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Abstract

Magnetism and magnetic monopoles are among the most classical issues in physics. Conventional magnets are
generally composed of rigid materials and may face challenges in extreme situations. Here, as an alternative to
rigid magnets, we propose, for the first time, the generation of fluidic endogenous magnetism and construct a
magnetic monopole through tuning with a liquid metal machine. Based on theoretical interpretation and conceptual
experimental observations, we illustrate that when liquid metals, such as gallium alloy, in a solution rotate under
electrical actuation, they form an endogenous magnetic field inside. This explains the phenomenon where two such
discrete metal droplets can easily fuse together, indicating their reciprocal attraction via the N and S poles.
Furthermore, we reveal that a self-fueled liquid metal motor also runs as an endogenous fluidic magnet owing to
the electromagnetic homology. When aluminum is added to liquid gallium in solution, it forms a spin motor and
dynamically variable charge distribution that produces endogenous magnetism inside. This explains the common
phenomena where reflective collision and attractive fusion between running liquid metal motors occur, which are
partially caused by the dynamic adjustment of their N and S polarities, respectively. On this basis, more
experimental approaches capable of generating dynamic electrical fields also work for the same target. Finally, we
propose that such a fluidic endogenous magnet could lead to a magnetic monopole and four technical routes to
realize this are suggested. The first involves matching the interior flow of liquid metal machines. The second is the
superposition between an external electric effect and the magnetic field. The third route involves composite
construction between magnetic particles and a liquid metal spin motor. Finally, chemical methods, such as via
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galvanic cell reactions, are proposed. Overall, the present theory and identified experimental evidence illustrate the
role of a liquid metal machine as a fluidic endogenous magnet and highlight promising methods for the realization
of magnetic monopoles. A group of unconventional magnetoelectric devices and applications could therefore be
possible in the near future.

Keywords: Fluidic magnet, magnetic monopoles, spin liquid metal, endogenous magnetism, droplet machine, self-
fueled motor

INTRODUCTION

Magnetism and magnetic monopoles are two of the most fundamental and intriguing issues in physics and
science in general. Although magnetic fields are invisible and intangible, they are unique phenomena that
exist objectively and can be found at a huge range of scales from cells to stars. So far, researchers have
conducted many in-depth studies on various existing known magnetic fields", including those in coils, the
Earth, galaxies and so on, as shown in Figure 1A-C. Magnets exert forces and moments on each other
through their respective magnetic fields. With the aid of the magnetic field as a medium, an object can
transmit a magnetic force without contact. The study of magnetic fields is of great significance to scientific
and technological progress in fields such as electronic cooling”, microfluidic chips'¥, orientation control of
graphene”, medical imaging and tumor treatment'*®, visual probing of amino acids", magnetic proteins"®,

magnetotactic bacteria""* and so on.

According to modern physics, the magnetic field produced by moving charges [Figure 1A] is fundamentally
determined by moving electrons or protons. The atom is the smallest basic unit that makes up a substance
and the magnetism of a substance is the collection of the magnetism of all the atoms it contains. Inside the
atom, the electrons outside the nucleus rotate while moving around the nucleus. The above motion
generates minute circular currents. According to Maxwell’s electromagnetic theory, electricity and
magnetism are induced by each other and these minute circular currents excite a corresponding magnetic
field. Therefore, the magnetic field generated by a current or point charge is the macroscopic manifestation
of the magnetic field generated by a large number of moving electrons or protons.

Traditionally, from microscopic magnetic nanoparticles to macroscopic natural magnets, as well as
artificially manufactured excitation coils [Figure 1B], permanent magnets are composed of rigid materials
and their N and S poles are located at opposite ends. Generally, the shape and structure of such magnets
cannot be changed on the eigenscale, which makes their applications somewhat limited. In order to improve
the adaptability of magnets to different situations, researchers have invented magnetic fluids as functional
materials, which are colloidal solutions formed by surface active agent-encapsulated nanomagnetic particles
dispersed in base fluids'” and show special magnetic and optical properties. Although their fluidity has been
enhanced, the part that exhibits magnetism has not deviated from the essence of a conventionally rigid
magnet. Recently, as a base fluid material for loading magnetic nanoparticles, liquid metals have been
gradually developed as multi-functional materials due to their outstanding electrical and thermal
conductivity and ductility. In particular, the chemical properties of room-temperature liquid eutectic alloys,
such as Galn and GalnSn, are relatively stable under normal conditions. Their low toxicity and good
operability allow researchers to adjust the alloy ratio to achieve various characteristics to make them
competent for tasks that rigid materials cannot do.

Previous studies on the magnetic properties of liquid metals have mostly involved the addition of iron
particles"” or chemically coating nickel on the surface of the droplet"” and then using magnets to
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Figure 1. Several typical types of magnetic fields. (A) Inside an atom. (B) An energized coil. (C) The Earth.

manipulate the composite material. The orientation of the magnet causes a change in the motion state of the
droplet. Even when the position of the droplet is unknown, the magnet can attract it rapidly. However, this
has not been the end of their development. Over the past decade, we have observed a series of very
unconventional liquid metal machine behaviors that were either actuated by external fields or simply self-
powered. It is based on this abundant experimental evidence that we conceive here that, on a microscopic
level, when excited by an internal or external current during the rotational process, a spherical liquid metal
droplet will form an endogenous magnetic field inside. This means that a fluidic spin magnetism is
automatically generated. This rapidly rotating liquid metal droplet not only possesses the magnetic
properties of rigid materials but also flows like water. These droplets represent a new type of magnetic
matter that we term fluidic magnets.

Furthermore, we propose that fluidic magnets offer another important clue to answering the classical issue
of magnetic monopoles, which remain one of the most long-lasting scientific mysteries in nature.
Previously, when researchers have tried to tackle the fundamental problem of whether magnetic monopoles
exist or not, they have attempted to find solutions in rigid magnets, which might not always be rational in
reality. Magnetic poles exist in the form of magnetic dipoles, forming countless closed loops of magnetic
field lines. This fixed form of magnetic field distribution limits the routes to verify the actual existence of
magnetic monopoles. So far, magnetic monopoles only appear as quasi-particles in condensed matter, such
as the flipping excitation of spin ice"** and the similar structure produced by the vortex of super-cold
rubidium atoms in a Bose-Einstein condensate (BEC)". However, as transformable fluidic conductors,
liquid metal machines could generate a dynamically changing endogenous magnetic field in their random
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spin motion. When an external electric or magnetic field is superimposed, compounded with magnetic
particles or even just artificially modified through internal chemical reactions, much more diverse magnetic
field configurations and behaviors will be generated and magnetic monopoles may be possible. This
principle and mechanism are fundamentally different from conventional rigid magnetic materials with fixed
poles. The present study is dedicated to profiling a new conceptual fluidic magnet and providing several
potentially feasible technical routes towards finding and constructing magnetic monopoles or their
composites.

EXPERIMENTAL

The rather profound basic properties of conductive fluidic metals endow them with many unconventional
capabilities in realizing the currently proposed fluidic endogenous magnetism. Generally, at the macro level,
the flexibility or rigidity of a material has an important impact on its application. In recent years, with the
development of materials science, various unique effects of soft matter have been gradually discovered and
utilized. In particular, room-temperature liquid metals possess many favorable properties®?, including
large surface tension, ideal flexibility, high conductivity, low toxicity and so on. Furthermore, their excellent

20-26

electric conductivity molds them into intrinsically conductive fluids. Table 1 lists some of the typical
properties of gallium-based liquid metal and comparative liquids. Due to the different component ratios, the
physical properties of such liquid metals appear somewhat different”>*>**. 1t should be noted that
systematic measurements and currently available data for these materials remain rather limited. The
deviation among different sources sometimes may be large, which increases the need for further research.
However, no matter which kind of liquid metal is adopted, the conclusion in the present work is decided
based on the most rational. The present strategy to generate fluidic endogenous magnetism has a
generalized purpose. Basically, it should be noted that even other electrically conductive solutions, such as
aqueous NaOH, NaCl and so on, may also display similar fluidic endogenous magnetic behavior as liquid
metals. However, for brevity and considering the huge conductivity of liquid metals, such electronic fluids
are likely to play a dominate role in developing various forms of fluidic magnetism and are therefore the
focus of the current experimental and theoretical analysis.

As gradually realized by recent studies, the excellent characteristics of liquid metals have seen their
utilization in the fields of fluidics [Figure 2A], printed circuits [Figure 2B], flexible sensors, transformable
machines [Figure 2C], self-driving motors [Figure 2D] and base carrier fluids for magnetic particles
[Figure 2E]. The present research focuses on the electromagnetic effects of such fluidic conductive
materials. In particular, the shape and motion of liquid metals have great variability and controllability,
meaning that the magnetic fields generated will thus have rather rich application possibilities. On this basis,
we propose a generalized matter state, which can be termed as electromagnefluid, indicating a material that
simultaneously possesses electronic, magnetic and fluid properties.

In principle, any experimental approaches to generate dynamic electronic charge variation on a liquid metal
machine can possibly be used to realize fluidic endogenous magnetism. Five technical approaches are
studied here. These include magnetism induced from a liquid metal energized coil, which is induced by
alternating electricity, endogenous magnetism generated by an electrically tunable liquid metal machine
inside an aqueous environment, an endogenous magnetic field generated from a self-driving liquid metal
motor, which also works in solution, liquid metal spin superimposed on an external magnetic field and a
magnetic field generated from a liquid metal under a chemical solution environment. The experimental
evidence for fluidic endogenous magnetism is explained in the following sections.
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Table 1. Typical physical properties of Ga-based liquid metal and other liquids™”

Composition Ga Ga,;;In,,; GaglIn,,Sn,, Ga,,In,.Sn;;Zn, Hg Water
Melting point (°C) 29.8 15.5 10.5 7.6 -38.8 0.0
Boiling point (°C) 2204 2000 >1300 >900 883 100
Density (kg/m3) 6080 6280 6360 6500 13530 1000
Electrical conductivity (S/m) 3.7x10° 3.4x10° 31x10° 2.8x10° 1.0 x10° -

Thermal conductivity (W/m-K) 29.40 26.00 16.50 - 8.34 0.60
Kinematic viscosity (m’/s) 324x107  270%x107 298x10" 71x10° 13.50x107  1.00x10°
Surface tension (N/m) 0.700 0.624 0.533 0.500 0.500 0.072
Sound speed (m/s) 2860 2740 2730 2700 1450 1497
Water compatibility Insoluble Insoluble Insoluble Insoluble Insoluble -

Figure 2. Typical features of liquid metals that may serve to make endogenous magnetic fields. (A) Fluidic behavior. (B) Conductive
electronic ink, reproduced with permission from Yang et al.”®.(C) Morphologically transformable machine, reproduced with permission
from Sheng et al.””.(D) Self-fueled motor, reproduced with permission from Zhang et al.?®.(E) Loadable by magnetic particles,
reproduced with permission from Wang et al.”".

RESULTS

Magnetism induced from liquid metal energized coil

Liquid metals have good flexibility and conductivity and can replace traditional rigid coils, thereby making
the moving parts of electromagnetic actuators more flexible and improving their ability to deal with
complex situations. At present, there are two main methods to make liquid metal electromagnetic coils. The
first is to apply optical mask technology to make microchannels on the polydimethylsiloxane (PDMS)
substrate, followed by the injection of the liquid metal™. On this basis, the liquid metal is still in fluidic
form [Figure 3A]. The other method is to use a mask with a specific shape to cover the PDMS substrate and
uniformly print the liquid metal through a liquid metal spray gun [Figure 3B]®. Compared to the first
method, this direct printing method of liquid metal has a shorter production cycle and simpler operation. In
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B Liquid metal

Figure 3. Schematic diagrams of liquid metal coil. (A) Method of injection. (B) Method of printing. (C) Magnetic field around the coil.
(D) Partially enlarged view of the charge movement and rotation of the liquid metal in the coil.

this case, the liquid metal exists on the PDMS in a semi-solid form. The part in contact with air is oxidized
but the liquid metal inside can still flow.

In the magnetic driving device, the magnet is placed above or below the liquid metal electromagnetic coil
[Figure 3C]. When applying an alternating current, the Lorentz force F is generated in the coil*:

F:jfdsz (1)

where dU, as indicated in Figure 3D, is the potential difference between the two ends of the microsegment
dl. Macroscopically, the Lorentz force generated by the magnetic field parallel to the coil is embodied as
driving the coil to move closer or away from the magnet.

For the first injection method, since the flow channel is in a sealed state and the operating temperature is
higher than the freezing point of the liquid metal, the alloy in the flow channel is always liquid. Under the
alternating electric field, the microsegment is subjected to an electromagnetic force and generates an
endogenous magnetic field, which has an attractive or repulsive interaction with the placed magnet and
other microsegments. However, this force is weak and only the device action dominated by the Lorentz
force of the coil can be observed.

Endogenous magnetism generated by electrically tunable liquid metal machine

The application of an electric field to a liquid metal can induce its transformation, movement or rotation,
and its motion state depends on the direction and strength of the applied electric field, the contact with the
electrode and the surrounding solution environment. To illustrate the basic principle of an electrically
controlled liquid metal spin machine, we designed a cylindrical channel with a smooth surface and put a
spherical liquid metal droplet in the electrolyte-filled solution [Figure 4A]. After applying an external field,
the liquid metal immediately rotated and moved towards the anode. The original spherical droplet was
stretched and showed obvious deformation. When the applied electric field was sufficiently large, the
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droplets were dragged instantaneously [Figure 4B and C] and even separated into two small droplets, as
shown in Figure 4D.

Due to the differences in the physical properties between the liquid metal and the electrolyte solution, the
electric field changes at the two-phase contact interface, thereby generating electrical stress. The Galn liquid
metal could react with the NaOH solution to generate [Ga(OH),], which is specifically adsorbed to the Ga
surface. In the Helmholtz layer, the surface of Ga was negatively charged due to the abundance of reactive
electrons and the diffusion layer was positively charged, thereby forming an electric double layer (EDL).

In order to determine the distribution of charge on the surface of the liquid metal, we adopted a Zetasizer
(Zetasizer Nano Series, Malvern, UK) to test the zeta potential. The principle is to combine dynamic light
scattering with electrophoresis, which can convert the particle moving speed into the zeta potential of the
particle surface. The results of the two tests under the same conditions are very similar. Most of the particles
are 1000 nm in diameter and the polymer dispersity index indicates that the tested particles have a high
degree of uniformity. According to the measurements [Table 2], the zeta potential of eutectic gallium-
indium (EGaln) in the NaOH solution is around -30 mV, which is consistent with the previous charge
distribution theory regarding the EDL structure.

Based on the Lippmann equation, we can establish a connection between the interfacial tension and
potential difference as™':

;VZJVO—E'S’V2 2
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Table 2. Zeta potential of EGaln in alkaline electrolyte

Parameter T(°C)  Zeta potential (mV) Mobility (m?/Vs % 10°%) Particle size (nm) PDI
Test1 25 -30.2 2.371 1012.0 0.285
Test 2 25 -29.7 2.327 999.8 0.291

PDI: Polymer dispersity index.

where y is the interfacial tension, c is the capacitance per unit area of the EDL, V is the potential difference
of the EDL and y, is the maximum interfacial tension when V = 0.

According to the Young-Laplace equation, the pressure difference p between the solution and the liquid
metal droplet can be expressed as p = y-(2/1), so the pressure difference between the two hemispheres of the
droplet is:

Apzpﬁ—pf(m—n)% 3)

where 7 is the radius of the curvature of the droplet surface®, y,, refers to the hemisphere with higher
interfacial tension and y; refers to the hemisphere with lower interfacial tension.

Therefore, the charge density changed the tension gradient, causing the two hemispheres of the droplet to
have a pressure difference, so the droplet moves or even breaks up.

Using an electrode to drag a droplet and approach another in the solution, when the distance between them
was small enough, they quickly fuse. This internal rotation caused by an external electric field was similar to
the spontaneous rotation of the droplet after consuming aluminum, as explained in more detail in a later
section.

In the system composed of liquid metal and water, the influence of liquid metal on the surrounding water
was obvious under the action of an external electric field. The system layout is shown in Figure 5A, with a
spherical liquid metal droplet and a pair of electrodes placed in the solution. When the current was applied,
the liquid metal sphere started to rotate, two eddies appeared in the surrounding solution and they kept
rotating with the liquid metal sphere. Therefore, the external electric field could induce the liquid metal to
rotate, thereby causing a real-time change of the charge distribution on the droplet. The moving charge
enables the droplet to generate an endogenous magnetic field, as shown in Figure 5B.

Because the flow direction of the droplet surface was along the electric field gradient, when applying an
alternating current, the direction of the electric field changed periodically and the flow state of the liquid
metal also changes accordingly, as shown in Figure 5C. Before and after applying the external electric field,
the electric field on the liquid metal-electrolyte interface changes [Figure 5D]. As the alternating frequency
increased, the vortex current can become stronger and the magnetic field generated inside can be
strengthened. It should be noted that such an endogenous magnetic field was a manifestation of electricity
and magnetism on a microscopic level and its strength was much smaller than the magnetic field induced
by the change in the external electric field.



Zhou et al. Soft Sci 2021;1:15 | https://dx.doi.org/10.20517/ss.2021.16 Page 9 of 28

Cathode Anode

+ induced force

Figure 5. Rotation and transformation of liquid metal in the solution under an external electric field. (A) Experimental case of rotating
liquid metal droplet under direct current, reproduced with permission from Sheng et al.”? (B) Schematic for rotating liquid metal droplet
under direct current. (C) Resonant oscillation phenomenon of liquid metal droplet under matching alternating field, reproduced with
permission from Yang et al.®*".(D) Electric field on the liquid metal-electrolyte interface before and after applying external electric field,
reproduced with permission from Yang et al®?,

Endogenous magnetic field generated from self-driving liquid metal motor

According to our former discovery, small liquid metal droplets possess an intriguing self-driving capability
after being fueled with aluminum® and can automatically converge or diverge””, which is a very
unconventional feature that traditional rigid machines do not generally possess. According to the
experiments, when placing a liquid metal droplet in the NaOH solution and adding some aluminum foil (as
shown in Figure 6A), after a period of time, the aluminum foil is completely infiltrated and corroded by the
liquid metal. The oxide layer on the aluminum surface then becomes destroyed, causing Al to activate,
triggering a redox reaction, with the electrons from the aluminum interior preferentially deoxidizing the
nearby oxidized gallium. Since the charge distribution of the EDL has already been changed, this results in a
potential gradient and asymmetric surface tension on the surface of the droplet, which became the source of
the driving force of the droplet motor.

The liquid metal sphere moved randomly in the solution and was accompanied by its own rapid rotation, as
shown in Figure 6B. Usually, its lifetime can last for more than 1 h without any other external energy
depending on the fueled aluminum™. According to our former measurement, this self-fueled liquid metal
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Figure 6. Rotation and transformation of liquid metal in the solution after consuming aluminum. (A) Experimental case of rotating liquid
metal droplet after consuming aluminum, reproduced with permission from Sheng et al.””.(B) Schematic for rotating liquid metal
droplet after consuming aluminum and generated magnetic field. (C) Measured average voltage and electrical current on self-fueled
liquid metal and electrolyte, reproduced with permission from Zhang et al.”*".

motor generated electrical voltage and current between its surface and the surrounding electrolyte
[Figure 6C]. It is this dynamically variable electrical field that leads to the generation of endogenous
magnetism inside the liquid metal motor.

In addition, there was a galvanic reaction composed of liquid metal, aluminum foil and electrolyte solution,
which accelerated the speed of the electrochemical reaction. After being corroded by the Galn alloy,
aluminum aggregated or dispersed on the surface. It was then uniformly distributed in the liquid metal in
the form of small particles and hydrogen was generated by the electrochemical reaction [Equation (4)]. The
average voltage and current between the liquid metal and the electrolyte could be measured by an
AVOmeter"™, as shown in Figure 6C. The gas released from the interface also pushed the liquid metal
forward to form a self-driving motor. When the size of the droplet was larger, the specific surface area was
reduced and the electrochemical reaction sites were limited, resulting in less gas being generated and the
driving force of the gas did not have an obvious effect on the large droplet. Therefore, the self-driving of
liquid metal in a large volume mainly depended on the tension gradient.

2Al+2NaOH + 2H,0 = 2NaAlO, +3H, T (4)

Next, we experimentally explored the fusion of rotating droplets [Figure 7]. In the solution, two liquid metal
droplets rotated inside after swallowing aluminum, changing the flow line of the surrounding fluid®”. When
the distance was sufficiently small, they quickly fused.

In the electrolyte, the surface charge distribution of the two droplets was the same. Due to the electric
repulsion, when two droplets run close to each other, there is mutual repulsion, rather than quick fusing.
Therefore, we believe that this phenomenon was affected by the fluid dynamics and was also related to the
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Figure 7. Droplets fused, induced flow and magnetic field. (A-D) Experimental images of the fusion process of two droplets. (E-H) Spin
trajectory of the liquid metal droplets and the surrounding flow lines.

internal magnetic field generated by the rotation of the droplet machine.

During the rotational process, through adaptive adjustment, magnetic fields were induced that attracted
each other. The two droplets were brought closer and fused into one, as shown in Figure 7A-D. Over the
process, endogenous magnetic fields were induced inside the liquid metal [Figure 7E-H]. The internal eddy
current was similar to that excited by an external magnetic field and such an eddy current would generate a
magnetic field in the sphere®. This mechanism allows discrete droplet motors to be quickly assembled,
which has profound significance for self-assembly machines with internal triggering motion.

Liquid metal spin superimposed on an external magnetic field

Adding aluminum to the liquid metal can form tiny motors in the NaOH solution, but the movement is
random and lacks a specific direction and speed™. If this kind of random movement can be controlled, the
liquid metal self-driving motor can be used in more applications, such as transformable intelligent robots,
precise drug delivery, detectors/sensors and so on. By placing a magnet under the Petri dish to introduce a
magnetic field, the EGaln liquid metal motor had a significant group effect at the boundary of the magnet.
Over time, the motor group gathered near the boundary of the magnet and then rebounded after a short
stay. Tan et al.” found and suggested that this peculiar phenomenon was related to the magnetic flux
density of the bottom magnet and the magnetic field strength was zero at the boundary of the magnet. At
first, these droplet motors were attracted by the magnet, which led to aggregation. The higher magnetic
induction intensity on the side of the magnet prevented the motor from passing, while the peak of the
magnetic field on the side away from the magnet was lower. The droplet motor selectively tended to the low
peak position, thus limiting the motor’s range of motion.

Based on our former experimental observation"", we tracked the motion path of a single droplet motor and
carried out a more in-depth interpretation on the interaction mechanism between the liquid metal and the
magnet. Here, we propose a conjecture that the spin liquid metal generated a magnetic field at a
microscopic level. Since the motor was small and in a solution environment, the spin driving of the motor
could more clearly show the characteristics related to the magnet. The magnetic field generated by the spin
is non-directional and the droplet exhibited the same or opposite magnetic poles as the magnet at the
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boundary of the magnetic field, resulting in the effect of being repelled or attracted.

We studied the effect of the external magnetic field on the moving liquid metal droplet in the above
phenomenon. From the present interpretation, the rotating liquid metal droplet generates a magnetic field
and there are electrons flowing through it. The magnetic field intensity of a magnet around it is H and the
magnetic induction intensity is B. The liquid metal sphere is then subjected to the Lorentz force of magnetic
induction intensity on the charged sphere and the force of the magnetic field intensity on the sphere’s own
magnetic field simultaneously. Firstly, we analyzed the Lorentz force on the sphere. Assuming that the
moving speed of the liquid metal sphere is v and the overall charge is Q at a certain time, the liquid metal
sphere can be regarded as a large charged particle. The force F1 can then be obtained from the Lorentz force
formula in classical electromagnetics:

F=0vxB Q)

Using the equivalent magnetic charge theory, the stress of the liquid metal sphere in the magnetic field
intensity can be obtained. Assuming that the magnetization of the liquid metal sphere is Mp and the
magnetization in the solution is Ms, then the equivalent surface magnetic charge density on the surface of
the liquid metal sphere « is:

K = lo(M, —Ms)n (6)

where g, is the vacuum permeability and # is the normal vector of the surface of the liquid metal sphere.

By integrating the surface S of the sphere, the magnetic force of the sphere under the magnetic field
intensity is:

F, = k HAS = po ff, (M, — M) nHdS (7)

Therefore, the total force of the applied magnetic field on the liquid metal sphere in this system is:

F, =F+F, (8)

m

For a small-volume liquid metal motor, as shown in Figure 8A-D, the magnetic field strength was the
smallest near the magnetic field boundary and the magnetic force on the droplet motor was weak.
Therefore, the motor oscillated in a small range nearby. The force was converted into the momentum of the
motor, making the momentum continuously accumulated. When the motor moved away from the
magnetic field, the magnetic pole facing the magnet was the same as the magnet, which produced a
repulsive force. When it reached a certain value, it could break away from the restraint of the magnetic field
boundary, so it appeared to be bounced off by the magnet from a macroscopic perspective. Due to the
increase of the magnetic field along the diameter of the magnet, the droplet far away from the magnet
would be in a larger magnetic flux density space, the magnetic force would become more obvious and the
momentum would further increase. Although the magnetic poles generated by the endogenous magnetic
field might be attracted by the magnet at the next moment, the attractive force could not pull back the large
momentum droplet away from the magnet, so the droplet eventually moved away from the magnet.
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Figure 8. Motions of liquid metal motor under the action of magnetism. (A-D) Position of small liquid metal motor. (E-H) Position of
large liquid metal motor, reproduced with permission from Tan et al.”". (I) Magnetic flux density along the diameter of the magnet. (J)
Schematic diagram of magnetic interaction between liquid metal motor and magnet.

However, large-volume motors were not as sensitive to weak magnetic fields at the boundary of magnets as
small-volume motors, as shown in Figure 8E-H. When the large-volume motor happened to approach the
magnet with the same pole, it was hindered by the external magnetic field. In the process of approaching the
center of the magnetic field, the motor’s potential energy continued to accumulate and the momentum
gradually decreased. Under the continuous accumulation of reverse acceleration, the liquid metal motor
began to move away from the magnet [Figure 8G] and the accumulated potential energy turn back to its
own momentum. When the speed reached a certain level, it could break away from the restraint of the
magnetic field boundary. We took a point 6 cm away from the center of the magnet as the starting point
and measured the magnetic flux density on the connection between the two points, as shown in Figure 8I.
Near the boundary of the magnet, the magnetic flux density changed greatly. Due to electromagnetic
induction, an electric field and the corresponding magnetic field could be excited in the liquid metal.

Based on the above discussion, we suggest that when the motor had the same or opposite magnetism as the
bottom magnet, it was repulsed or attracted [Figure 8]]. Simultaneously, the influence of the interfacial
tension gradient on the motor movement cannot be ignored, resulting in the macroscopic effect of the
motor group rotating, oscillating, gathering and bouncing off the boundary of the magnet, and this effect
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was affected by the volume of the motor.

Magnetic field generated from liquid metal under chemical environment

Liquid metal reacts with other metals to form a galvanic cell, which is also a way to cause spin. Liquid metal
is easily oxidized in the air and forms an oxide layer on the surface, which is inconvenient to the observation
and analysis of the surface and internal movement. Usually, we put the liquid metal in an acid or alkaline
solution for operation to remove the surface oxide film, and on this basis, build a galvanic cell with other
metals.

Previous studies revealed the Marangoni effect caused by a gallium-copper galvanic corrosion couple'*”,
with the tension gradient on the liquid interface moving the mass. Ga was oxidized to Ga’* and the cathode
had a corrosion potential between (Ga/Ga™) and (H/H"), so H" was reduced to H, on the cathode
[Equations (9) and (10)]. Therefore, the essence of the liquid metal Marangoni phenomenon was the
galvanic corrosion.

Ga —> Ga’ +3e’ )
2H +2¢ —H, (10)

Ga reacted with the HCl solution to produce gas at the liquid interface. By tracking the movement trajectory
of the bubble, the flow state of the liquid metal could be obtained, as shown in Figure 9A. The liquid metal
on the left was in contact with the copper and the flow lines of liquid gallium are marked in yellow. Here,
the liquid metal participated in the reaction as a part of the galvanic cell and the internal rotation could
make the charge flow through it [Figure 9B and C], which also had the conditions to excite the endogenous
magnetic field.

In addition to the above-mentioned characteristics, liquid metal also has unique reversibility and it can
control its structure via a synthetically chemical-electrical mechanism (SCHEME)™. As shown in
Figure 10A, two platinum electrodes were inserted into the liquid metal and electrolyte. When direct
current was applied, the gallium at the anode is oxidized to form Ga,0O, Ga,0, and so on, and the interfacial
tension decreased. The originally spherical droplet appeared to spread out and the surface area increased,
even reaching five times the original size. When the applied electric field was removed, the oxide layer on
the surface chemically reacted with the NaOH solution, the interfacial tension of the droplet increased and
it returned to the spherical state, as shown in Figure 10B-D. This reversible SCHEME was affected by many
factors, such as current intensity, electrode spacing, liquid metal volume, electrolyte concentration and so
on.

In this system that combines chemical dissolution and electrochemical oxidation, the liquid metal serves as
both a conductor and a reactant. In the process of continuous expansion and contraction, the change in
interfacial tension and the redistribution of charge could be achieved by controlling the external electric
field. Over the process, the internal oscillations were synergistic with the movement of charges and the
charges of such motions were also related to the dynamic magnetic field. Therefore, the internal chemical
mechanism of liquid metal also had the possibility of generating an endogenous magnetic field. With this
effect, one can possibly make up a programmable fluidic magnet in the near future.
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THEORETICAL INTERPRETATION

Generation of endogenous magnetic field from liquid metal machines

When applying an external electric field or reacting with other metals to form a galvanic cell, the liquid
metal acts as a conductor, current passes through its surface, the droplet forms a vortex inside
simultaneously and it can be regarded as a charged spin conductor sphere. In fact, finding the magnetic field
of a rotating conducting sphere under stationary conditions has never been a simple problem"*. Based on
some basic principles in classical electromagnetics, we conducted a theoretical analysis of this peculiar
phenomenon and attempt to provide a more in-depth explanation. For the physical properties of the liquid
metal spherical droplet, its density p, electrical conductivity ¢ and magnetic permeability y, are all constants.
According to Maxwell’s electromagnetic equation, the space around a spherical droplet of liquid metal can
be obtained as:

T e 7. (11)
ot
T L (12)
ot
V-B=0 (13)
V-D =p, (14)
where its physical property equations are:
B=uH (15)
J=cl (16)
D=¢tE (17)

where H is the magnetic field strength (A-m™), E is the electric field strength (V-m™), B is the magnetic
induction (T), J is the current density (A-m™), D is the electric displacement (C-m™) and ¢ is the dielectric
constant.

Firstly, we analyzed the liquid metal droplet in the rotating state after consuming aluminum foil, as shown
in Figure 11A and B. The liquid metal droplet, aluminum foil and electrolyte solution together constituted a
galvanic cell, with aluminum foil as the cathode and liquid metal as the anode. For the rotating liquid metal
droplet, its internal current was composed of two parts, the first part was the galvanic current I, produced
by the electrochemical reaction of the galvanic cell and the second part was the rotating current I, produced
by the charge moving in the rotating process. The current density of the liquid metal droplet was also
composed of these two parts, J1 and J2 respectively, and the synthetic magnetic field of the liquid metal
droplet was generated under these two different currents.
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Figure 11. Schematic diagram of the movement mechanism and equivalent circuit of surface current in a NaOH solution. (A) and (B)
Liquid metal sphere consuming aluminum. (C) and (D) Under an external electric field.

We defined the angular velocity of the liquid metal droplet as K. According to the measurement of the zeta
potential, the liquid metal droplet is the carrier of charge. During the process of rotation, the charges move
with the internal flow field and the charged surface, thereby determining the direction of the electron
current. We supposed that when there was current flowing inside and the direction of the current was
parallel to the rotation of the liquid metal droplet in dynamic equilibrium. The radius of the sphere of the
liquid metal droplet is “a”, the center of the sphere is the origin, the axis of rotation is the polar axis to
establish a spherical coordinate system and r is the distance from any point to the center of the sphere.
Assuming that Q, is the total charge passing through the maximum cross section (radius = a) of the liquid

metal droplet within time ¢, the current passing through the maximum cross section can be equivalent to:

=2 (18)

Yo%

During time t, the current density flowing on any circular cross section perpendicular to the current
direction on the sphere is:

J,(r)="n, (19)
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s, = (rsin 9)2 (20)

where s, is the area of the circular cross section, 0< r < a and n1 is the normal vector of surface s,.

For the second part, when the liquid metal droplet rotates, the charge on it moves accordingly. If a large
amount of charge could maintain directional motion for a period of time, the current I, would be formed.
Assuming that in the process of constant rotation, the charge amount of the liquid metal droplet is Q,, then
the volume charge density is:

g=-2 1)
4 4
—Td
3
The corresponding current density is:
Jg(r):4Q2 oxr= 3Q23 oxr (22)
3ﬂ,ars Adra

Under steady conditions, adopting the vector potential generated by current is a solution in the classical
theory of electromagnetics. The vector potential of a point A (r,, 6, ¢) outside the liquid metal droplet can be
obtained as'*"

j —)dV (23)

where |r1-7] is the distance between point r1 (7, 6,, ¢,) and point r (r, 6, ¢).

According to the basic equation under steady electric fields, the galvanic current and the rotating current
flowing through the liquid metal droplets can be obtained together at any point A outside the body. The
resulting expression of the total magnetic induction is:

B,(r,)=Vx4,(r,) (24)

Next, we analyzed the liquid metal sphere rotating under an external electric field, as shown in Figure 11C
and D, similar to the previous analysis. The only difference is that the liquid metal sphere droplet does not
have the current generated by the galvanic reaction but has an external conduction current under the
external electric field. When an electric field is applied, the liquid metal droplet in the electrolyte solution
not only conducts current but also forms a rotating current. In this case, it is also assumed that I, is the
conduction current flowing through the largest cross-section (r = a) of the sphere and then the current
density flows on the circular cross section perpendicular to the current direction is:
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where n, is the normal vector of surface s,.

Similarly, it is assumed that liquid metal droplets will also generate a rotating current I,. During the constant
rotating process, they always have a charge of Q,, so the charge density is:

- _494 (26)
3
—Ta
and the current density is:
J,(r)= 9, OXr= 3Q“3a)><r 27
A dza

Similar to the above analysis, the vector potential of any point B (r,, 6, ¢) outside the body of the liquid
metal droplet can be obtained as:

J,(r)+J,(r)

a,(r)=22] av (28)

L¥ 1 ‘rz —r‘

where |r,-1| is the distance between point r, (,, 6,, ¢,) and point r (r, 6, ¢).

The liquid metal droplet under an external electric field is then integrated by the conduction current and the
rotating current, and the total magnetic induction intensity generated at any point B outside the body is
expressed as:

B,(r,)=Vx4,(r,) (29)

Through the analysis of the above two motion phenomena of the liquid metal sphere droplet, it can be seen
that when the liquid metal droplet rotates in the solution, there is current passing through it and the sphere
itself will also generate a rotating circular current. The superimposition of these two currents generates a
magnetic field. In fact, the strength of the magnetic field is also restricted by the rotation speed and droplet’s
volume and other factors, which have brought difficulties to theoretical calculations. However, through
numerical simulation, the external, interfacial and internal flows of a droplet can be revealed.
Simultaneously, due to the instability of the rotation of the liquid metal droplet on the plane, its motion
state will suddenly change within a period of time, so the measured internal current and voltage are only
average values. Therefore, the direction of the current and magnetic field in our basic model refer to the
instantaneous state. This continuously changing state offers the magnetic field more possibilities.
Furthermore, if one-to-one manipulation is performed on the smaller vortex inside, the electron current
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will have more maneuverability and the complex magnetic field that is excited should be analyzed
accordingly, which is also a direction worthy of exploration in the near future.

The spin liquid metal, which is still in the form of a full fluid, is essentially different from the magnetic fluids
widely reported previously. It is overall a weak magnetic substance. In this study, we tried to measure the
magnetism with an mT-level magnetometer but no obvious results were obtained. Finer measurements of
the magnetic field strength, such as uT, nT and even at the pT level, are possible directions in the future.
However, it is noteworthy that rapidly increasing the rotation speed can speed up the movement of charges,
as can changing the electric field rapidly. These potential methods may make it possible to realize a transient
and perhaps stronger liquid magnetic field. They can also be used to adjust the rotation speed, volume and
current in the rotation process and can be applied to various research applications that require flexible
magnetic fluids by virtue of the characteristics of full fluids.

Technical routes to realize a magnetic monopole from liquid metal machines

Most liquid metal magnetoelectric devices and magnetic drive structures reported previously use an external
electric field to change the overall magnetic field of the structure, thereby causing the device to act. For
example, a spiral Galn alloy was printed on PDMS to obtain a flexible electromagnetic driver. When an
alternating current was applied to the coil, the coil generated a magnetic field, which was attracted and
repelled by the magnets on both sides according to the alternating frequency of the current and could
simulate jellyfish swimming, fish tail swinging and other actions. There were also studies using the
electromagnetic interaction between a magnet and a Galinstan liquid metal coil to generate sound waves
and make a retractable dynamic acoustic device!*.

Traditional magnetic materials are almost entirely confined to solids. During the magnetization process, the
magnetic domains of each tiny magnetized area are already oriented. Simply cutting magnets or putting a
large number of small magnets together will not lead to a monopole because these are operations performed
on magnetized materials. In fact, it is difficult to find a matching substance in traditional magnetic materials
when searching for magnetic monopoles and it is even more difficult to find a case through experimental
observation. Some researchers have obtained singular magnetic point defects at the quantum level. The
magnetic whirl known as a skyrmion, which has a one-to-one association with a quantized magnetic flux
and is created or destroyed at a certain point, can be regarded as a magnetic monopole and antimonopole'*”.

However, a liquid metal can generate or offset endogenous magnetic fields in non-magnetic materials
through its own rotation or spatially fluidic field tuning. While the internal eddy current generates a
magnetic field, it can also excite a second eddy current"”, which would induce the second magnetic field
and so on. The internal vortex in the spin liquid metal has a corresponding relationship with the magnetic
field. Through the design of a multi-structure, multi-material and multi-phase, a singular point may appear
under their interaction at a moment, where the magnetic field appears as only “in” or “out”, but the system
is in an unstable state at this time. In this dynamic process, the system continuously adjusts itself to reach a
steady state and return to the magnetic dipole situation. Just as the topological defect is defined as a
magnetic monopole, combining an internal vortex with electromagnetics, whether there will be a singular
point inside the liquid metal under the coupling of multiple fields is a question worthy of further
exploration.

Considering the aforementioned five basic methods of exciting a magnetic field with a liquid metal, we
propose the following potential technical strategies of artificially synthesizing a liquid metal sphere towards
realizing a possible magnetic monopolar state.
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Route 1: matching the interior flow field of liquid metal droplet machines

As shown in Figure 12A, while the liquid metal sphere rotates itself after consuming the aluminum foil,
there may be vortexes inside which move opposite to the outer fluid. This uniquely nested structure makes
it possible to artificially synthesize magnetic monopoles. When the outer sphere rotates around the axis, the
inner four small spheres perform their respective circular motions in opposite directions. Then, through
microscale manipulation, such as regulating the position and speed of the rotation, the N or S pole in the
outer area and the magnetic poles generated by the four small vortexes in the interior can possibly mutually
offset, so that the entire liquid metal sphere exhibits only a single magnetic pole.

Route 2: superposition between external electric effect and magnetic field

Secondly, an external field superposition method can be adopted. As shown in Figure 12B, a tiny magnet is
inserted into the end of the liquid metal sphere. When the liquid metal sphere is spinning, the magnet is
fixed, so that the magnetic field of the magnet and the magnetic field generated by the spinning liquid metal
sphere are superimposed. When the two cancel out at a certain moment, the remaining magnetic field is
located at the end far away from the magnet. At this time, the liquid metal sphere exhibits such magnetism
that is not cancelled.

Route 3: composite construction between magnetic particles and liquid metal motor

Adding appropriate magnetic nanoparticles into the liquid metal sphere is also a possible method, as shown
in Figure 12C. Since the ferromagnetic particles are very tiny, when they are uniformly mixed with the
liquid metal spheres, the spinning liquid metal spheres also generate many tiny magnetic fields. The
endogenous magnetic field can also interact with the ferromagnetic particles loaded. Proper control of the
number, shape and position of magnetic nanoparticles may also make up the synthetic magnetic field of the
liquid metal sphere to exhibit possible unique characteristics.

Route 4: chemical routes (such as via galvanic cell reactions) between liquid metal motor and substrate or
foreign substances

Finally, chemical reactions remain a possible option, as shown in Figure 12D. As mentioned above, when
the copper contacts liquid metal to form an electrode pair, a galvanic cell that can undergo electrochemical
reactions is formed in the solution. When the current flows through the liquid metal, the droplet spins
under the surface tension gradient. In such an environment where two different metals are in contact with
each other, the simultaneous manipulation of another metal substrate (like copper) and a spinning liquid
metal sphere is allowed, so that the sphere produces a synthetic magnetic field with potential monopole
characteristics.

Overall, we have identified several potential techniques that may offer new possibilities for exploring
magnetic monopoles or their composite structures. In the above diverse methods of constructing the
magnetic monopole, the control of the spin vortex inside the liquid metal is a certain challenge due to the
changeable rotation state. So far, due to limitations with the current testing methods, we mainly outlined the
major conjecture in the area. Through artificial control, it is possible to synthesize a magnetic substance that
acts as a source or sink of magnetic field lines by using the spin characteristics of the liquid metal machine,
which is expected to provide supporting evidence for the actual existence of magnetic monopoles in the
near future.

DISCUSSION
Classical magnetic monopole theory
Under active vacuum conditions, Maxwell’s equations do not satisfy the invariance of electromagnetic
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Figure 12. Four methods of forming a liquid metal sphere with a combined magnetic monopole field. (A) Internal vortex interaction. (B)
Combined magnetic field with external magnetic field. (C) Loading magnetic particles. (D) Chemical reaction pathway.

duality. Electrons are regarded as the source and sink of electric field lines, implying that particles with basic
magnetic charges are related to the emission of magnetic field lines. Therefore, Dirac'** proposed the
magnetic monopole theory in 1931 to resolve this problem. A magnetic monopole is a magnetic substance
with only a single magnetic N or S pole in theoretical physics and its magnetic line of induction is similar to
the electric field lines of a point charge, as shown in Figure 13A. Dirac"*” used a mathematical formula to
assess its existence by analyzing the phase uncertainty of the wavefunction of a quantum system. It is
noteworthy that if the magnetic monopole really exists, the electric and magnetic charges must be quantized
in quantum mechanics. In modern physics, charge quantization has become an important theory and it has
also inspired tremendous research in the search for magnetic monopoles.

In order to find magnetic monopoles, researchers have conducted tests and experiments for decades. A
well-known theory related to magnetic monopoles is the grand unified theory (GUT), in which strong
interaction forces, weak interaction forces and electromagnetic forces could be unified into a normative
interaction. Unlike elementary particles, a magnetic monopole is a regional energy known as a solitary wave
and its size and mass could be estimated through the unified field theory. The quality of a magnetic
monopole was ~10" GeV"**.. Simultaneously, the internal space freedom of the gauge theory made the
magnetic monopole have a certain topological structure and provided stability. Although the GUT was
dedicated to unifying the interaction forces between microscopic particles, it had not been finally verified,
nor can it solve problems such as the “excess” of magnetic monopoles”'. In addition, string theory, M-
theory (where M refers to magic, mystery, membrane and matrix) and so on have also conjectured the
existence of magnetic monopoles.
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Figure 13. Hypothesis and simulation of magnetic monopoles. (A) Conceptual diagram of magnetic monopoles. (B) Sketch of a magnetic
configuration describing the merging of two skyrmions, reproduced with permission from Milde et al.””. (C) Schematic diagram of spin
ice excit[eég] state. (D) Magnetic monopole model composed of a cold atom condensed state, reproduced with permission from
Ray et al.””™.

Extension of magnetic monopole concepts

Beyond the classical theory, some physicists have turned to mathematical approaches to find possible clues
towards magnetic monopoles. For example, Yang and Wu" introduced the overlapping area of the sphere
to construct a dual coordinate system to eliminate singular chords. They proved that any curl of the two
vector potentials could reasonably give the magnetic field of a monopole and gave a magnetic monopole
solution in the overall description of the gauge field, namely, the Wu-Yang magnetic monopole.
Abrikosov"™ proposed that the quantum state on the sphere of graphene was related to monopole
harmonics. Under certain operators, keeping the magnetic monopole at the center of the sphere unchanged,
rotating the sphere produces a part related to spin and this part was caused by a magnetic monopole.

On the basis of rich theories, some researchers have tried to explore the existence of magnetic monopoles
through experiments, for example, by manipulating the external field and magnetic whirls'*”, as shown in
Figure 13B, or artificially constructing a magnetic monopole at a nano-magnetic needle®. Fang et al.””
found that there was an anomalous Hall effect in ferromagnetic crystals and only the hypothesis of the
existence of magnetic monopoles could explain this phenomenon. This result might serve as indirect
evidence for the existence of magnetic monopoles in the momentum space of the crystal.

Because spin ice exhibits unique magnetic field characteristics, some recent studies have found analogues of
magnetic monopoles in strange spin ice**. This is due to the dipolar magnetic excitation caused by the
spin flipping that produces free defects distributed in the crystal lattice [Figure 13C], thus exhibiting the
properties of a magnetic monopole™, which has magnetic charges and electric dipoles™”, but it could not be
separated from the material™®. Dusad et al.** used a superconducting quantum interference device to detect
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the quantization jump of the magnetic flux of a Dy,Ti,0, crystal and found that the magnetic noise
generated by the magnetic monopole could be heard by humans after amplification. This was the most
intuitive observation of magnetic monopoles in spin ice so far.

In condensed matter physics, theoretically, the spin structure of a BEC can be manipulated with point-like
topological defects through an external magnetic field*”. On this basis, Ray et al.™ used cold atoms to
generate Raman transitions from lasers of different frequencies under a magnetic field gradient to simulate
the effect of the magnetic field. Since the magnetic spin arrangement of rubidium atoms was controllable,
the magnetic spins were arranged in the form of large vortices and the middle part would have the effect of
synthesizing magnetic monopoles. At this time, the spin direction of the atom could point to a certain point
in space simultaneously, which also proved the basic quantum characteristics of the magnetic monopole, as
shown in Figure 13D.

Experimental challenges and a new dawn for fluidic magnets

Although abundant evidence for the existence of analogues of magnetic monopoles has been found, the
direct observation of Dirac monopoles in the medium of a quantum field has not yet achieved a
breakthrough. For decades, with the support of the GUT, string theory, M-theory and other theories,
researchers have even searched for relevant magnetic monopole trajectories in particle accelerators and
lunar geotechnical sampling. Although researchers have not yet observed its actual existence by
experimental means, liquid metal combines the properties of electrical conductors, magnets and fluids,
which endorse its rather profound possibilities. When an electric or magnetic field is applied, or a galvanic
cell is formed with other metals, the interior flow field will maintain a moving state, which is closely related
to the movement of the electric charge and the excitation of the endogenous magnetic field. On this basis,
the rich operability of liquid metal machines offers several possible experimental approaches for the
discovery of magnetic monopoles.

The magnetic field described by Maxwell's electromagnetic equations is a passive field, where each closed
magnetic line of induction does not have a starting or end point. If the magnetic monopole exists, the
magnetic field will become an active field. Maxwell’s equations need to undergo appropriate coordinate
transformation and conditional restrictions, which do not violate its correctness. The revised equations are
as follows:

VRE—-C g (30)
ot

m

VB =p, 31)

Compared with Maxwell’s equations, which originally did not consider the existence of magnetic
monopoles, the two differential equations related to the magnetic field have changed. Since the magnetic
monopole may also excite the electric field, the magnetic density vector J, is introduced into Equation (12)
to obtain Equation (30). Simultaneously, the magnetic monopole can excite the magnetic field by itself and
the divergence of the magnetic field is no longer zero [Equation (31)]. The equations will show a more
symmetrical electromagnetic field excitation form. Under the new category of liquid metal magnetic
monopoles, many theoretical and experimental works are worthy of pursuing in the near future.
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Endogenous magnets from rigid, soft to fluidic matter

From the initial discovery of natural magnetic fields, the manufacture of artificial magnets, to the
conclusion of electromagnetic related theories, they took people a lot of time to explore. Based on the above
systematic interpretation, we outline Figure 14 as follows, which comparatively illustrates the evolution
diagram of various forms of magnets that have been manufactured so far, i.e., from rigid matter to soft
materials until fluidic magnetism.

Figure 14A depicts magnets of various shapes that are widely known and commonly used in daily life. Many
important electromagnetic field theories are based only on these. Figure 14B refers to a soft magnetic
substance, which can be attached to a specific substrate. This magnetic material has been applied in various
electronic devices, such as sensors and flexible circuits. Figure 14C presents a composite of magnetic
nanoparticles and fluid proposed in recent years. This fluid has no magnetic attraction in the static state and
only exhibits magnetism when an external magnetic field is applied. It has a wide range of applications in
the fields of medical equipment and magnetic fluid beneficiation but is still not an ideal all-magnetic fluid.
Furthermore, the rotating liquid metal machine or motor, as proposed in this work, belongs to an entirely
new kind of magnetic fluid or electromagnefluid, as shown in Figure 14D. In this category, there is no need
to add additional magnetic particles, which is a complete magnetic fluid in the truest sense. The discovery of
a full magnetic fluid based on a room-temperature liquid metal will bring new opportunities and directions
for research in diverse fields, which has profound significance for the understanding of magnets and their
full use.

In nature, the N and S poles always exist simultaneously. Each tiny magnet possesses N and S poles, which
makes it difficult to achieve the existence of one pole alone. Compared with traditional rigid magnets, the
advantage of liquid metal lies in its fluidity, which makes it easier to adjust to different shapes and the
restriction on particle movement is reduced. When the surface charges move, the fluid inside keeps rotating,
making the endogenous magnetic field in a state of constant change. If the single charge on the surface or
the vortex inside of the liquid metal can be manipulated or the direction of electromagnetic particles
reversed, it is possible to construct a liquid metal magnetic monopole.

Furthermore, once the direct experimental observation of the magnetic monopole has been achieved, the
charge quantification can be better explained. Electrons are particles with no internal structure. They can be
reshaped to carry orbital angular momentum. By coupling the center of mass of the wavefunction with the
interior, the total angular momentum information will be obtained from the vortex beam and it can then be
manipulated artificially'. Similarly, if the magnetic moment of the liquid metal micromotor can be
measured to obtain momentum information, it may be manipulated and improved microscopically, and it
will even be possible to develop technology based on moving magnetic charges to break through the
limitations of current charge engineering and create magnetic materials that exhibit ever richer behavior.

CONCLUSIONS

Liquid metal can interact with sound, light, heat, electricity and magnetism. The present study disclosed for
the first time that as fluidic conductors with charges, liquid metal machines open a generalized method for
the generation of transformable endogenous magnets through the tuning of their spin states and interior
rotational or moving configurations. This mechanism is rather difficult to implement through rigid
materials otherwise. It may change our basic understanding of classical magnetism. A most noteworthy
content in this finding still lies in that such a fluidic magnet suggested a new promising method to realize a
magnetic monopole in reality. The fundamental routes can be based on either self-fueled liquid metal motor
or the electrically controlled spin motion of liquid metal machine inside the electrolyte. Meanwhile, such



Page 26 of 28 Zhou et al. Soft Sci 2021;1:15 | https://dx.doi.org/10.20517/ss.2021.16

A B Soft magnet
— e _
N s
Liquid metal Base fluid
Surfactant
Magnetic Magnetic . Liguid metal or
plating layer nanoparticle conductive solution

Figure 14. Different forms of magnets. (A) Rigid magnet. (B) Soft magnet. (C) Semiliquid magnet. (D) Liquid magnet.

liquid metal endogenous magnetism is fundamentally different from the conventional magnetic fluids,
which was in fact caused by the magnetic particles rather than the fluid itself. This raised important
fundamental and practical issues waiting to be addressed. It also opens perspectives for making new
conceptual liquid machines, which may find some emerging uses in future basic physics, information
technology, smart devices, advanced functional materials and intelligent system. Overall, the reasonable
conjecture as made on the classical question of whether magnetic monopoles exist or not would shed light
to innovate future science and engineering.
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