in 2D
ferroelectrics based on the electron pairing principle. First-principles calcu-
lations revealed the coupled ferroelectric and ferromagnetic behavior in
water-hydroxyl (H2O–OH) monolayer, with ferromagnetism arising from
unpaired electrons in 2p bonding orbitals of the OH groups. A ferromagnetic-
to-nonmagnetic phase transition occurs via interlayer coupling, forming H2O2

molecules where electrons pair up. Conversely, the nonmagnetic-to-
ferromagnetic transition can be triggered by stacking rearrangements that
prevent H2O2 formation and restore unpaired electrons. Importantly, such
magnetic transitions can be efficiently controlled by external electric fields.
Notably, low-energy-electron-assisted synthesis method and high-resolution
scanning tunneling microscopy confirm the successful creation of H2O–OH
overlayer on Ag(111). These findings provide an approach for magnetism
control in 2D ferroelectrics and offer insights for future spintronic and mul-
tiferroic devices.

Two-dimensional (2D) multiferroics, which integrate multiple ferroic
orders–such as ferroelectricity and ferromagnetism–within a single
material1–6, hold great promise for the development of high-perfor-
mance, nonvolatile information storage and processing nanodevices.
Controlling magnetic phase transitions in 2D multiferroics is essential
for achieving higher-density data storage solutions, as it significantly
enhances information capacity within a given physical space. Theore-
tical studies have demonstrated electric field-induced phase transi-
tions from ferromagnetic to antiferromagnetic in ReWCl6

7 and NbVS4
8

monolayers, both exhibiting strong magnetoelectric coupling. How-
ever, magnetic phase transitions in 2D multiferroics remain largely
underexplored.

Given the significance of interlayer interactions in layered mate-
rials, strategies such as interlayer stacking, sliding, and twisting have
become effective in tailoring the properties of materials9–21, including
magnetism22–32 and ferroelectricity33–46. For example, layer-dependent
ferromagnetism has been observed in CrI3

23, Cr2Ge2Te6
24 and CrPS4

25

films at low temperatures. Furthermore, thickness-tunable ferro-
magnetism has been reported in non-van-der-Waals materials like
Cr5Te8

26 and CrCuSe2
27,28. Theoretical studies have also indicated that

altermagnetismcanbeachieved in 2D antiferromagnetic vanderWaals
bilayers through twisting29,30 and symmetrically restricted direct
stacking31,32. Moreover, interlayer engineering has enabled sliding-
induced 2D ferroelectricity in the topological semimetal WTe2
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Semiconducting Borophene Realized via Hydrogenation-Driven
Structural Reconstruction

Meiling Xu+, Zitong Wu+, Jingyan Chen+, Zhuohang Xie, Yan Liu, Shicong Ding, Yinwei Li,
Guoan Tai,* and Yanchao Wang*

Abstract: Hydrogenation provides a robust approach to both dramatically improve borophene’s ambient stability and
induce semiconducting behavior—two essential requirements for its integration into nanoelectronic and optoelectronic
devices. However, the vast configurational diversity of hydrogen adsorption patterns impedes the identification of a
definitive semiconducting hydrogenated borophene phase. In this work, we conducted systematic high-throughput searches
to investigate various hydrogen coverages on α′–borophene and determined that semi-hydrogenated configurations
constitute the most promising semiconducting candidates. Guided by these predictions, we synthesized semi-hydrogenated
borophene, α′–B8H4 via chemical vapor deposition. Subsequent extensive structural characterization and complementary
computational simulations provided compelling evidence for the formation of this stable semiconducting phase. In sharp
contrast to the previously proposed α′–4H model, the synthesized α′–B8H4 undergoes hydrogenation-induced structural
reconstruction—stabilized by both two-center–two-electron B–H and three-center–two-electron B─H─B bonds—whose
ensuing out-of-plane buckling drives strong hybridization between in-plane and out-of-plane p orbitals, thereby opening a
band gap. This combined theoretical and experimental study identifies an air-stable semiconducting borophene and paves
the way for borophenes as next-generation electronic and optoelectronic materials.

Introduction

Borophene has attracted considerable interest due to
its exceptional properties, including anisotropic metallic-
ity, high mechanical strength and flexibility, broad poly-
morphism, phonon-mediated superconductivity, optoelec-
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tronic anisotropy, optical transparency, and ultrahigh ther-
mal conductivity.[1–15] Contrary to graphene, whose two-
dimensional (2D) form is readily obtained by exfoliation
from graphite, borophene has no bulk layered analogue.[16]

Instead, the electron-deficient nature of boron enables its
controlled epitaxial deposition on a variety of metal sub-
strates (e.g., Ag(111), Au(111), Cu(111), Al(111), Ir(111),
Ru(0001)) under ultrahigh-vacuum conditions.[17–34] The
resultant borophene polymorphs—such as α, α′, β12, β13, and
χ3, comprise triangular boron lattices with periodic hexagonal
vacancies to satisfy the octet rule [35] and possess an inherently
metallic electronic structure, thereby impeding their integra-
tion into nanoelectronic and optoelectronic devices. Another
critical challenge is borophene’s poor ambient stability[17]

as it undergoes rapid degradation outside ultrahigh-vacuum
conditions, severely hindering its incorporation into practical
devices.

Hydrogenation has been demonstrated to simultaneously
improve the chemical stability and tune the properties of
various 2D materials.[36–45] Experimental studies have demon-
strated that hydrogenation reduces the ambient oxidation
rate of the ν1/5 and ν1/6 borophene phases by over two
orders of magnitude, thereby substantially boosting their
environmental stability.[46] Nevertheless, despite hydrogena-
tion, these polymorphs retain the metallic electronic character
of their parent borophene phases.[46] A semi-hydrogenated
α′–borophene—identified as the theoretically predicted
α′–4H structure—was synthesized experimentally.[47] This
phase not only exhibits semiconducting behavior but
also demonstrates exceptional chemical resilience, retain-
ing stability in strongly acidic and basic environments,

Angew. Chem. 2025, e16206 (1 of 8) © 2025 Wiley-VCH GmbH
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Strain-tunable magnetic phase transition and magnetocaloric effect in the CrS2 monolayer
with bipolar magnetic semiconducting characteristics

Liang-Yan Xu, Peng Jiang ,* Linlin Liu, Hong-Mei Huang, and Yan-Ling Li †
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Two-dimensional (2D) ferromagnetic materials with high-temperature intrinsic magnetic ordering, electrically
tunable spin polarity, and significant magnetocaloric effect (MCE) are highly desirable for designing nanoscale
spintronic devices and developing multifunctional materials. In this work, we employ first-principles calculations
in conjunction with atomic spin dynamics (ASD) simulations to identify a 2D monolayer phase of CrS2 with
space group P421m, exhibiting high-Curie-temperature (TC) Ising ferromagnetism and bipolar magnetic semi-
conducting characteristics. The intrinsic ferromagnetism originates from the strong superexchange interactions
between Cr cations mediated by S anions. Moreover, we explore its layer-dependent electronic structure and
find that even-layered CrS2 systems exhibit altermagnetism with the momentum-dependent spin splitting. ASD
simulations demonstrate that the CrS2 monolayer possesses an excellent MCE with the maximum magnetic
entropy change −�Smax

M of 8.03 µJ/m2/K, the maximum adiabatic temperature change �T max
ad of 2.17 K, and

a relative cooling power (RCP) of 722.70 µJ/m2 under an out-of-plane magnetic field of 5 T. Additionally, we
systematically investigate the effects of biaxial strain on its magnetic phase and MCE. Our results indicate that
a moderate compressive strain induces a magnetic phase transition from ferromagnetism to antiferromagnetism
and significantly enhances the MCE by increasing −�Smax

M , �T max
ad , and RCP. Furthermore, utilizing the carrier-

doping controllable spin polarity of the bipolar magnetic semiconductor, we propose a conceptual model for a
dual-gated magnetic tunnel junction, where the “on” and “off” states are achieved by switching the voltage signs
of the dual gates. These findings not only deepen our understanding of the electrically tunable spin polarity, but
also emphasize the profound impact of strain effects on magnetic ground states and MCE enhancement, thereby
paving the way for future innovations in spintronic devices and magnetic refrigeration materials.

DOI: 10.1103/PhysRevB.111.205407

I. INTRODUCTION

The discovery of the intrinsic long-range magnetic order in
low-dimensional systems has created a valuable platform for
investigating charming spin-related phenomena and advanc-
ing the development of new-generation nanoscale spintronic
devices [1,2]. In particular, two-dimensional (2D) ferromag-
netic (FM) semiconductors with unexpected but intriguing
physical properties, including, but not limited to, quantum
anomalous Hall effect [3,4], spontaneous valley polariza-
tion [5,6], topological spin texture and excitations [7–9],
and magnetocaloric effect (MCE) [10–12], greatly accelerate
the size reduction and efficiency improvement in the realm
of the postsilicon microelectronic devices. According to the
Mermin-Wagner theorem [13], the emergence of the long-
range-ordered magnetism is forbidden in the low-dimensional
isotropic Heisenberg systems at a finite temperature. How-
ever, such a restriction can be circumvented by the significant
magnetic anisotropy [1], which has been experimentally
confirmed in several 2D ferromagnets, such as CrI3 [14],
Cr2Ge2Te6 [15], Fe3GeTe2 [16], and VI3 [17]. Nevertheless,
most of these materials lack a high TC or sizable perpendicular

*Contact author: pjiang@jsnu.edu.cn; pjiang93@mail.ustc.edu.cn
†Contact author: ylli@jsnu.edu.cn

magnetic anisotropy (PMA), which are two important param-
eters in realizing the practical spintronic device. Therefore, it
is extremely desirable to explore 2D FM systems with a high
TC and a large PMA.

In fact, most of spintronic devices heavily depend on
highly spin-polarized current in the detection or manipula-
tion of the spin ordering [18,19]. Half metals, characterized
by one spin channel exhibiting metallic behavior while the
other functions as an insulator or semiconductor, are ideal
candidates for spintronic applications due to their ability to
provide fully spin-polarized carriers [20–22]. Despite their
advantageous spin-polarized properties, which are fixed in
either the spin-up or spin-down direction, the switch be-
tween two spin polarities is typically achieved by applying
an external magnetic field. In contrast, electric-field control
offers a promising alternative for achieving ultralow-power-
consumption spintronic devices by minimizing Joule heating
[23–25]. The electrical-field modulation of spin polarization
is more desirable for designing the new-generation spintronic
devices [23,24]. In this regard, bipolar magnetic semiconduc-
tors (BMSs) are well suited to meet this requirement, as they
allow for reversible spin polarization via gate voltage ma-
nipulation, with opposite spin orientations in the conduction
band minimum (CBM) and valence band maximum (VBM)
[26,27]. To date, although numerous 2D BMSs have been
theoretically proposed, such as Ni(NCS)2 monolayer [28],

2469-9950/2025/111(20)/205407(12) 205407-1 ©2025 American Physical Society
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Exploring NHx-Xe compounds with high hydrogen storage capacity and stability at high pressure
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Recent studies have demonstrated that the chemical reactivity of noble gas elements, such as Xe and He,
increases significantly under high pressure, leading to the discovery of many unconventional compounds that
are unstable under ambient conditions. In this paper, we propose three different and energetically stable
compounds—NH5Xe, NH11Xe, and NH13Xe—through a combination of structural prediction methods and
first-principles calculations. Our findings reveal that these compounds are dynamically stable and possess wide
band gaps exceeding 4 eV, classifying them as insulators. Notably, the incorporation of xenon enhances the
hydrogen content within the compounds, with NH11Xe and NH13Xe exhibiting the highest hydrogen storage
capacities among the proposed compounds, reaching up to 44% and 48%, respectively. This positions them
as promising candidates for advanced hydrogen storage materials. Furthermore, ab initio molecular dynamics
simulations reveal that these compounds undergo phase transitions from solid to superionic and eventually to
liquid as temperature increases. The stable pressure-temperature regions of the superionic and liquid phases align
with the extreme conditions found in the interiors of Earth and icy planets (Uranus and Neptune), suggesting that
these NHx-Xe compounds could be potential constituents of their mantles. These results not only provide the
potential of NHx-Xe compounds in hydrogen storage but also offer distinct insights into the composition and
behavior of materials under extreme conditions in planetary interiors.

DOI: 10.1103/PhysRevB.110.184105

I. INTRODUCTION

H and N are the first and seventh most abundant elements
in the universe, respectively. N-H compounds have been ex-
tensively studied due to their unique physical properties, with
potential applications in hydrogen storage and high-energy
materials. N and H could react to form the common com-
pound NH3 at ambient conditions, which is one of the most
popular substances on Earth and is a major component of
the icy giant planets Uranus and Neptune [1,2]. Pressure is
one of the most effective factors to design novel materials
and cause phase transitions as it can redistribute the valence
electrons and bonding patterns and reorder the energies of
the atomic orbitals [3–16]. NH3 undergoes a serious phase
transition at high pressure from phase I (P213) to phase IV
(P212121) at 3–4 GPa and then into phase V at about 14 GPa
[17–19]. In 2008, Pickard et al. predicted that the phase V
of NH3 transforms into ionic phases which are composed
of NH4

+ and NH2
− at pressures above 90 GPa, but finally

retransforms into a molecular phase at about 440 GPa [20].
Another N-H compound, N2H4, is notable for its high hydro-
gen storage capacity of 12.6 wt% and is used as rocket fuel.
Under high pressure, a previous study predicts a series of N-H
compounds, such as N4H, N3H, N2H, NH, N9H4, N8H, NH2,
N3H7, NH4, and NH5 [21]. Notably, in 2019, a theoretical
study predicted a compound, NH7, that is stable under high

*Contact author: jingmingshi@jsnu.edu.cn
†Contact author: yinwei_li@jsnu.edu.cn

pressure with a hydrogen storage value of up to 33.3% and a
release hydrogen capacity of 19.0 wt%, which opens up a dif-
ferent way to develop hydrogen storage media [22]. Recently,
Miao et al. predicted a stable phase of NH4 and a metastable
phase of NH10 with a hydrogen storage capacity of 41.7 wt%
at high pressure [23]. With the advancement of computational
techniques and crystal structure prediction methods, the ex-
ploration of the structures and properties of complex systems
under high pressure has become feasible. For instance, studies
have successfully proposed phase diagrams, structures, and
different stable stoichiometries for relatively complex N-H-
O [24] and N-H-C-O systems [25,26] under high pressure.
These findings provide crucial theoretical information on the
formation and stability of compounds containing nitrogen and
hydrogen.

Noble gas elements could exhibit chemical activity at high
pressure, and react with other substances to form unconven-
tional compositions [27–29]. Significant progress has been
made in designing novel functional materials under high pres-
sure by incorporating noble gas elements. For example, in
2018, Li et al. utilized He insertion and proposed the design
of high-energy-density polymeric nitrogen through the HeN4

intermediate [30]. In 2021, Ding et al. incorporated He to
design Si2He, a potential photovoltaic material with a direct
band gap and high solar energy conversion efficiency [31]. On
the other hand, researchers predicted that noble gas elements
might form new minerals with planetary interior materials un-
der high-pressure conditions, providing essential theoretical
information for understanding important scientific issues in
planetary science [32–37]. Inspired by these studies, whether

2469-9950/2024/110(18)/184105(7) 184105-1 ©2024 American Physical Society

Study of Bc → χ cJðP;VÞ decays in the improved
perturbative QCD formalism
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Motivated by the recent LHCb measurements of the ratios between the branching ratios (BRs),
Rχc2=J=ψ ≡ BRðBþ

c → χc2π
þÞ=BRðBþ

c → J=ψπþÞ and Rχc1=χc2 ≡ BRðBþ
c → χc1π

þÞ=BRðBþ
c → χc2π

þÞ,
we analyze the decays Bþ

c → χcJðP; VÞþ in the improved perturbative QCD (iPQCD) formalism, where
χcJ denotes the p-wave charmonia with J ¼ 0, 1, 2, and PðVÞ denotes the pseudoscalars π and K (the
vectors ρ and K�). Our results Rχc2=J=ψ ¼ 0.32� 0.05 and Rχc1=χc2 ¼ 0.11� 0.01 at leading order in the
strong coupling αs agree well with the data within uncertainties. The result Rχc0=J=ψ ≡ BRðBþ

c →

χc0π
þÞ=BRðBþ

c → J=ψπþÞ ¼ 0.17� 0.02 is lower than 1.41þ0.50
−0.45 inferred by the Bþ

c → χc0π
þ measure-

ment. The large longitudinal polarization fractions imply that these components dominate the Bþ
c →

χc1;c2ρ
þ BRs. A peculiar constructive (destructive) interference between the twist-2 and twist-3

contributions is identified in the Bþ
c → χc1ρ

þ (Bþ
c → χc1π

þ) mode, but not in the corresponding ones
with χc0;c2 mesons. Inputting the BRs of the strong decays χc0;c2 → πþπ−=KþK− and χcJ →
πþπ−ðπþπ−=KþK−Þ reported by the BESIII Collaboration, we obtain those of Bþ

c → χcJðρ; πÞþ followed
by secondary decay chains under the narrow-width approximation. All the above iPQCD predictions can be
confronted by more precise experiments in the future to deepen our understanding of QCD dynamics in
Bc → χcJ transitions.

DOI: 10.1103/d8zz-qtdg

I. INTRODUCTION

A Bc meson is the ground state of a unique meson family
consisting of two different heavy flavors, i.e., b and c
quarks [1,2]. It is also the only meson whose constituent
decays compete with each other. Undoubtedly, the rich and
complicated dynamics in Bc meson decays, being disparate
from those in charmonia and bottomonia, deserves
thorough studies. On the experimental side, the LHCb
has accomplished the first upgrade of its detector and
resumed running since 2022 [3]. A huge amount of data
with superior quality will offer a precious opportunity for
analyzing the production and decay of Bc mesons and for
promoting the Bc physics into a precision era. On the

theoretical side, the dramatically distinct predictions
for Bc meson decays in the literature indicate that our
understanding of the involved dynamics is still far from
complete. More endeavors need to be devoted to this
field. The present work will concentrate on the decays
Bþ
c → χcJðP; VÞþ, where PðVÞ denotes the pseudoscalars

π and K (the vectors ρ and K�). The p-wave charmonia χcJ
with J ¼ 0, 1, 2 represent the scalar χc0ð1PÞ, the axial-
vector χc1ð1PÞ, and the tensor χc2ð1PÞ.
Recently, the Bþ

c → χc2π
þ decay was observed for the

first time by the LHCb with a significance exceeding seven
standard deviations. The relative ratio between the Bþ

c →
χc2π

þ and Bþ
c → J=ψπþ branching ratios (BRs) was

measured as [4]

RExp
χc2=J=ψ

≡ BRðBþ
c → χc2π

þÞ
BRðBþ

c → J=ψπþÞ¼ 0.37�0.06�0.02�0.01;

ð1Þ

Published by the American Physical Society under the terms of
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Coupling-induced tunable oscillations in loops of even-numbered bistable systems
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Negative couplings and suitable initial conditions can induce asymmetric repulsions in feedback loops of
odd-numbered overdamped bistable oscillators, allowing them to switch between stable fixed points and produce
sustained oscillations that resemble traveling waves [Phys. Rev. E 68, 045102(R) (2003)]. This study shows
that changing negative couplings to positive ones can create symmetric attractions among even-numbered
overdamped bistable oscillators, leading to similar travelinglike oscillations. We employ a simple two-state
model to elucidate the symmetric initial conditions required for these oscillations and estimate the necessary
ranges of coupling strength to maintain them. Additionally, we analyze the relationships between oscillation
amplitude and frequency regarding the coupling strength and the model parameter, which are consistent with our
numerical results. Our findings enhance the understanding of coupling-induced oscillations.

DOI: 10.1103/PhysRevE.111.014226

I. INTRODUCTION

Oscillatory phenomena are prevalent in nature, display-
ing a wide range of amplitudes and frequencies. These
oscillations are integral to numerous cognitive processes,
chemical reactions, and the operation of electrical devices
[1–6]. They are commonly observed in self-sustained sys-
tems, which are capable of oscillating autonomously, even in
isolation [7]. A prominent instance of such a system is the
cardiac pacemaker, which can generate rhythmic beats inde-
pendently of the surrounding heart muscle [7,8]. In contrast,
non-self-sustained systems fluctuate in response to external
stimuli [9,10]. These systems, which include optical de-
vices, Schmitt triggers, and ferroelectric and ferromagnetic
sensors, often need bistability to facilitate oscillatory be-
havior [11–14]. As a result, overdamped bistable systems,
characterized by the presence of two stable fixed points,
are frequently used to investigate the origins of these os-
cillations [10]. For example, under certain noise conditions,
overdamped bistable systems may transition between sta-
ble fixed points, resulting in nearly periodic oscillations, a
mechanism referred to as coherent resonance [15–19]. When
a weak periodic signal is introduced to these systems, it
can cause the noise-induced periodic oscillations to synchro-
nize with the signal. This phenomenon is called stochastic
resonance [20–23].

Individual nonlinear systems are often interconnected to
form networks, resulting in complex oscillatory dynam-
ics [24–27]. In populations of noise-driven overdamped
bistable systems, the global response to a periodic force
exhibits a peak at a specific system size, referred to as
system size resonance [28–31]. In unidirectional chains of
noisy overdamped bistable systems, large coupling strengths

*Contact author: lvhp@jsnu.edu.cn
†Contact author: xmliang@jsnu.edu.cn

enhance the transmission of oscillations without attenua-
tion [32,33]. Additionally, overdamped bistable systems with
small-world connections show improved stochastic resonance
and synchronization compared to regular networks [34,35].
In contrast, those with scale-free connections can amplify
weak signals without noise due to the heterogeneous topology
[36–38]. These findings suggest that overdamped bistable sys-
tems rely on external stimuli to maintain oscillations, and that
the properties of these oscillations are affected by the number
of systems involved. However, recent research reveals that
identical overdamped bistable systems can generate traveling-
like oscillations through positive feedback loop couplings and
proper initial conditions [39]. Changes in coupling strength
can affect both the amplitude and frequency of these oscilla-
tions. Notably, oscillations are exclusively observed in loops
containing an odd number of bistable systems. This raises the
question of whether coupling-induced oscillations might also
occur in feedback loops with an even number of bistable sys-
tems, and if so, what initial conditions and coupling strengths
would be appropriate.

In this study, we show that negative feedback loops con-
taining an even number of bistable systems can sustain
travelinglike oscillations. In contrast to the bistable model
used for fluxgate magnetometer [39], we adopt a simple
two-state model for each bistable system. This model allows
simple simulation of the bistability of nonlinear systems and
facilitates analysis [10]. Our findings reveal that the sustained
oscillations within negative feedback loops depend on specific
initial conditions characterized by symmetric distributions
and are confined to intermediate ranges of coupling strength.
We outline the coupling ranges for various loop sizes and
explore the relationships between oscillation amplitude and
frequency with respect to coupling strength and the parameter
of the two-state model. Our results may contribute to the
current framework [39–42] by showing that coupling-induced
oscillations can occur in negative feedback loops with an
even-numbered bistable system and may assist in developing
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Twisted Light in a Single-Crystal Fiber: Toward Undistorted
Femtosecond Vortex Amplification

Yongguang Zhao,* Changsheng Zheng, Zixuan Huang, Qinggang Gao, Jifei Dong,
Kangzhen Tian,* Zhiyong Yang, Weidong Chen, and Valentin Petrov

Intense femtosecond optical vortices with spatially structured amplitude and
spiral phase front give rise to novel phenomena in light–matter interactions
and strong-field physics. However, current femtosecond vortex sources
exhibit a poor power handling capability and amplification remains an open
challenge due to a number of inherent technical difficulties. Here, it is
demonstrated that a single-crystal fiber laser amplifier is particularly
well-suited to directly amplify a femtosecond optical vortex without pulse
stretching and compression in the time domain, while still maintaining the
spatial properties associated with a clear central singularity and a spiral phase
front, i.e., a well-defined amount of orbital angular momentum (OAM).The
optical nonlinearity experienced by such twisted light is verified to be
substantially weaker compared to a fundamental mode beam where
supercontinuum generation and spatial distortion are observed. The simple
design and straightforward power scaling capability pave the way toward
ultrahigh-intensity femtosecond singular laser sources with an arbitrary
topological charge. Such ultrafast OAM light sources are expected to help
reveal complex physical phenomena in light–matter interactions and expand
the applications to attoscience with X-ray vortices, laser plasma acceleration,
and micromachining.

1. Introduction

Twisted light containing a central phase singularity as well as
a helical wave front is associated with an optical vortex. The
azimuthal component of the Poynting vector which follows a
spiral trajectory around the beam axis, gives rise to an orbital
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angularmomentum (OAM) of lh̄ per pho-
ton, where l is the azimuthal mode index
or the so-called topological charge.[1]

This empowers optical vortices to exert
an additional mechanical torque on
microparticles for a new generation
of optical manipulation,[2] overcome
the diffraction-limited spatial resolu-
tion in fluorescence microscopy,[3,4]

and provide a new degree of freedom
for expanding the transmission ca-
pacity in optical communications[5,6]

or high-dimensional quantum
communication.[7,8] Pulsed optical vor-
tices in the femtosecond regime exhibit-
ing significantly higher critical power
for self-focusing collapse in comparison
with conventional beams,[9] enable new
applications in diverse areas such as
laser processing for fine structuring of
materials,[10] nonlinear optics for super-
continuum (SC) generation,[11] and in
particular strong-field physics, e.g., novel
propagation dynamics in air,[9] and pro-
duction of attosecond extreme-ultraviolet
vortices through high-order harmonic

generation.[12,13] Apparently most of these applications rely on
the high average/peak power of the femtosecond optical vortices.
Current methods used for generation of femtosecond optical vor-
tices are mainly based on special phase elements to imprint an
OAMonto a pre-existing fundamental (TEM00) mode beam,[14–18]

or alternatively direct generation from mode-locked bulk[19,20] or
fiber[21] laser sources containing an intracavity mode selection el-
ement followed by external transformation. Unfortunately, lim-
itations of the power handling capability due to pulse instabil-
ities, beam distortion, and the phase elements themselves, seri-
ously restrict the power scalability of these approaches.[22,23] Con-
sequently, structured light amplifiers as a straightforward solu-
tion to overcome such limitations are recently starting to receive
increasing attention.[24,25]

So far, several approaches have been adopted to amplify
broadband femtosecond vortex beams, which, from technolog-
ical viewpoint, can be classified into two categories: nonlinear
optical processes[26–28] and direct laser amplification.[29–34] The
former mainly refers to optical parametric amplification (OPA)
and in particular chirped pulse OPA (CPOPA). Apart from the
additional limitation for the maximum efficiency due to the
amplification of two waves, this approach requires a severe
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The harmonic generation in an indium tin oxide (ITO)
thin film induced by a ω0 + 2ω0 two-color field (ω0 is
the frequency of a fundamental laser field) is investigated
based on the numerical solution of the full-wave Maxwell-
paradigmatic-Kerr equations. By changing the topological
charge number and the amplitude ratio of the ω0 and 2ω0

field components, different photon combination pathways
in support of each harmonic generation are distinguished,
which are manifested as characteristic tempo-spatial field
distributions, doughnut-shaped intensity distributions with
different diameters, and spiral phase diagrams with differ-
ent topological charge numbers. The results here provide a
new, to the best of our knowledge characterization method
to distinguish the photon combination pathways for each
order harmonic generation. © 2024 Optica Publishing Group.
All rights, including for text and data mining (TDM), Artificial Intelli-
gence (AI) training, and similar technologies, are reserved.
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As for a two-color laser field synthesized by a fundamental laser
with frequency of ω0 and a second harmonic field with fre-
quency of 2ω0 interacting with a nonlinear optical medium, the
high-order harmonics can occur as the result of the so-called
breaking of field symmetry [1] or the different multi-photon
combination pathways [2,3]. The latter may contain the non-
linear processes of four-wave mixing or other higher-order
wave mixing [4]. In order to clearly characterize the photon
combination pathways occurring in the nonlinear multi-photon
processes for directly inducing high-order harmonic generation,
the methods adopting a two-color field with linear and circu-
lar polarizations [2] or with a non-collinear divergence angle
[4] have been successfully demonstrated. Although the above
polarization-changing or non-collinear scheme possesses the
advantage of spatially characterizing the photon combination
pathways, it requires a laser field with enough high intensity
(∼1014 W/cm2) [2,4].

Different from the above methods, here we demonstrated
a direct and simple characterization method for the photon

combination pathways of harmonic generation induced by a
two-color field with much lower laser intensity, which is possi-
ble when one adopts the transparent conducting oxides (TCO)
[5,6] as the laser interaction target material. This kind of mate-
rial, including aluminum zinc oxide (AZO) and tin indium oxide
(ITO), can support high-order harmonic generation under a
relatively low laser intensity [7] due to its unique advantages
of interface field enhancement [8–10] and phase-matching-
free [11] as a result of epsilon-near-zero (ENZ) [5–8]. The
ninth-order harmonics in cadmium oxide driven by an around
1010 W/cm2 laser have been found [7], whose excitation intensity
is much lower than the typical intensity of ∼1012 W/cm2 used for
high-order harmonics from zinc oxide [12].

Interestingly, the emerging orbital angular momentum
(OAM)-driven high-order harmonic generation has gained a
much exciting progress for shaping the extreme ultraviolet
(EUV) radiation [13–16]. These studies provide a powerful
toolbox for extensive vortex dynamics applications in optical
communications, the EUV radiation resources, and attosecond
science. In the following numerical demonstrations, a ω0 + 2ω0

two-color field is synthesized. The ω0 Laguerre–Gaussian (LG)
vortex laser with its topological charge number of l1 = 1 can be
obtained from a linearly polarized ω0 laser via a spiral phase
plate. In contrast, the 2ω0 laser field is directly obtained via fre-
quency doubling by a BBO crystal from the linearly polarized
ω0 laser, and thus it is a traditional Gaussian field without pos-
sessing topological charge number, l2 = 0. When this two-color
field interacts with the ITO thin film in a low laser intensity,
the high-order vortex harmonics occur [3,8]. According to the
criteria of vortex harmonics [16–20] that the topological charge
number lq of the qth-order harmonic is proportional to its har-
monic order q, i.e., lq = ql, (l being the fundamental topological
charge number of the incident beam), the selection of photon
combination pathways can be clearly and directly determined
by transverse field, intensity, and spiral phase profiles.

The two-color field, polarized along the x direction, first freely
propagates in the vacuum along the z direction and then partially
penetrates the ITO film (positioning at z0 = 60 µm, thickness of
500 nm). The incident two-color field is expressed as follows
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Direct generation of ultrashort few-optical-cycle pulses in
various wavelength regions has attracted great attention
in recent decades. In this paper, generation of less than
five-optical-cycle pulses from a Kerr-lens mode-locked
Yb:CaYAlO4 laser is demonstrated. Pumped by a 976 nm
fiber laser, stable near-Fourier-transform-limited ultrashort
soliton pulses centered around 1080 nm with a repetition
rate of ∼113.7 MHz were obtained. The obtained pulses
have a pulse duration as short as 17 fs if a Sech2-shaped pulse
profile is assumed, corresponding to about 4.68 optical
cycles. To the best of our knowledge, this is the shortest pulse
directly generated from mode-locked rare-earth-doped
solid-state oscillators. ©2021Optical Society of America

https://doi.org/10.1364/OL.424846

The generation of ultrashort laser pulses with only a few optical
cycles has been one of the hottest research topics in laser physics
and engineering during recent decades. Such ultrashort laser
pulses have a variety of cutting-edge applications in ultrafast
spectroscopy [1], attosecond science [2], and high-harmonic
generation [2,3], which open many exciting novel research
opportunities. Currently, the most common approaches to
generate few-cycle pulses are by mode locking and nonlinear
optical processes of spectral broadening and pulse compression
[4–10]. In comparison with nonlinear optical methods, which
rely on complex additional external-cavity components, the
mode-locking technique is a much simpler and direct way,
especially for pulses with low energy and high repetition rate.
Although the average output power and energy are usually low,
few-cycle pulses generated by mode locking are very clean, and
the system has also the advantages of less complexity, small
size, and low cost. Over the past decades, considerable progress
has been made in few-cycle pulse generation with different
transition-metal (TM)-doped lasers, e.g., Ti:sapphire lasers
[4–6], Cr:LiCAF lasers [11], Cr:forsterite lasers [12], and
Cr:ZnS lasers [13], owing to their broad gain bandwidth. In
recent years, exploration of few-cycle pulse generation directly
from rare-earth (RE)-ion-doped lasers has also attracted much
attention since the lasers can be directly pumped by commercial

diode lasers and deliver much higher average power than TM
lasers. However, due to the limited gain bandwidth of RE ions, it
is still challenging work up to now.

Compared with other RE ions, Yb3+ is the one that is mostly
investigated. The Yb3+ ion possesses the advantages of high
quantum efficiency, relatively broad emission spectrum,
long fluorescence lifetime, and no excited state absorption
[14,15]. Benefiting from the rapid advance in laser gain mate-
rial research, various Yb3+-doped materials with excellent
optical and mechanical properties have been developed with
the aim of generating ultrashort pulses in the 1.0 µm region
[16–24]. Figure 1 shows the evolution of the shortest mode-
locked pulse duration of the different Yb-doped materials in
recent decades. Among them, Yb:CALGO and Yb:CALYO
crystals have attracted the most attention due to their smooth
and broadband emission spectra, and good mechanical, ther-
mal, and optical properties [28,29]. In 2014, pumped by a
single-mode fiber laser, 32 fs pulses were delivered in a Kerr-lens
mode-locked (KLM) Yb:CALGO oscillator [19], which is the
first sub-10-cycle pulses obtained from Yb3+-doped solid-state
lasers. Subsequently, Gao et al. reported 33 fs pulse genera-
tion from a KLM Yb:CALYO laser [22], corresponding to a
pulse duration of about 9.35 optical cycles. In 2016 and 2018,

Fig. 1. Evolution of the shortest mode-locked pulse duration by
different Yb-doped materials [16–20,25–27].
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Sub-parts-per-billion CO2Detection based on
Dissipative Whispering Gallery Mode
Microcavity Sensor

Shujing Ruan 1,3, Guangzhen Gao1,3, Jianing Zhang1,3, Haotian Wang 1 ,
DongxingCheng1, JunGuo1, ChuanyongRen1,WeidongChen 2, Deyuan Shen1 &
Tingdong Cai 1

Whispering gallery mode microcavities provide strong light–matter interac-
tions owing to their ultrahigh optical confinement, but the small gas refractive
index change limits their ability to sense trace gases. Here we show that gas
absorption can be detected using a dissipative sensing mechanism in a non-
functionalized whispering gallery mode microcavity. Instead of tracking
resonance frequency shifts used in conventional dispersive sensing, our
method converts optical absorption into variations in resonance depth
through thermally induced dissipation. Quantitative carbon dioxide detection
was achieved over a concentration range of 1.5 to 400 parts per million with a
correlation coefficients exceeding 0.99. The sensor reached a detection limit
of 168 parts per trillion at an integration time of 400 seconds and an accuracy
of approximately 0.4%. Continuous monitoring further demonstrated stable
operation under ambient conditions. These results establish dissipative
microcavity sensing as a promising approach for compact, low-cost, and
highly sensitive trace gas detection.

Precise and real-time measurement of gas concentration is of great
significance in various fields, including environmental monitoring1,
industrial process control2, public safety3, and medical diagnostics4.
With growing concerns over air pollution, greenhouse gas emissions,
and toxic gas leaks, there is an increasing demand for gas sensing
technologies that offer high sensitivity, high selectivity, miniaturiza-
tion, and excellent stability5.

Currently, gas detection technologies can be broadly classified
into three categories: electrochemical and semiconductor material-
based sensing methods6–8, spectroscopic absorption-based
methods9,10, and emerging techniques based on photoacoustic
effects or optical microstructures11–13. Electrochemical14 and metal
oxide semiconductor sensors15 are widely adopted in household
safety monitoring and smart devices due to their simple structure,
fast response, and low manufacturing cost; however, their poor

stability, susceptibility to temperature and humidity variations, lim-
ited selectivity, and significant cross-sensitivity constrain their use in
complex or high-precision scenarios. Spectroscopic absorption
techniques such as Tunable Laser Absorption Spectroscopy (TLAS)16

and Non-Dispersive Infrared (NDIR)17 exploit the specific absorption
lines of gas molecules at selected wavelengths, providing high sen-
sitivity and strong selectivity for atmospheric monitoring and
industrial emissions measurement. Absorption spectroscopy aims to
enhance light-molecule interaction. To this end, mid-infrared light
sources are preferred, since molecular absorption cross-sections in
this band exceed those in the near-infrared by one to three orders of
magnitude, thereby significantly boosting sensitivity. High sensitivity
also depends on a long effective optical path, which is typically
achieved with multi-pass cells or an integrated cavity. These config-
urations inevitably increase instrument size, structural complexity,
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