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Abstract 
Stereo-magnetostrictive fluids convect under the influence of a magnetic field 
and gravity. When a field is applied to one side of a tubular loop containing such 
fluid, but not to the other side, the fluid convects isothermally. The process is 
analogous to thermal convection except that the field replaces the temperature 
difference between heat source and heat sink. Forces that may retard convec-
tion are either dissipative or conservative. Dissipative forces produced by vis-
cosity and hysteresis are flow-velocity dependent. They can slow down con-
vection but cannot stop it. They can also be reduced by increasing the dimen-
sions of the system. Conservative forces such as magnetic potential do create 
a potential barrier, but this barrier does not help or hinder convection because 
the fluid gains as much energy descending it as it loses climbing it. The ther-
modynamic cycle shows that ambient heat is converted to mechanical energy, 
thereby decreasing the entropy of the surroundings. This phenomenon falls 
outside the framework of applicability of the second law, which, as specified 
by all H-theorems, is limited to systems that are time-reversal symmetric at the 
microscopic scale. A proposed experiment for testing this theory is expected to 
produce an observable convective flow of about 0.375 to 1 mm/sec with a 20 
cm high device. The device produces maximum power when it operates at the 
thermodynamic threshold where the measure of asymmetry is matched to the 
measure of symmetry. Additional information generated by magnetic time-
reversal symmetry breaking is accounted for by adding an anomalous term to 
conventional entropy. 
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1. Introduction 

Isothermal stereo-magnetostriction is an incontrovertible experimental fact. Hun-
dreds of independent researchers have confirmed that in the presence of a mag-
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netic field, spin cross-over causes stereo-magnetostrictive fluids to change volume 
and density without any change in temperature [1]-[46]. This extraordinary prop-
erty implies the highly paradoxical phenomenon of isothermal convection. Under 
the influence of gravity, such a fluid in a tubular loop would circulate when one 
side of the loop is exposed to a static field. Given that both the field and gravity 
are static, it is also implied that the energy driving this convection cannot originate 
from the field or from gravity. Is such a phenomenon possible? What is the source 
of energy that drives convection?  

This paper explores the thermodynamics of magnetostrictive heat engines. One 
can distinguish two kinds of materials that differ in the way they change shape. 

Joule magnetostrictive [1] materials change shape but not volume, lengthening 
or shortening along the field direction and respectively shortening or lengthening 
in the perpendicular plane. They include Gerfenol-D, Terfenol-D, nickel, iron-gal-
lium (Galfenol), and cobalt ferrites. They are utilized in various applications where 
precise control of dimensions is required, such as positioning, vibration control, and 
sound generation [2]-[6]. 

Stereo-magnetostrictive materials [7]-[46] rely on spin cross-over to change vol-
ume when exposed to a magnetic field. They switch from a low spin (LS) state in 
which few electrons are unpaired, to a high spin (HS) state, in which many are un-
paired. This electronic reconfiguration alters the bond lengths and angles, which 
results in a reorganization of the lattice structure and ultimately leads to a macro-
scopic change in shape as well as volume. Many of these materials include iron(II) 
and iron(III) complexes, as shall be discussed in Section 7. When these materials 
are in a liquid phase, the magnetically induced volume changes and density gradi-
ents result in isothermal convection current. 

In view of the controversial topic being covered, the author thought it prudent 
to be as precise and thorough as possible and perhaps, as a result, overly elementary 
in places. The following paragraphs provide a section-by-section summary of the 
arguments made in this paper: 

Section 2 (Thought experiment of a stereo-magnetostrictive convection engine) 
describes a thought experiment involving a magnetostrictive fluid. 

1) A stereo-magnetostrictive fluid filling a U-shaped tube undergoes a magne-
tostrictive change in volume and density on one side of the tube when this side is 
exposed to a magnetic field.  

2) As required by hydrostatics, the fluid reaches a two-level equilibrium state, 
i.e., acquires a pressure head. 

3) Connecting the ends of the U-tube causes the fluid to flow from the high 
level to the low level. This flow can drive a turbine to convert potential energy 
to work. 

4) The two-level equilibrium state disturbed by the turbine is restored by the fluid 
moving around the bottom of the loop, as required by hydrostatics.  

Section 3 (Itemization of all forces in magnetic convection) explores all possible 
retarding effects that could stop convection, such as magnetic, viscous, and hyster-
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etic forces and shows that they can be ignored. 
1) All conservative forces in the form of a magnetic potential produce an energy 

barrier, but the energy spent going up is equal to the energy going down. These 
forces can neither add nor subtract energy from convection. 

2) All dissipative viscous, including Newtonian viscous flow, hysteretic effects, 
and yield stress forces, are flow dependent. They may slow down, convection, but 
cannot stop it. 

3) From a foundational thermodynamic perspective, the speed of convection is 
not as important as its very existence. 

Section 4 (Force balance equation): 
1) In an open circuit mode (turbine with zero conductance), all viscous forces 

are zero and all potential energy barriers cancel out. Therefore, the convective force 
Fconv is opposed by the force Fload across the load, i.e., Fconv = Fload. 

2) When the loop is closed, the fluid starts to flow and eventually reaches an 
equilibrium flow velocity vFlow. At that point Fconv = Fload + Fvisc.  

3) Maximum power output is achieved by source-load matching the viscous force 
Fvisc to the load force Fload, resulting in Fconv = 2Fload = 2Fvisc. 

Section 5 (The magnetostrictive cycle: the source of energy that drives convec-
tion) discusses the thermodynamic cycle of the magnetostrictive engine, showing 
that stereo-magnetostrictive convection decreases entropy and that the energy driv-
ing convection comes from the thermal energy of the fluid. 

1) This circulation is powered by the magnetostrictive volume changes +ΔV at 
high pressure p0 + Δp at the bottom of the loop, and −ΔV at low pressure p0 at the 
top. The process is endothermic, converting heat to work, i.e., Q = W = ΔpΔV. 

2) This process can be run continuously by extracting heat isothermally from a 
heat bath, thereby lowering its entropy by ΔS = −ΔQ/T.  

3) The process is an entropic effect in which ΔS is the change in entropy ΔS as-
sociated with spin cross-over between Low Spin and High Spin. 

Section 6 (Framework of applicability of second law): The second law is not 
universal. 

1) The framework of applicability of the second law is limited by the assumption 
made in all formulations of the H-theorem that all microscopic interactions are 
time-reversal symmetric. In contrast, the magnetic convection described in this 
paper relies on the magnetic field, which is CPT (Charge-Parity-Time) symmetric, 
and, therefore, falls outside this framework. 

2) Kelvin-Planck formulation of the law is empirical and based on a large num-
ber of experiments. However, no experiment comparable to the one presented 
herein has been conducted under the specific conditions of isothermal operation 
with magnetostrictive materials in the presence of static magnetic fields and grav-
ity. 

Therefore, the law is not violated, it is bypassed. It remains valid within its do-
main of applicability. 

Section 7 (Proposed experiment) describes a proposed experiment for testing 
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the theory advanced in this paper. It includes a brief overview of different stereo-
magnetostrictive materials as well as a proposed design for a realistic convection 
engine. 

1) The predicted convection velocity for this experiment of about 1 mm/sec 
provides a testable prediction that can experimentally validate or refute these the-
oretical claims.  

2) This process may be slow but from a foundational thermodynamics point of 
view, speed is not as significant as the very existence of convection. This is the whole 
purpose of this thought experiment. 

Section 8 (Operating at the thermodynamic threshold to maximize performance) 
discusses the thermodynamic threshold optimization method that maximizes the 
power output by matching a measure of the asymmetry to a measure of background 
symmetrical processes. 

1) Time-reversal asymmetric phenomena are difficult to observe because they 
occur against a time-symmetric background “noise”. 

2) To maximize their thermodynamic impact, they should be commensurate 
with this background. If they are too small, the background dominates, and they 
cease to be observable.  

3) Conversely, if the background symmetric processes are too small, they are 
unable to provide sufficient energy to drive thermal conversion and there is no ther-
modynamic impact. 

4) Maximum performance is achieved at the thermodynamic threshold, at which 
both kinds of processes have equal measures. 

Section 9 (Suggested extension of second law and entropy to include symmetry-
breaking phenomena) explores extensions of the second law that cover time-re-
versal symmetry-breaking phenomena. 

1) The time-reversal symmetry assumption of conventional thermodynamics 
implies redundancy: the same information describes forward and reverse dynam-
ics, thereby making reversible processes possible. 

2) The breaking of the time-reversal symmetry by the CPT symmetry of the 
magnetic field adds states not accounted for by conventional entropy, but that 
uniquely determine the direction of a process, thereby rendering reversibility im-
possible. 

3) It is therefore suggested that entropy should comprise two components: the 
first, SA, to represent conventional entropy bound by the H-theorem, dSA/dt ≥ 0, 
and the second, SB, to represent the additional information generated by the break-
ing of time-reversal symmetry.  

A list of symbols can be found in Appendix 1. 

2. Thought Experiment of a Stereo-Magnetostrictive 
Convection Engine 

Consider a tubular loop filled with a stereo-magnetostrictive fluid. The fluid con-
sists of small stereo-magnetostrictive particles in a solvent. The loop is oriented 
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vertically in a gravitational field as shown in Figure 1 and a magnetic field is applied 
to the right column of the loop. 
 

 
Figure 1. Thought experiment of a stereo-magnetostrictive engine. A magnetic field and 
gravity in combination cause the convection of a stereo-magnetostrictive fluid without the 
need for a temperature gradient. 
 

For the sake of simplicity and clarity, the following shall be assumed: 
1) The field B is time invariant and spatially uniform along the height h of the 

magnetized region on the right-hand side. This field is produced by a permanent 
magnet and does not require a continuous input of energy to be maintained. 

2) The field drops from its uniform value to zero in two transition regions at the 
top and bottom of the magnetized region.  

3) The fluid is ideally magnetostrictive, that is, its volumetric strain ratio ΔV/V 
changes linearly with a magnetic field B: 

 m
VK B

V
ρ
ρ

 ∆ ∆ = ≈ −  
   

 (1) 

where Km is the material-dependent magnetostrictive volume ratio modulus. 
4) There is no hysteresis. As shall be justified in Section 3.4 (Hysteretic viscous 

force) hysteresis is not significant in a physical implementation. 
5) The magnetostrictive fluid is considered to be an ideal liquid, incompressible 

by gravitational pressure. This assumption is justified by real world data, which 
shows that compressibility by gravity of different physical fluids can be neglected 
(see Section 7, Material Selection Requirements). As an example, for Fe(NH2trz)32, 
the change in volume due to the magnetic field is six orders of magnitude larger 
than the one due to gravity. 
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6) The process is in contact with a heat bath and is isothermal. Any change in 
volume due to a temperature change is ruled out. Therefore, convection is entirely 
due to the magnetic field and is neither aided nor retarded by any temperature 
gradient.  

In accordance with their stereo-magnetostriction property, fluid particles in the 
magnetized column increase their volume, causing the fluid to decrease in density. 
In the demagnetized column, particles return to their normal volume, and the fluid 
to its normal density. The difference in density between the two sides causes the 
fluid to convect around the loop. A turbine inserted in the loop can convert this 
flow to electrical energy. This phenomenon clearly falls outside of conventional 
thermodynamics. 

Onsager excluded magnetic fields from his reciprocals because he thought with 
good reason that the fields could produce effects forbidden by the second law, for 
example isothermal convection. We are left with two choices: 

1) Simply ignore the paradox and refrain from associating reciprocals with mag-
netic fields. This is the approach taken by Onsager. 

2) Tackle the paradox head on and see where it leads us. This is the approach taken 
in this paper. 

3. Itemization of All Forces in Magnetic Convection 

Our first concern is to itemize all forces to eliminate the possibility of retarding 
effects prohibiting convection. Forces and effects that affect magnetic convection 
include: 

1) Forward force convective force Fconv. 
2) Backward load force Fload. 
3) Newtonian viscous force Fvisc_Newton. 
4) Hysteretic viscous force Fvisc_hyst. 
5) Static magnetic potential barrier force Fmagn. 
6) Yield shear stress force. 
7) Static friction force. 
8) Molecular aggregation and separation from solvent. 
Table 1 provides an outline of the characteristics of each force. 

 
Table 1. Summary of forces involved in magnetic convection. 

Convective force Fconv 

Physics Magnetostriction, hydrostatics. 

Cause Density difference Δρ due to magnetic field. 

Effect Convective pressure pconv = (ρgnKmB)h. 

Optimize Increase Km, B, and h. 

Backward load force 
Fload 

Physics Conversion of potential energy to mechanical energy. 

Cause Turbine. 

Effect Produces back force Fload and power Pload = vFlowFload. 

Optimize Use source/load matching: Fload = Fvisc = 1/2Fconv. 
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Continued 

Newtonian viscous 
forces Fvisc_Newton 

Physics Dissipative, viscous, flow-dependent. 

Cause Friction. 

Effect Slowdown by back pressure pvisc_Newton = 8ηLvFlow/r2. 

Remedy Increase r. 

Hysteretic viscous 
force Fvisc_hyst 

Physics Dissipative, viscous, flow-dependent. 

Cause 
Hysteresis lag in flowing fluid breaks vertical symmetry of density distribution; 
enables gradient force µmagn∇B. Relaxation time in µsec. 

Effect 
Slowdown in transition zones; second order effect; small in view of slow system time 
constant (seconds). 

Remedy 
Small, can be neglected; if needed increase h; decrease µmagn; increase system time 
constant. 

Yield shear stress 
rheological effect 

Physics Dissipative. 

Cause Rheological effect, dipole to dipole chaining. 

Effect Yield stress stops flow. 

Remedy Increase shear stress by increasing r. 

Static magnetic 
potential barrier Fmagn 

Physics Conservative: ( )d 0magnB sµ =∫ . 

Cause Stored potential magnetic energy in µmagnB.  

Effect No net effect because of first law. 

Remedy No remedy needed. 

Molecule aggregation 
and separation of 
from solvent 

Physics Field driven. 

Cause Drift due to µmagn ∇B, gravity and intermolecular forces. 

Effect Very small, vdrift ≈ vBrownian × 10−6. 

Remedy Can be neglected; if needed apply surfactants, increase vFlow, h, and r. 

Static friction force 

Physics Dissipative when it slides, conservative when not. 

Cause Surface irregularities, molecular adhesion. 

Effect Only present when flow = 0. Cannot exist in liquids. 

Remedy No remedy needed. 

3.1. Forward Convective Force Fconv 

This force is proportional to gravitational acceleration g, and the difference in mass 
Δm between the right-hand side and the left-hand side of the loop. Furthermore, 
Δm is proportional to the density of the fluid ρ, and the magnetostrictive change 
in volume ΔV. In addition, ΔV is a function of the magnetostrictive index Km and 
the magnetic field B: 

 conv mF g m g V g VK Bρ ρ= ∆ = ∆ =  (2) 

For a tube of height h and cross-sectional area A=πr2, V = πr2h, the convective 
force is:  

 ( )2
conv mF g Br K hρπ=   (3) 

and the corresponding convective pressure is: 
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 ( )conv mp g K B hρ=   (4) 

Parentheses have been inserted in the above equations to emphasize that Fconv 
and pconv are proportional to the height of the tube. This implies that Fconv can be 
made arbitrarily large by increasing h. 

3.2. Backward Load Force Fload 

The force is caused by the turbine inserted in the convection loop and is a function 
of the power Pload being generated and the flow velocity vFlow. 

 load
load

Flow

P
F

v
=   (5)  

3.3. Newtonian Viscous Force Fvisc_Newton 

This force is flow-dependent and occurs around the convection loop. Even though 
there is no experimental evidence of such, this force may include small reversible 
and flow-dependent rheological effects induced by the magnetic field. It can be 
derived for laminar flow using Poiseuille’s law. For a given loop length L, a viscos-
ity η of the fluid, a tube radius r, and a hydrostatic pressure pvisc_Newton, the volumetric 
flow QFlow is: 

 _ 4

8
visc Newton

Flow

p
Q r

Lη
 

=  
 

π
  (6) 

Assuming a circular cross-sectional area πr2 and a flow velocity vFlow = QFlow/πr2, 
the back pressure produced by the viscous flow is: 

 ( )_ 28 Flow
visc Newton

v
p L

r
η=   (7) 

Parentheses have been inserted to clearly emphasize the dependency of pvisc_Neton 
on the radius r of the tube and on the flow velocity vFlow. This pressure can always 
be made smaller by increasing r. Since Fvisc_Newton = pvisc_Newtonπr2, the viscous force 
is:  
 _ 8visc Newton FlowF Lvη= π   (8) 

The possibility that Poiseuille’s law does not apply because of turbulence is not 
a concern. In such a case, the high flow speed would make magnetic convection a 
well-established fact. This force can be mitigated by increasing the radius r of the 
convection tube as shown by Equation (7). 

3.4. Hysteretic Viscous Force Fvisc_hyst 

This force is produced by hysteretic lag due to the flow of the magnetostrictive mol-
ecules. This lag breaks the vertical symmetry in the density of the molecules, thereby 
enabling the magnetic gradient force µmagn∇B as explained below. 

A molecule with a magnetic moment µmagn, and subjected to a field experiences 
a force proportional to the field’s gradient ∇B: 

 Bmolecule magnF Bµ= ∇   (9) 
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Along the height of the magnetized tube the field is uniform, and this force is zero. 
However, in the magnetic transition regions at the top and bottom of the magnet-
ized tube, the field decreases to zero, implying two symmetrical non-zero gradients. 
In these locations, the field exerts a force µmagn∇B on a molecule at the bottom tran-
sition zone and −µmagn∇B on a molecule at the top. The sum of all forces for both zones 
are given by: 

 ( ) ( )
TopBottom

B magn magni j
i j

F B Bµ µ= ∇ + ∇∑ ∑   (10) 

where (µmagn∇B)i and (µmagn∇B)j are functions of the position of each molecule with 
respect the field gradient. 

The density of the fluid is not affected by gravity because the fluid is not com-
pressible by gravitational pressure. However, being magnetostrictive, its density 
changes around the loop, uniformly less dense in the magnetized section, uni-
formly denser in the non-magnetized section and gradually changing in the tran-
sition zones.  

In the no-flow static equilibrium state, the density profiles, dN/dh, in the top and 
bottom zones are exactly symmetrical, decreasing at the bottom, and increasing 
symmetrically at the top, i.e., (−dN/dh)Bottom = (+dN/dh)Top. Given this symmetry 
in density, and symmetry of the field gradients ∇B, all gradient forces µmagn∇B ex-
erted on molecules at the top and bottom add up to zero. 

 0B magn magn
Bottom top

F B Bµ µ= ∇ + ∇ =∑ ∑   (11) 

As the fluid flows through the transition zones, the magnetostrictive effect causes 
molecular spin states to change. Any lag in this process breaks the symmetry of the 
density profile causing Equation (11) to be non-zero.  

Hysteretic drag is a small second order effect that manifests itself as a tiny flow-
dependent viscous resistance restricted to the transition regions. However, if nec-
essary, it can be remedied in two ways. 

1) Being restricted to the transition zones, it is independent of height and there-
fore can be countered by increasing the height h of the convection loop, thereby 
increasing the convective driving force Fconv relatively to Fvisc_hyst. 

2) It can also be rendered ineffective by increasing the time constant of the sys-
tem. Its relaxation time is determined by the probability of a molecule transition-
ing back to its lowest energy level. For a spin cross-over molecule this relaxation 
time is in the order of microseconds (see Tables 2(a)-(c) and [45] [46]). This time 
is significantly shorter than the passage of molecules through the magnetic tran-
sition zone AB and CD in Figure 1. At a flow rate of 0.375 mm/sec as worked out 
in the example of Section 7, molecules would spend several seconds in the transi-
tion zones. In comparison, the spin relaxation time is 10 - 200 µsec or about three 
orders of magnitude faster, thereby making the hysteretic lag irrelevant. However, 
if necessary, this effect can be countered by increasing the time constant of the 
system. 
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Therefore, the no-hysteresis assumption made in the thought experiment is jus-
tified. In any case, since this force is viscous, it can only exist in the presence of 
convection. See Equation (3). Therefore, the very presence of this force is not an 
issue because its presence indicates convection, precisely the effect intended to be 
demonstrated. 

3.5. Yield Shear Stress Force 

If a rheological retarding force arises for whatever reason (for example magnetic 
dipole to dipole chaining, aggregation, or any other such effect), the resulting yield 
stress τyield of the fluid against the walls of the tube must be overcome by the shear 
stress τshear at the wall of the tube caused by the convective force Fconv. This force is 
proportional to τshear and to the convective pressure pconv. For a loop of length L and 
a tube radius r, Fconv can be written as: 

 22conv shear convF rL r pτ= =π π  (12) 

Inserting the expression for pconv from Equation (4) into Equation (12) yields: 

 22 shear mrL r g K Bhτ ρ=π π   (13) 

where h is the height of the tube. Simplifying and solving for τshear: 

 
2

m
shear

g K B h r
L

ρ
τ  =  

 
  (14) 

For convection to begin, the driving shear stress must exceed the fluid’s yield 
stress τyield: 

 
2

m
shear yield

g K B h r
L

ρ
τ τ = > 

 
  (15)  

Assuming that the length of the loop is twice its height, L = 2h, Equation (14) 
becomes:  

 
4

m
shear yield

g K B
r

ρ
τ τ = > 

 
  (16)  

Therefore, the driving shear stress is proportional to the radius of the tube and 
increasing r sufficiently can overcome any yield stress. The fluid then still flows, al-
beit with a greater viscosity and the flow-velocity dependent argument of Section 
3.3 applies.  

3.6. Static Magnetic Potential Barrier Force Fmagn 

Magnetic potential may have several origins. For example, it may be due to spin or 
orbital coupling, or to magnetic gradient interaction with dipoles. 

Regardless of its origin, it is a conserved quantity that cannot contribute to nor 
hinder convection. Any loop integral of this potential must be zero. Being static and 
conservative, the magnetic field (as well as gravity) cannot add or subtract any net 
energy from the convective process. A departure from this principle would violate 
the first law of thermodynamics (see Note 1)). 
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Accordingly, a potential magnetic energy barrier does exist, but its net effect is 
zero and is not an obstacle to convection. As particles cross the bottom transition 
zone and get exposed to the field, they ascend this barrier and acquire magnetic 
potential energy. Conversely, as they cross the top transition zone, they exit the field, 
descend the barrier, and give up this energy to return to their original state. This 
exchange in magnetic potential energy cancels out as shown in the PV thermody-
namic cycle of Section 5. 

Another way of explaining this phenomenon, is that any conservative force pro-
duced in one transition zone is counterbalanced by a symmetrically opposite con-
servative force in the other transition zone. Being hydrostatically connected as in 
a chain, their contribution to convection is zero. 

3.7. Static Friction Force 

Static friction, arguably, could be considered either “conservative” or “dissipative”. 
Nevertheless, it only occurs in solids, not in liquids. The 1/10 volume ratio of mag-
netostrictive molecules to solvent in the experiment of Section 7 precludes the 
solution from turning solid due to a rheological effect. Even if such a rheological 
effect did happen, it would only produce a slight increase in viscosity with a finite 
relaxation time. To my knowledge, no such effect has been observed in spin cross-
over materials. 

3.8. Molecule Aggregation and Separation of from Solvent 

One can also rule out as a no-go reason for magnetic convection, the separation of 
the magnetic molecules from their solution by the magnetic field. As explained in 
Appendix 2 “Separation of SCO molecules by the magnetic field”, given the size of 
the molecules, the viscosity of the solution, and the likely non-uniformity of the field, 
the displacement due to Brownian motion is about 20 microns in one second, while 
the separation drift due to the magnetic field is in the order of 20 picometers per 
second, a ratio approximately one million times smaller. This effect can also be re-
duced by adding surfactants to the solution. 

Aggregation due to molecular attraction can be mitigated by adding surfactants 
and with higher fluid flow, which can be done by increasing the dimensions of the 
system. 

4. Force Balance Equation 

To simplify our notation, let us combine the Newtonian viscous force Fvisc_Newton 
and the hysteretic viscous force Fvisc_hyst into one: 

 _ _visc visc Newton visc hystF F F= +   (17) 

Since magnetic potential does not transfer energy to the fluid, it can be ignored. 
Therefore, all relevant forces can be expressed using Newton’s law as: 

 conv load viscF F F ma− − =   (18) 

Now, consider an open circuit static equilibrium state, with ma = 0, and vFlow = 
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0, and without any flow-dependent viscous force, i.e., Fvisc = 0. The only forces left 
are Fconv and Fload. Equation (18) reduces to: 

 conv loadF F=   (19) 

In other words, the convective drive is equal to the pressure head caused by dif-
ference in height between the left and right columns. 

Now, consider closing the loop with a conductive load (i.e., turbine). The fluid 
accelerates until it reaches a dynamic equilibrium at velocity vFlow such that a viscous 
force Fvisc is produced: 

 0conv load viscF F F− − =   (20) 

Using the source load matching technique, the power transfer to the load can be 
maximized, for example, by throttling the turbine. This requires making Fload equal 
to the resistive forces Fvisc. 

 load viscF F=   (21) 

Since Fconv > 0, and combining Equations (20) and (21) yields:  

 0
2
conv

load visc
F

F F= = >   (22) 

Therefore, for a given convection flow velocity vFlow, the maximum power trans-
ferred to the turbine is:  

 
2

conv Flow
load load Flow

F v
P F v= =   (23) 

5. The Magnetostrictive Cycle-Source of Energy Driving 
Magnetic Convection 

The following is a detailed description of the magnetostrictive cycle which explains 
that the energy driving magnetic convection originates from the thermal energy 
of the fluid. Figure 2(a) illustrates the engine’s thermodynamic cycle as a rectan-
gular pV diagram, each stage conducted either at constant pressures or at constant 
volume. The constant pressure stages of the cycle require that the hydrostatic pres-
sure of both columns be equal at their bottoms and be equal at their tops. To account 
for the difference in density between the two columns, the right one is made slightly 
taller than the left one as shown in Figure 2(b).  

Let us open the loop in Figure 1 by disconnecting the columns at the top and ex-
posing them to the atmosphere, thereby allowing each column to reach its own equi-
librium fluid level in accordance with hydrostatic principles. Obviously, in this open 
configuration, convection is not possible. However, since the fluid in the magnet-
ized column is less dense, hydrostatic equilibrium requires that its level be higher 
than in the other column as shown in Figure 2(b). 

The difference in height of the fluid level is called a pressure head and is a func-
tion of the different densities in the columns. Since hydrostatic equilibrium requires 
that: 

 ( ) ( )gh g h hρ ρ ρ= + ∆ + ∆   (24) 
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(a)                                         (b) 

Figure 2. (a) Pressure-volume diagram of the magnetostricitive cycle. The fluid is assumed to be sterero-
magnetostrictive and to change volume in a magnetic field, but to be incompressible under hydrostatic 
pressure. Accordingly, this cycle comprises two constant pressure stages and two constant volume stages. 
(b) To maintain equal hydrostatic pressures between the tops of each column, and also between the bottoms 
of each column, the column with the least dense fluid is made taller than the other one. Changes in magnetic 
energy cancel out and are not shown in the drawing. 

 
Therefore, the pressure head is: 

 h hρ
ρ
∆

∆ ≈ −   (25)  

Combining Equations (1) and (25) yields: 
 mh K Bh∆ ≈   (26)  

Now, let us install a mini-turbine above the transition zone in the demagnetized 
region between the tops of the two columns, and configure it to extract energy from 
the fluid flowing from the high level to the low level. Let us adjust the throttle of the 
turbine to use up half the open circuit pressure head, leaving the other half to be 
absorbed by the viscous and dissipative processes around the loop. This is equiv-
alent to optimal source-load matching in an electrical circuit.  

The flow depletes the fluid at the higher level and produces an excess of fluid at 
the lower level, thereby breaking hydrostatic equilibrium. The necessity to restore 
this equilibrium causes fluid to flow around the bottom of the loop to readjust the 
levels at the top, ultimately resulting in continuous convection. 

The following discussion is a detailed description of a four-stage thermodynamic 
cycle illustrated in Figure 2 that accounts for all energy transfers. Stages AB and 
CD occur at constant pressure and include energy transfer terms that cancel out. 
Therefore, to simplify the math, these two stages shall be discussed together. 
Similarly, stages BC and DA occur at constant volume and shall be discussed 
together.  

Stage AB: The fluid at the bottom of the loop flows from the demagnetized col-
umn into the magnetized column. The following happens: 

1) Since the change in the magnetic field is ΔB = +B, the fluid acquires internal 
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magnetic energy (µmagnB)AB where µmagn is the magnetic moment. 
2) Due to magnetostriction, the fluid expands by ΔV = VKmB in proportion with 

its volume V, the magnetostrictive coefficient Km and the field B.  
3) Assuming an atmospheric pressure p0, and a hydrostatic pressure Δp = ρgh 

at the bottom due to the height of the column, then the work performed on the sur-
roundings due to the volume change is W = (p0 + Δp)ΔV where ΔV = VKmB. 

4) The process is endothermic and draws heat QAB from the surrounding: 

 ( ) ( )0AB magn AB
Q p p V Bµ= + ∆ ∆ +   (27)  

Stage CD: The fluid at the top flows from the magnetized column through the 
turbine into the demagnetized column. The following happens: 

1) The change in the magnetic field is ΔB = −B. Therefore, the fluid loses inter-
nal magnetic energy (µmagnB)CD. Since the fluid is back to its initial magnetic state, 
(µmagnB)AB + (µmagnB)CD = 0.  

2) Due to reverse magnetostriction, the fluid contracts by −ΔV = −VKmB.  
3) Since the fluid is at atmospheric pressure, the work done by the fluid on the 

surroundings due to the volume change is −p0ΔV. 
4) Therefore, the process is exothermic, and the transferred heat is:  

 ( )0CD magn CD
Q p V Bµ= − ∆ +   (28)  

5) Now, let us combine Equations (27) and (28) in stages AB and CD. Since the 
molecules return to their original states and the magnetic potential is conservative, 
i.e., (µmagnB)AB + (µmsgnB)CD = 0, all magnetic terms cancel out and the total heat 
transferred is: 
 Q p V∆ = ∆ ∆   (29) 

Referring to Equation (29), the pressure difference Δp between the top and bot-
tom of the columns is proportional to the height h of the column, i.e., Δp = ρgh. 
The change in volume ΔV due to magnetostriction is proportional to the change 
in height Δh, i.e., ΔV/V = Δh/h. And the mass of fluid m is m = ρV. Plugging this 
information in Equation (29) yields: 
 Q mg h∆ = ∆   (30)  

The other two stages, BC and DA, occur at constant volume and constant magnetic 
field. The only variable is the gravitational potential energy E of the fluid.  

Stage BC: A mass m of fluid in the vertical magnetized columns BC experiences 
an increase in gravitational energy E as it moves up the magnetized column. Since 
the height of the columns is h + Δh the change in potential energy is: 
 ( )BCE mg h h= + ∆   (31) 

Stage DA: The descending fluid in this demagnetized column experiences a drop 
in potential energy. Since the height of the columns is h the change in potential 
energy is:  
 DAE mgh= −   (32) 

The net change in potential energy for BC and DA is obtained by combining 
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Equations (31) and (32): 

 E mg h∆ = ∆   (33) 

Comparing Equations (30) and (33) shows that the net input heat ΔQ is converted 
to a net potential energy increase ΔE of the fluid: ΔQ = ΔE = mgΔh. This is exactly 
the energy associated with the pressure head used by the turbine. Hence, the max-
imum work W that can be produced by the turbine (not accounting for viscous 
losses) is: 

 W Q E mg h= ∆ = ∆ = ∆   (34) 

Work can now be expressed as a function of design parameters B and h. From 
Equation (26) Δh = KmBh. Therefore 

 BW Q E mghK B= ∆ = ∆ =   (35) 

and since the fluid is back to its starting point after a cycle, the decrease in entropy 
experienced by the surroundings is: 

 mmghK B
S

T
∆ = −   (36) 

Remarkably, this thought experiment concludes that a magnetic field and grav-
ity are sufficient to drive isothermal convection without a temperature gradient or 
the need for a heat sink. Being static, these fields do not contribute any net energy 
to the process. They enable the process only by operating as “facilitators”. This result 
is surprising but in-line with directives issued by Onsager who specifically excluded 
magnetic fields and rotation from reciprocals [47] [48]. 

6. Framework of Applicability of Second Law 

How can magnetostrictive convection be possible given our conventional under-
standing of thermodynamics? To resolve this paradox, one must go back to foun-
dational assumptions that clearly delineate the framework of applicability of the 
second law. The law is not universal. It is supported by evidence of two kinds, each 
having its own limitations:  

1) Theoretical evidence and limitations. 
2) Experimental evidence and limitations. 

6.1. Theoretical Evidence and Limitations 

Time-reversal symmetry, expressed at the microscale, occupies a special place in 
thermodynamics. It is a necessary condition for reversible processes such as the Car-
not cycle [49]. It is assumed in all proofs of the H-theorems by their authors: 
• Boltzmann uses his time symmetric equation in which the collision term satis-

fies detailed balance: the rate of collisions A + B → C + D equals the rate of C + 
D → A + B in equilibrium [50]-[52]. 

• Tolman explicitly states that collisions are “unbiased”—meaning microscopic 
reversibility holds [53]. 

• Gibbs uses the Liouville equation which preserves phase space volume precisely 
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because the underlying Hamiltonian dynamics are time-reversal symmetric 
[54]. 

• von Neumann relies on unitary evolution under time-symmetric Hamiltonians 
as expressed in the early symmetric formulation of quantum mechanics, not the 
newer QED and QCD versions which have been extended to include CPT elec-
tromagnetic symmetry [55] [56]. 

Time-reversal symmetry guarantees that equilibrium can be reached in a state 
of maximum entropy. It is postulated by Lars Onsager [47] [48] when he excludes 
time asymmetric phenomena (the magnetic field and rotation) from his reciprocals. 
It is required in the fluctuation theorem by Evans, Cohen and Morriss [57], Evans, 
and Searles [58] [59] and Crooks [60], in which fluctuations are assumed to be 
time symmetric. 

In contrast, we are familiar with large scale time-reversal asymmetry, i.e., the ir-
reversibility of the macro-world. It is due to “coarse graining”, i.e., the loss of infor-
mation which occurs when the description of a system shifts from microstates to 
macrostates.  

This paper focuses, not on the large-scale asymmetry of the macro-world, but 
on the assumption of time-reversal symmetry of the H-theorem and the theoreti-
cal limits this assumption imposes on the coverage of the second law. 

Notwithstanding the H-theorem, nature is not exclusively time-reversal sym-
metric. For example, the electromagnetic field is charge, parity time (CPT) sym-
metric as evidenced by the right-hand rule. See Appendix 3 (Clarification of time-
reversal asymmetry). 

As shown by Levy [61]-[66], time-reversal asymmetry as produced by the mag-
netic field can result in extraordinary thermodynamic effects: Combined with the 
electric field, it produces the E × B thermoelectric effect that converts heat to elec-
trical energy, isothermally, with no need for separate heat source and heat sink. See 
Appendix 4 (The E × B thermoelectric effect). 

In summary, there is no theoretical reason that forbids magnetostrictive convec-
tion. This phenomenon falls outside the coverage of the second law. 

6.2. Experimental Evidence and Limitations 

Countless experiments have been performed to test the second law. Many did in-
clude magnetic fields. However, to the best of my knowledge, no experiment has 
been conducted which combines magnetostrictive materials, the magnetic field and 
gravity, and with the specific purpose of inducing convection. Therefore, there is no 
experimental evidence against magnetostrictive convection.  

In addition, recent groundbreaking experiments raise interesting questions on 
the isothermal conversion of heat, further shaking the foundations of thermody-
namics: 

Lee [67]-[69] reports the existence of anaerobic microorganisms capable of uti-
lizing heat energy isothermally to produce ATP without the existence of a tempera-
ture gradient. His experiments with Methanosarcina, show that the isothermal con-
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version of heat to ATP by these organisms causes a drop in the temperature of the 
liquid culture by as much as 0.45˚C with a mean drop of 0.25˚C ± 0.06˚C. Lee calls 
the metabolic mechanisms used by these micro-organisms, type-B processes to dif-
ferentiate them from classical processes such as heat engines, which he calls type-
A processes. 

Sheehan et al. [70] [71] report an anisotropic diffusion through a chemically asym-
metric membrane, which causes a difference in concentration across the membrane. 
This concentration difference then drives a concentration cell that produces elec-
trical energy with a power density that might exceed 107 Watts/m3. 

Furthermore, Sheehan et al. also experiment [72] with epicatalytic asymmetric 
filaments of rhenium and tungsten in a molecular hydrogen. The asymmetric chem-
ical reactions at the surface of the two filaments produce a temperature difference 
of more than 120 K. 

Nikulov [73] and Gurtovoi et al. [74] observe a DC voltage on an asymmetric mi-
croscopic superconducting ring when the ring or its segments are switched between 
superconducting and normal state by non-equilibrium noises. This voltage indicates 
that one of the ring segments operates as a dc power source. 

Fu and Fu [75] describe an experiment in which a magnetic field directs ther-
mally emitted electrons from a first Ag-O-Cs plate to a second identical plate in a 
vacuum tube, thereby causing an isothermal potential difference and current between 
the plates. 

Kondo et al. [76] develop a new organic thermoelectric device, capable of func-
tioning at room temperature without a temperature gradient. The key finding in 
their research was compounds that work well as charge transfer interfaces, in other 
words, that can easily transfer electrons between each other. Their device produces 
an open-circuit voltage of 384 mV, a short-circuit current density of 1.1 μA/cm2, and 
maximum output Pmax of 94 nW/cm2. 

In summary, the law is not violated, it is bypassed. It remains valid within its do-
main of applicability (time-reversal symmetric processes), but does not include mag-
netostrictive systems. 

7. Proposed Experiment for Testing Magnetostrictive 
Convection 

In the experiment described below a magnetostrictive fluid is used to test whether 
magnetostrictive convection is possible. In principle, however, a solid Joule mag-
netostrictive material may also be used, see Appendix 5 (Isothermal engine using 
solid joule magnetostriction). 

The discussion includes the selection of materials and the fabrication and test 
of a device.  

7.1. Material Selection 

The working fluid comprises a solvent holding stereo-magnetostrictive molecules 
that change volume when exposed to a magnetic field. This rules out many mate-
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rials such as: 
• Ferromagnetic liquids which include magnetic particles in a solvent that re-

spond to a magnetic field by reorienting themselves, not by changing their shape 
or volume. 

• Suspensions in liquids of Joule magnetostrictive materials such as Gerfenol-D, 
Terfenol-D, nickel, iron-gallium (Galfenol), which change shape but not vol-
ume. 

This requirement qualifies Fe(II) and Fe(III) complexes in which spin cross-over 
produces a volume change.  

1) Particles should be as small as possible to overcome magnetic forces Fmagn caused 
by field non-uniformity. These forces are proportional to the magnetic moment 
µmagn of the particles, and the field gradient ∇B, i.e., Fmagn ∝ µmagnB. 

2) Surfactants should be added to avoid settling caused by gravity. 
3) Operation should be at room temperature (300 K) to avoid the need for exter-

nal heating or cooling and to exploit ambient heat. 
4) Performance can be optimized by operating at the edge of chaos or at the ther-

modynamic threshold, an optimization technique described in Section 8 and ap-
plied by Levy to optimize the E × B thermoelectric effect. In the context of the mag-
netostrictive engine, this means operating at the transition temperature of the mag-
netostrictive material. This is the point where the smallest magnetic field produces 
the largest magnetic strain index Km = (ΔV/V)/B and occurs near the inflection 
point of the distribution. See Note 2) and Section 8. 

5) The solvent should have a low viscosity. Acetone is an attractive solvent with 
low viscosity, but from an implementation point of view, water is better. 

Tables 2(a)-(c) list several stereo-magnetostrictive materials and their proper-
ties which best fit the requirements set forth above. The tables show that stereo-
magnetostrictive materials are relatively incompressible under gravitational pres-
sure but change their volume significantly in a magnetic field (as assumed in the 
thought experiment.) See Notes 5) and 6). 

In the experiment discussed in this paper, the term Kpp is negligible compared 
to KmB. Using the values in Table 2(a), we find that: 
• For B = 1 Tesla, KmB = 5 × 10−3, 
• For p = 2000 Pa (20 cm of water as described in the experiment) Kpp = 8 × 10−8.  

Accordingly, the change in volume ratio due to the magnetic field is six orders 
of magnitude larger than the one due to pressure. Therefore, the approximation 
made in the thought experiment, that the liquid is incompressible under gravity, 
is justified. 

To further maximize the effect of the magnetic field on volume, it is important 
to operate at or near the HS/LS transition temperature. Room temperature is ideal 
to fully use ambient heat “as is”, and avoid having to heat or cool the experiment. 
Selecting material for this transition temperature requirement is challenging as 
these materials behave differently—have different transition temperatures—when 
they are in solution (Notes 2) and 3)) and when they are exposed to a field. The 
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properties listed in Tables 2(a)-(c) are best estimates based on current literature 
but need to be verified experimentally for particular solvents and field intensities. 
Given this caveat, Fe(NH2trz)32 might be the best option among the above materials 
because: 

1) It has one of the highest sensitivities to magnetic fields. 
2) It is relatively stable in solution. 
3) Its synthesis is well-documented. 

 

Table 2. (a) Properties of Fe(NH2trz)32 or ( ) ( )2

2 33 2
Fe NH trz NO

+ −    (Iron coordinated to three amino-triazole ligands, with two 

nitrate counter-ions); (b) Properties of [Fe(bpz)2(phen)] (Iron coordinated to two bis(pyrazol-1-yl) and one phenanthroline lig-
ands); (c) Properties of [Fe(phen)2(NCS)2] (Iron coordinated to two phenanthroline ligands and two thiocyanate ligands). 

(a) 

Transition temperature (K) 295 - 305 Kröber et al., 1994 [7] 

Width of transition region (K) 10 - 15 Roubeau, 2012 [8] 

Km = (ΔV/V)/ΔB (T−1)  1 - 5 × 10−4 Rotaru et al., 2013 [9]; Grosjean et al., 2013 [13] 

Kp = (ΔV/V)/Δp (Pa−1) −4 × 10−11 Ksenofontov et al., 2004 [10] 

Saturation mag. field BSat (T) ~0.5 - 1.0 Bousseksou et al., 2011 [11]; Rotaru, 2013 [9] 

Hysteresis relaxation time (µsec) ~10 - 100 Gutlich et al., 2013 [29]; Nicolazzi, 2018 [38] 

Max volume ratio change ~6 - 8 × 10−2 Guionneau et al., 2004 [12] 

Hysteresis (Tesla wide) 0.3 - 0.4 Rotaru et al., 2013 [9]; N/A, see Note 2) 

Density (gm/cm3) 1.8 Grosjean et al., 2013 [13] 

(b) 

Transition temperature (K) 285 - 290 Real et al., 2003 [14] 

Width of transition region (K) 20 - 25 Galet et al., 2006 [15] 

Km = (ΔV/V)/ΔB (T−1) 0.8 - 3 × 10−4 Halcrow, 2011 [16]; Real et al., 2003 [14] 

Kp = (ΔV/V)/Δp (per 100 MPa) ~−3 × 10−11 Ksenofontov et al., 2004 [10] 

Saturation mag. field BSat (Tesla) ~0.3 - 0.8 
Bonhommeau et al., 2006 [17]; 
Bousseksou et al., 2005 [18] 

Hysteresis relaxation time (µsec) ~50 - 200 Halcrow, 2013 [19]; Gutlich et al., 2013 [29] 

Max vol change ratio ~4 - 5 × 10−2 Real et al., 2003 [14] 

Hysteresis (Tesla wide) <0.1 Bousseksou et al., 2005 [18]; N/A, see Note 2) 

Density (gm/cm3) 1.6 - 1.7 Halcrow, 2013 [19] 

(c) 

Transition temperature (K) 176 - 180 König, E., 1991 [20]; Boillot et al. 1999 [23] 

Width of transition region (K) 5 - 8 Bau, R., 1981 [21] 

Km = (ΔV/V)/ΔB (per Tesla) 0.5 - 2 × 10−4 Bousseksou et al., 2000 [22]; Gütlich et al., 2004 [27] 

Kp = (ΔV/V)/Δp (per 100 MPa) −3.5 × 10−11 Ksenofontov et al., 2004 [10]; Gütlich et al., 2004 [27] 

Saturation mag. field BSat (T) ~0.2 - 0.6 Bousseksou et al., 2011 [11] ; Gütlich, 2004 [27] 

Hysteresis relaxation time (µsec) 20 - 80 Sorai & Seki, 1974 [25]; Gütlich et al., 2004, [27] 

Max vol change ratio ~3 - 5 × 10−2 Guionneau et al., 2004 [12] 

Hysteresis (Tesla wide) ~0.2 - 0.3 Boillot et al., 2004 [23]; N/A, see Note 2) 

Density (gm/cm3) 1.4 - 1.5 Varret et al., 2002 [24] 
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7.2. Convection Engine Using Fluid Stereo-Magnetostriction 

Figure 3 is a physical implementation of the magnetostrictive engine shown in 
Figure 1.  
 

 
Figure 3. Experimental device. A fluid comprising stereo-magnetostrictive molecules can 
convect in a closed tube looping around a stack of Stelter magnets. Convection can easily be 
observed by using a transparent tube, adding glitter to the fluid, and tapering a portion of 
the tube to accelerate the flow. The figure shows a 20 cm stack of 8 layers, each layer com-
prised of eight 2.5 cm cubic magnets. A 16-layer stack of 1.25 cm magnets may also be used 
and be more practical.  
 

The magnetic field is produced by a stack of Stelter arrays, each array consisting 
of 8 N52 Neodymium magnets arranged in a square formation with an empty space 
in its center. Each Stelter array operates as a rough approximation of a circular 
Halbach array but is much simpler to implement because it only requires cubic mag-
nets, not arc magnets. The stacked arrays form a vertical cavity that holds a hor-
izontal and uniform magnetic field.  

The remanence of a N52 magnet is approximately 1.45 - 1.48 Teslas. Further-
more, the intensity of the magnetic field inside a Stelter array increases in propor-
tion to ln(OP/IP) where OP is the outer perimeter and IP is the inside perim-
eter of the array [77] [78]. Therefore, for an array comprised of cubic magnets 
ln(OP/IP) = ln(3) = 1.09, the magnetic field inside an array of N52 magnets is 
about 1.58 - 1.61 T. (Similarly, N42 magnets would produce a field of 1.42 - 1.44 
Tesla).  

The magnetostrictive engine also includes a flexible tube which contains the 
stereo-magnetostrictive fluid comprised of stereo-magnetostrictive particles sus-
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pended in a solvent. The tube loops through and around this vertical cavity in which 
the fluid is exposed to the magnetic field. Let n be the volume fraction of magne-
tostrictive particles, and 1 – n be the volume fraction of the solvent. Let the stereo-
magnetostrictive index of the fluid plus particles be symbolized by KmFluid, and that 
of the particles only by KmParticles. From Equation (1), the strain of the fluid can then 
be expressed as a fraction of the strain of the particles: 

 Fluid mFluid mParticles
Fluid Particles

V Vs K B n nK B
V V
∆ ∆   = = = =   

   
  (37) 

The level difference between the columns is given by Equation (26) as illustrated 
in Figure 2(b). Scaling it in accordance with Equation (37) to include the volume 
fraction yields: 

 mParticlesh nK Bh∆ =   (38)  

The dynamic range of the magnetic field should be within saturation, i.e., B < 
BSat. (see Note 4)) and Tables 2(a)-(c). The pressure head Δh corresponds to a 
pressure:  

 ( )conv mParticlesp g h gnK B hρ ρ= ∆ =   (39)  

The parentheses have been added to this equation to emphasize that pconv can 
be made arbitrarily large by increasing h. Any fixed back pressure caused by tran-
sition point effects can be overcome by increasing h.  

The volumetric flow rate of the fluid around the loop can now be calculated. As-
suming a fluid viscosity η, a pressure difference pconv, a tube of radius r, and length 
L, Poiseuille’s Law yields: 

 4

8
h

Flow
p

Q r
Lη

 
 
 

π
=   (40)  

Parentheses have been inserted to emphasize that for a given fluid viscosity η 
and head pressure pconv, the flow can be increased by increasing the radius r of the 
tube.  

The average flow velocity is obtained by dividing QFlow by the cross-sectional 
area πr2: 

 ( )2
2 8

Flow conv
Flow

Q p
v r

Lr η
=

π
=   (41)  

Substituting the pressure pconv from Equation (39) into Equation (41) gives the 
convective flow velocity as a function of the field and of the magnetostriction in-
dex: 

 2

8
mParticles

Flow
ghnK B

v r
L

ρ
η

 
=  
 

  (42)  

Note that since the length L of the loop is about equal to twice its height h, i.e., 
h/L ≈ 1/2 Equation (42) can be written as:  

 2

16
mParticles

Flow
gnK B

v r
ρ

η
 

=  
 

  (43)  
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which indicates that a taller loop raises the pressure head but also raises viscous 
length; they cancel. Therefore, velocity is not a function of h but of the radius r 
of the tube: even though increasing height does increase the convective drive due 
to the head pressure pconv, it also increases frictional losses along the tube. Overall, 
these two effects cancel each other out. Equation (43) also shows that one can over-
come viscous forces by increasing the radius of the tube.  

Combining Equations (39) and (40) and using h/L ≈ 1/2 gives the power output 
P = pconvQFlow: 

 
( )2

4

16
mParticles

conv Flow

gnK B
P p Q hr

ρ
η

 
 =
  

π
=   (44)  

and the power per unit area is: 

 
( )2

2
2 16

mParticlesgnK BP hr
r

ρ
η

 
 =
  π

  (45)  

As an example, let us consider an experimental device with the following param-
eters selected for the least expensive design, yet produce observable results: 
• Fluid: Fe(NH2trz)32 particles suspended in water-chosen because it has the high-

est Km (stereo-magnetostrictive volume ratio modulus), as shown in Tables 
2(a)-(c). 

• r = 0.005 m (assume a 1 cm ID cylindrical tubing). 
• h = 0.2 m. 
• L = 2h (total length L of the loop is equal to twice the height h of the loop). 
• n = 0.1 (keep the volume ratio of particles to solvent low enough to ensure low 

viscosity). 
• ρ = 1000 kg/m3 (assume an aqueous solvent). 
• KmParticles = 0.0003 Tesla−1 (From Table 2(a), strain by one Tesla for the stereo-

magnetostrictive fluid Fe(NH2trz)32). 
• η = 0.001 N∙s/m2 (viscosity of water at 20 C). 
• B = 0.8T (approximately the maximum field produced by a Stelter array of N52 

magnets) comparable to the saturation field BSat ≈ 0.5 - 1.0 Tesla (Table 2(a), 
[77]). 

Using the above quantities the following can be calculated: 
• A = 78.5 mm2. 
• Δh = 4.8 µ pressure head. 
• pconv = 0.048 N/m2. 
• QFlow = 29.4 × 10−9 m3/s. 
• vFlow = 0.375 mm/sec.  

• P = 1.41 × 10−6 mW. 
• P/A =1.8 × 10−6 mW/cm2. 
• PLoad = 0.705 × 10−6 mW (Maximum power available to matched load is 1/2P). 

The resulting convective flow velocity vFlow = 0.375mm/sec, is small but observ-
able. The tube can be tapered as shown in Figure 3 to reduce its inner diameter 
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locally from 1cm to 0.6cm. This would accelerate the flow by a factor of 2.8 making 
the flow an easily observable 1 mm/sec. Observing this flow can be facilitated by 
adding some glitter particles or fluorescent molecules to the solution or by means 
of a sensitive flowmeter.  

Increasing the dimensions of the device by a factor of 100 (i.e., h = 20 m, r = 0.5 
m) increases the flow velocity by 10,000 to 3.75 m/s and the power by a factor of 
1010 to 14.1 W.  

8. Operating at the Thermodynamic Threshold to Maximize 
Performance 

The power generated in the above experiment is minuscule. However, the goal of 
this paper is not to uncover any specific large source of power but to clearly expose 
a shortcoming of thermodynamics as currently understood: the second law is not 
universal but is limited to time-reversal symmetric phenomena. This section dis-
cusses a methodology for maximizing power output. 

Phenomena capable of isothermal thermal conversion do not occur in isolation. 
Two kinds of processes occur concurrently: 

1) Time-reversal asymmetric processes that fall outside the coverage of the sec-
ond law.  

2) Time symmetric processes (the ones mentioned in the H-theorem) which oc-
cur in the background.  

In carelessly designed experiments, symmetric processes always dominate and 
mask out the much weaker asymmetric ones. These experiments fail, not because 
of the second law, but because their anomalous behavior is too small to be meas-
ured. To avoid this outcome, one must amplify the expression of their asymmetry. 
This can be done by running the experiment at the thermodynamic threshold, a 
method that has successfully been applied to the E × B thermoelectric effect (see 
Appendix 4) and which leverages on the basic assumption of the H-theorem, that 
all phenomena are time-reversal symmetric at the microscopic scale [50] [56]. This 
approach requires quantifying the concepts of “time asymmetry” and “microscopic 
scale” and involves four steps: 

1) Defining a model of the phenomenon. 
2) Identifying a characteristic measure of the background symmetrical thermal 

processes operating at the microscopic scale, in given units. 
3) Identifying a characteristic measure of the time-reversal asymmetry expressed 

in the same units. 
4) Equating these two measures to produce an optimal design that operates at 

the thermodynamic threshold.  

8.1. Model of Magnetic Convection 

The magnetostrictive effect is due to a step in the spin energy ΔES that changes the 
volume ΔV. For a given pressure p, the magnetostrictive energy equation is: 

 M SE E p V= ∆ + ∆   (46) 
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The change in the volume ratio ΔV/V due to ΔB is equal to KmΔB where Km is 
the magnetostrictive modulus for the bulk volume ratio. Similarly, the change in 
ΔV/V due to Δp is KpΔp where Kp is the pressure modulus for the bulk volume 
ratio. Hence, the total change in volume ratio due to changes in magnetic field and 
pressure is: 

 Change in volume ratio p m
V K p K B

V
∆

= = ∆ − ∆   (47) 

A molecule of mass m of a material of density ρ has a volume V = m/ρ. Therefore, 
combining Equations (46) and (47) yields for a molecule: 

 ( )M S p m
mE E P K p K B
ρ

= ∆ + ∆ − ∆   (48) 

In the presence of degeneracy gHS and gLS in spin states, the Fermi-Dirac distribu-
tion can be expressed with gHS and gLS outside the exponent as [44]: 

 
( )exp

HS
HS

HS LS B

g
n

g g E k Tµ
=

+ −  
  (49) 

or as an energy term inside the exponent: 

 
( )

1
ln

1 exp
HS

B HS LS

B

n
E k T g g

k T
µ

=
 − −

+  
 

  (50) 

Correcting Equation (48) to express the degeneracy as an energy yields 

 ( ) ( )lnM S p m B LS HS
mE E P K p K B k T g g
ρ

= ∆ + ∆ − ∆ +   (51) 

and the corresponding Fermi-Dirac occupancy distribution of the HS states be-
comes: 

 
1

1 exp
HS

M

B

n
E E

k T

=
 −

+  
 

  (52) 

8.2. Identifying the Measure of the Background Symmetrical 
Thermal Processes 

The thermal energy kBT represents the symmetry measure. 
 Measure of symmetry Bk T=   (53) 

8.3. Identifying the Measure of the Time-Reversal Asymmetry 

In the magnetostrictive convection engine, the change in energy EM described by 
Equation (51) between HS and LS states represents the asymmetry measure and is 
due to the magnetic field that causes a shift in the distribution of the states. 

8.4. Equating Measures for the Thermodynamic Threshold 

The magnetic field can skew the spin occupancy distribution with respect to the 
origin, as shown in Figure 4.  
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Figure 4. Distribution functions for left and right sides. The magnetic field on the right of 
the device causes a shift to the left of the distribution, equal to kBT, and the absence of field 
on the left, a symmetrical shift to the right.  
 

Decreasing the field shifts the distribution left. Increasing the field shifts it to 
the right. On the left side of the convection device B = 0. Therefore, from Equation 
(51) EM_Left is: 

 ( ) ( )_ lnM Left S p B LS HS
mE E p K p k T g g
ρ

= ∆ + ∆ +   (54) 

and on the right side of the device, where B is non-zero, EM_Right is: 

 ( ) ( )_ lnM Right S p m B LS HS
mE E p K p K B k T g g
ρ

= ∆ + ∆ − +   (55) 

Combining Equations (54) and (55) yields: 

 _ _M Left M Right m
mE E p K B
ρ

− =   (56) 

Defining the mean energy as: 

 _ _
_ 2

M Left M Right
M Mean

E E
E

+
=   (57) 

the measure of asymmetry can be taken as the distance between EM_Left and EM_Right 
and their mean:  

  
_

_ _
_

_

_

Measure of asymmetry

2

M Mean

M Left M Right
M Righ

M Left

M M tean

EE

E
E E

E
−

= − =

= −
  (58) 

which in combination with Equation (56) yields 

 Measure of asymmetry
2 m
mp K B
ρ

=   (59) 

In accordance with the thermodynamic threshold optimization method, equat-
ing the measure of asymmetry in Equation (59) with the measure of symmetry in 
Equation (53) yields: 
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 _ _
_ 2

M Left M Right
M Left B

E E
E k T

−
− =   (60) 

Now, combining Equations (56) and (60) yields the optimum magnetic field as 
a function of temperature and pressure: 

 2 B

m

k TB
K m p

ρ 
=  
 

  (61) 

As shown in Figure 4, the Fermi-Dirac occupancy distribution of the high spin 
states nHS of Equation (52) is plotted for EM_Left and EM_Right as a function of the scaled 
value (E − EM_Mean)/kBT.  

Equation (61) provides optimal design parameters. Selecting a lower field value 
than the one in this equation would allow the LS states to dominate around the loop 
and no convection would occur. 

A higher value of B would allow the HS states to dominate in the magnetized 
portion of the loop and convection would take place, but not in the most efficient 
manner. For example, increasing the density of the fluid, increasing the temperature, 
or decreasing the pressure would result in a higher output. 

Even though Equation (61) provides design guidelines, it should be used only 
in the context of a constrained optimization approach that takes into account the 
range of applicability of the model, the availability of materials with desired prop-
erties and the limitations in intensity of the magnetic field and gravity. Because of 
these real-life constraints, the power transmitted to a load by the device in this ex-
periment is only 0.705 × 10−6 mW.  

In contrast, other techniques are not so limited. For example, in the E × B ther-
moelectric effect described by Levy [61]-[66], gravity is replaced by the much stronger 
electric field, and spin cross over molecules, by highly mobile electrical carriers. 
This effect can produce up to 136 mW/mm2 or 400 times more energy than the 
Shockley-Queisser solar cell limit [79] [80].  

9. Suggested Extension of Second Law and Entropy to 
Include Symmetry-Breaking Phenomena 

Symmetry implies redundancy of information: fewer bits are needed to describe a 
system. Conversely, symmetry-breaking eliminates this redundancy and requires 
more bits. In a conventional thermodynamics reversible process, forward and re-
verse behaviors are identical because the process is assumed to be time-reversal 
symmetric as assumed in the H-theorem. Therefore, the entropy of a system suf-
ficient to determine its forward behavior is also sufficient for reverse behavior and 
for making the system reversible. 

However, certain physical phenomena break the time-reversal symmetry, thereby 
producing additional states such as spin and field orientations. These new states 
preclude equilibrium by enforcing a forward or reverse direction of a process as 
demonstrated by the E × B drift and magnetic convection. Accordingly, a com-
plete formulation of entropy that accounts for all states should have two compo-

https://doi.org/10.4236/jamp.2025.1310193


G. S. Levy 
 

 

DOI: 10.4236/jamp.2025.1310193 3378 Journal of Applied Mathematics and Physics 
 

nents:  
1) A classical entropy component SA which encodes the information associated 

with time-reversal symmetric “A” processes. Being additive, it can represent mul-
tiple processes with a sum SA = ΣSAi. As required by H-theorem, SA cannot de-
crease: 

 
d 0
d

AS
t
≥   (62) 

2) An anomalous entropy components SB which encodes the information of 
anomalous “B” processes that breaks time-reversal symmetry. It is also additive 
such that SB = ΣSBi. SB is not bound by the limitation of the H-theorem.  

The net entropy S of a system would then be the sum:  

 A BS S S= +   (63) 

10. Conclusions 

A proof is presented as a thought experiment showing that a magnetic field can 
induce the convection of a magnetostrictive fluid in the absence of any tempera-
ture gradient. The energy driving this convection is drawn from the heat within 
the material. Forces that may retard convection can be either dissipative or con-
servative. Dissipative forces are flow-velocity dependent. They can slow down con-
vection but cannot stop it. They can also be lessened by increasing the dimension 
of the system. Conservative forces do create a barrier to fluid flow, but this barrier 
has no net effect. The fluid acquires as much energy descending it as it loses climb-
ing it.  

This result justifies Onsager’s warning that the magnetic field and rotation con-
flict with, and should be excluded from, his reciprocals. This conflict arises from 
the difference in the symmetries between conventional thermodynamics and mag-
netic phenomena. At the microscale, thermodynamics operates under the postu-
late of time-reversal symmetry: all processes behave identically when observed 
backward in time. This assumption, made in all H-theorems by Boltzmann [50]-
[52], Tolman [53], Gibbs [54], and von Neumann [55] [56], is a necessary condi-
tion for reversible processes such as the Carnot cycle [49]. It ensures that systems 
adhere to equilibrium dynamics and preserve the fundamental laws governing en-
tropy and energy. 

However, the magnetic field is not time-reversal symmetric. It complies with 
Charge-Parity-Time (CPT) symmetry, a framework distinct from the time-reversal 
symmetry required by classical thermodynamics. 

Falling outside the box defined by the H-theorem is not sufficient for a mag-
netic phenomenon to produce an observable anomalous thermoelectric effect. With-
out proper precautions, the large symmetric processes occurring in the background 
dominate the much smaller asymmetric ones, making them unobservable. Ther-
modynamic threshold optimization provides design guidelines that resolve this is-
sue. This method involves defining a measure of asymmetry and a measure of sym-

https://doi.org/10.4236/jamp.2025.1310193


G. S. Levy 
 

 

DOI: 10.4236/jamp.2025.1310193 3379 Journal of Applied Mathematics and Physics 
 

metry. Optimal performance is achieved when a system is designed to operate such 
that both measures are equal. 

In the context of magnetostrictive convection, this criterion implies that the de-
vice should operate near the transition temperature of the material, where the elec-
tronic configuration switches most spontaneously between LS and HS.  

The breaking of time-reversal symmetry by the magnetic field generates thermo-
dynamic information not accounted for by conventional entropy. It is therefore sug-
gested to add an anomalous component SB to the classical term SA to properly ac-
count for this additional information. 

An experiment proposed for testing this theory is expected to produce an easily 
observable convection. Its flow speed increases markedly with the dimensions of 
the device. With a height of 0.2 m and a tube radius of 0.005 m, the speed is 0.375 
mm/s, whereas with a height of 20 m and a radius of 0.5 m, it reaches 3.75 m/s. 
While the smaller experiment is economically feasible and the larger is not, because 
of magnet size and cost, the speed of convection is not at issue. The purpose of this 
experiment, whether performed in thought or in the lab, is to unambiguously show 
that the second law is not universal. It has limits and can be bypassed.  

The magnetostrictive effect discussed in this paper induces convection by com-
bining a magnetic field with gravity. In contrast, another related phenomenon, the 
E × B thermoelectric effect [61]-[66], replaces gravity with the much stronger elec-
tric field, and the spin cross over molecules with high mobility electrical carriers 
in a semiconductor. Levy [66] shows that a fully optimized E × B effect device, fab-
ricated in a high mobility semiconductor, can produce 136 mW/mm2 or 400 times 
more energy than the Shockley-Queisser solar cell limit [79] [80]. Given the high 
power of the E × B effect, why be concerned at all with magnetostrictive convec-
tion? Its appeal does not lie in its power output, but in its ability to convey clearly 
and simply the limitations of the second law as currently understood, and the ben-
efits of using magnetic fields for thermoelectric conversion of heat to energy at am-
bient temperature. 
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Notes 

1) If a static and permanent force opposing Fconv did exist, switching the load to 
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a fully conductive state would produce a backward convective flow in violation 
either of 1) the first law or 2) the second law, without the justification embodied 
by magnetostrictive effect as proposed in this paper. 

2) Sometimes, the spin cross-over process is cooperative, meaning the transition 
occurs abruptly over a narrow temperature range. This cooperativity may be desir-
able if operation is desired over a narrow temperature range.  

a) Cross-over compounds in solution have properties significantly different than 
in solid state. For example, [Fe(phen)2(NCS)2] in solution exhibits the following 
changes: transition temperature increases from ~176 - 180 K (solid) to ~280 - 290 K 
in solution, with the exact value depending on solvent choice and concentration [23]. 

b) Transition Width: Broadens from 5 - 8 K to 25 - 35 K due to reduced coop-
erative effects between molecules [21]. 

c) Maximum Volume Change: While the molecular-level volume change remains 
similar (3% - 5%), the observed bulk effect is diluted by the solvent, resulting in 
much smaller effective density changes (typically 0.5% - 1% of solid-state effect at 
0.1M concentration) [12]. 

d) Field Sensitivity: Km = (ΔV/V)/ΔB is slightly reduced in solution but remains 
measurable with sensitive equipment. 

3) The solution form offers superior reversibility, tunability and low hysteresis 
through solvent selection, but at the cost of a significantly reduced magnitude of 
observable effects. 

4) Limitations due to spin state saturation and permanent magnets. Increasing 
the magnetic field can speed up convection but up to a point. Two kinds of lim-
itations arise: 

a) Spin state saturation. A large field may cause the cross-over spin state to satu-
rate, causing the relationship ΔV/V = KmB to become non-linear and the magneto-
strictive volume ratio modulus Km to decrease. The solution to this problem is not to 
increase the field beyond saturation. Doing so would be wasteful and ineffectual. 

b) Availability of strong permanent magnets. Magnetic convection is much more 
appealing with static fields. However, permanent magnets are limited to a few 
Teslas.  

5) Km is a local, temperature-dependent slope (∂lnV/∂B)T evaluated near T1/2. 
Reported values assume operation within the thermal transition region; away from 
T1/2 Km→0. 

6) For SCO solids, magnetic fields of a few tesla primarily shift T1/2 (e.g., −0.11 
K at 5 T for Fe(phen)2(NCS)2), rather than drive full conversion at fixed T. Values 
of T1/2, ΔT and density depend strongly on counter-anion and hydration.  
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Appendix 1. List of Symbols 

µmagn Magnetic moment 
A Area 

B Magnetic field 
D Diffusion constant 

E Energy 

f Fermi-Dirac distribution 

FB Force produced by the magnetic field 

Fconv Convective force 

Fload Backward force due to load 
Fmagn Force produced by the magnetic potential 

Fvisc Backward force due to viscous processes 

Fvisc_hyst Backward force due to hysteretic viscous drag 

Fvisc_Newton Backward force due to Newtonian viscous processes 

g Gravity’s acceleration 

h Height of fluid column 
kB Boltzmann’s constant 

Km Stereo-magnetostrictive volume ratio modulus 

Kp Pressure volume ratio modulus 

L Length of convection loop 

m Mass of a small fluid volume undergoing convection 

n Volume fraction of magnetostrictive particles 
p Pressure 

pconv Convective head pressure 

Pload Power transmitted to the load 

pvisc Backward pressure due to viscous processes 
pvisc_Newton Backward pressure due to Newtonian viscous processes 

Q Heat 
QFlow Fluid flow 

r Radius of convection tube 

rmolecule Radius of molecule 

s Magnetostrictive strain 

SA Conventional entropy 

SB Anomalous entropy 
T Temperature 

t Time 

V Volume 

vBrownian Brownian drift velocity 
vdrift Drift velocity due to field gradient 

vFlow Convective speed of fluid 
W Work energy 

Δh Pressure head caused by a difference in density 

η Viscosity 

ρ Density 

τshear Shear stress 

τyield Yield stress 
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Appendix 2. Separation of SCO Molecules by the Magnetic 
Field 

This analysis addresses the question of whether the magnetic field used in this 
thought experiment results in the separation of the spin cross-over (SCO) mole-
cules from the solution. The answer is “no” for the following reason. 

The SCO molecules (e.g., Fe(II) or Fe(III) complexes) exist in two states: low spin 
(LS) and high spin (HS). They differ on how many unpaired electrons they have. 
LS have fewer unpaired electrons and a lower magnetic moment. HS which are in-
duced by a magnetic field have more unpaired electrons and a higher magnetic mo-
ment. The force produced by a magnetic field B on an HS molecule with magnetic 
moment µmagn

 in an inhomogeneous field B is: 

 ( )magn magn= ∇ ⋅F Bµ   (64) 

This magnetic force causes the molecules to drift with velocity v and to experi-
ence a drag force Fdrag = −Fmagn. This force depends on the dynamic viscosity η of 
the fluid, and on the radius rmolecule of the molecules in accordance with Stoke’s law: 

 6drag molecule drift magnrη= − =π −F v F   (65) 

Therefore, the drift velocity of a molecule in a magnetic field is: 

 
( )

6
magn

drift
moleculerη

∇ ⋅

π
=

B
v

µ
  (66) 

Assuming the following: 
• SCO molecules with a magnetic moment of µ = 4 Bohr magnetons = 4 × 9.27 × 

10−24 = 3.71 × 10−23J/T (reasonable assumption for a spin cross-over molecule).  
• A field gradient of ∇B = 10 T/m. 
• The viscosity of water η = 1 × 10−3 Pa∙s. 
• A hydrodynamic radius of molecule r = 1 × 10−9 m. 

Then, the magnetic drift velocity is: 

 1219.7 10 m sdrift
−= ×v   (67) 

This drift velocity needs to be compared with the displacement caused by Brown-
ian motion. At a temperature of 300 K, the diffusive coefficient for a particle of ra-
dius rmolecule is: 

 
6

B

molecule

k TD
rηπ

=   (68) 

and the characteristic random displacement over a time t due to diffusion is: 

 1 22 22
6

B

molecule

k Tx Dt t
rηπ

= =   (69) 

Assuming T = 300 K, the displacement over one second is 

 
1 22 620.96 10 mx −= ×   (70) 

In summary, random thermal motion displaces the molecule ~20 microns in 1 
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second, while the magnetic drift moves it only 20 picometers—a million times 
smaller. Therefore, separation of the molecules from the solution by the magnetic 
field is not a concern. 

Appendix 3. Clarification of Time-Reversal Asymmetry 

A common source of confusion in discussing magnetic-field effects and time-rever-
sal symmetry is the failure to distinguish between the frame of the experimenter 
and the frame of the experiment. The naïve approach is to argue that an experiment 
involving charged particles or magnetic material in a magnetic field is time-rever-
sal symmetric because the field flips direction and, therefore, the behavior of the 
particles or material is invariant with time-reversal. 

In actuality, one should distinguish three participators in such an experi-
ment: 

1) The experimenter with his own frame of reference. He is equipped with meas-
uring instruments such as a magnetometer and a clock which are unaffected by time 
reversal. 

2) The experiment itself with its own frame of reference in which time is re-
versed. 

3) The magnetic field and the mechanism that produces it, for example moving 
charges. 

In which frame should the magnetic field and its source be located? The answer 
is that it does not matter. 

1) If the magnetic field is placed in the experimenter’s frame, the field remains 
invariant, and the experiment is observed to be time-reversal asymmetric. 

2) If the field is placed in the frame of the experiment, it flips direction, resulting 
in the whole experiment being observed as time-reversal asymmetric. 

In either configuration, the presence of the field itself, not in which frame it is 
placed, breaks the time-reversal symmetry assumed in H-theorem derivations. This 
outcome is a consequence of the CPT symmetry of the electromagnetic field evi-
denced by the right-hand rule. In summary, the T-odd asymmetry of the magnetic 
field is invariant under a time-reversal frame transformation and is not covered by 
the H-theorem. This is the reason Onsager excluded it from his reciprocals. 

Table 1 and Table 2 summarize a series of time-reversal thought experiments 
involving a test particle and a field-causing “particle”. For simplicity, we assume that 
the charge on the field-causing particle is much larger than the charge on the test 
particle (i.e., the field-causing particle may consist of a body such as a wire com-
prised of multiple elementary charged particles). 

The tests highlight the CPT properties of these particles using the right-hand 
rule. The experiments in Table A1 involve expressing CT conjugation and keep-
ing P constant. Those in Table A2 involve expressing PT conjugation and keep-
ing C constant. In every instance, the time reversed magnetic field produces a 
T-odd behavior of the test particle, thereby breaking their time reversal sym-
metry.  
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Table of symbols: 
 
⨁ Positive charge 
⊖ Negative charge 
⨀ Field “out of paper” 
⨂ Field “into paper” 
↻ Clockwise 
↺ Counterclockwise 
Red Invariant quantity 
Blue variable quantity 

 
Table A1. Breaking of time-reversal symmetry by CPT symmetry of magnetic field. 

Set up experiments with CT conjugates, P invariant 

 
Frame of  
observer 

Frame of  
experiment 

Experiment 1:  
- Field-causing particle in observer’s frame producing ⨀ field. 
- Test particle in observer’s frame subjected to ⨀ field. 
- This is the baseline experiment without time reversal. 

Field-causing 
particle 

Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

 

Test particle 
Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

 

Experiment 2:  
- Field-causing particle in observer’s frame producing field ⨀ 
- Test particle in −T (time reversal) experiment flips C to ⊖ 

leaves P at ⨀. Left hand rule applies to ⊖ particle subjected to 
⨀ field. 

- Result: test particle breaks time reversal symmetry. 

Field-causing 
particle 

Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

  

Test particle  
Charge ⊖ 
Parity  ⨀ 
Time   ⟳ 

Experiment 3:  
- Field-causing particle in −T (time reversal) experiment flips C 

to ⊖, leaves P at ⨀. 
- Test particle in observer frame. Right hand rule applies to 

particle subjected to ⨀ field. 
- Result: Field-causing particle breaks time reversal symmetry. 

Field-causing 
particle 

 
Charge ⊖ 
Parity  ⨀ 
Time   ⟳ 

Test particle 
Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

 

Experiment 4:  
- Field-causing particle in −T (time reversal) experiment flips C 

to ⊖ leaves P at ⨀. 
- Test particle in −T (time reversal) experiment flips C to ⊖, 

leaves P at ⨀. Left hand rule applies to ⊖ particle subjected to 
⨀ field. 

- Result: both particles break time reversal symmetry. 

Field-causing 
particle 

 
Charge ⊖ 
Parity  ⨀ 
Time   ⟳ 

Test particle  
Charge ⊖ 
Parity  ⨀ 
Time   ⟳ 
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Table A2. Breaking of time-reversal symmetry by CPT symmetry of magnetic field. 

Set up experiments with PT conjugates, C invariant 

 
Frame of  
observer 

Frame of  
experiment 

Experiment 1:  
- Field-causing particle in observer’s frame producing field ⨀. 
- Test particle in observer’s frame subjected to ⨀ field. 
- This is the baseline experiment without time reversal. 

Field-causing 
particle 

Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

 

Test particle 
Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

 

Experiment 2:  
- Field-causing particle in observer’s frame producing field ⨀ 
- Test particle in −T (time reversal) experiment flips P to ⨂ leaves C 

at ⨁. Left hand rule applies to ⨂ particle subjected to field ⨀ 
- Result: test particle breaks time reversal symmetry. 

Field-causing 
particle 

Charge ⨁  
Parity  ⨀ 
Time   ⟲ 

 

Test particle  
Charge ⨁  
Parity  ⨂ 
Time   ⟳ 

Experiment 3:  
- Field-causing particle in −T (time reversal) experiment flips P to ⨂ 

leaves C at ⨁. 
- Test particle in observer’s frame. Left hand rule applies to particle 

subjected to ⨂ field. 
- Result: both particles break time reversal symmetry. 

Field-causing 
particle 

 
Charge ⨁  
Parity  ⨂ 
Time   ⟳ 

Test particle 
Charge ⨁  
Parity  ⨀ 
Time   ⟳  

 

Experiment 4:  
- Field-causing particle in −T (time reversal) experiment flips P to ⨂, 

leaves C at ⨁. 
- Test particle in −T (time reversal) experiment flips P to ⨂, leaves C 

at ⨁. Left hand rule applies to ⨂ particle subjected to ⨂ field. 
(Parity reversal is applied once because it affects both particles 
simultaneously. End result is consistent ⟳ for both particles). 

- Results: both particles break time reversal symmetry. 

Field-causing 
particle 

 
Charge ⨁  
Parity  ⨂ 
Time   ⟳ 

Test particle  
Charge ⨁ 
Parity  ⨂ 
Time   ⟳ 

Appendix 4. The E × B Thermoelectric Effect 

Possibly, the simplest example of CPT symmetry is the E × B drift. In the presence 
of an electric field E and a magnetic field B perpendicular to each other, charged 
particles follow cycloids moving perpendicular to both fields in the E × B direction, 
drifting with velocity: 

 2Drift
E Bv

B
×

=   (71) 

Reversing time produces an antisymmetric motion along −E × B, clearly dis-
tinguishable from its motion in forward time. The total kinetic and potential en-
ergy of a particle remains constant but its position changes along the drift axis. This 
drift results in shrinking in the uncertainty of the volume occupied by the particle. 
This “free compression” corresponds to an increase in information and a decrease 
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in entropy which is not accounted for by conventional thermodynamics formula-
tions such as the H-theorem because it is time-reversal asymmetric. The return path 
is devoid of magnetic field to ensure cyclic operation. The E × B drift is the basis 
for the E × B thermoelectric effect [62]-[66].  

Appendix 5. Isothermal Engine Using Solid Joule 
Magnetostriction 

As shown in this paper, an engine using a stereo-magnetostrictive fluid is relatively 
easy to implement. However, other kinds of magnetostrictive engines are possible 
using solid Joule magnetostrictive materials that change shape but not volume. For 
example, such an engine could be in the form of a wheel mounted with bearings 
on a horizontal axle and with spokes comprised of Joule magnetostrictive solid ma-
terial. In the absence of any magnetic field, the wheel would be in equilibrium, its 
center of gravity exactly at the center of the axle, and it would not turn. However, 
if one of its sides were exposed to a field, the spokes would elongate on that side, 
causing a shift in the center of gravity away from the axle, and causing the wheel to 
turn. One should note that the magnetic force acting on the wheel is perpendicular 
to gravity and causes rotation indirectly not by horizontally pulling on the spokes 
but through the magnetostrictive change in the length of the spokes and the vertical 
pull of gravity. From a practical point of view, such a solid magnetostrictive engine 
would probably be more difficult to implement than the fluid engine described in 
this paper. Being ferromagnetic, the Joule magnetostrictive materials would be 
strongly attracted by the field along the horizontal direction. The resulting torque 
would then complicate the design of the bearings. It would require them to be strong 
enough to withstand the horizontal torque yet have extremely low friction to allow 
the wheel to turn under the vertical influence of gravity.  
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