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Abstract

A Faraday isolator is shown to develop a temperature difference between its
input and output, but still complies with the second law when all the heat car-
riers, in this case, photons are homogeneous and indistinguishable. This result
is a consequence of the H-theorem which assumes homogeneity and indis-
tinguishability of particles. However, when a thermal feedback path is added,
in which heat carriers have physical properties different from the photons in
the isolator, then a heterogeneous system is formed not covered by the
H-theorem, and the second law is violated.
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1. Introduction

Reciprocity in absorption and emission is a requirement of detailed balance and

expressed by Kirchhoff law of radiation for any wavelength and for any direction.

a(w,@,q))ze(a),e,(p) (1)

In other words, the absorptivity & is equal to the emissivity ¢ for any val-
ue of frequency @ and polar coordinate angles # and ¢ . This law is con-
ventionally accepted, yet non-reciprocity of transmission and reflection has been
the puzzlement [1] to scientists as it appears to violate the principle of detailed
balance and the second law. Non-reciprocal devices are used in a multitude of
applications, for example Faraday isolators and optical and microwave circula-
tors. This paper discusses how such non-reciprocity leads to the breakdown of
detailed balance and the second law.

The Faraday isolator is a non-reciprocal optical device, ie, a light diode. It
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comprises an input linear polarizer, a polarization rotator and an output linear
polarizer at 45° from the input polarizer. Light entering the isolator through the
input is linearly polarized, then rotated by a 45° angle and exits unimpeded
through the output polarizer. Light entering through the output is polarized, and
then rotated another 45° thereby, encountering the first polarizer at a 90° angle
and being stopped. The unidirectionality of the device seems to indicate that ob-
jects downstream of the light flow should get warmer and those upstream should
get colder.

Wien [2] attempts to prove that Faraday isolators cannot violate the second
law. He describes a thought experiment involving two black bodies A and B se-
parated by a Faraday isolator comprised of polarizers X and Y and a Faraday ro-
tator R. The polarizers are nicol prisms which, he assumes, transmit half of the
light and reflect the other half. Wien’s analysis assumes that the black bodies are
initially at the same temperature. The analysis is illustrated in Figure 1 in which
the width of the channels corresponds to the magnitude of heat flow.

Half of the light coming from A is reflected back to A by the nicol X. The oth-
er half undergoes a 45° rotation, traverses nicol Y and reaches black body B.

Half of the light coming from B is reflected back to B by nicol Y. The second
half is rotated by 45" and as it reaches nicol X, is totally reflected toward B. Wien
then carelessly assumes that this polarized light crosses nicol Y and reaches B.
He concludes that B receives three times more energy than A.

Wien’s careless assumption is erroneous. This error is corrected by Rayleigh
as described further below. In any case, it is instructive to continue with Wien’s
reasoning, and then discuss Rayleigh’s correction.

To avoid a conflict with the second law, Wien proposes two solutions (original
quote in French) [2]:

“On peut résoudre de deux fagons diftérentes cette contradiction avec le
second principe de la Thermodynamique.

Ou bien le magnétisme de la substance douée du pouvoir rotatoire est détruit
par la radiation qui la traverse, c’est 4 dire que si la rotation est produite par des

aimants permanents ces aimants sont affaiblis.

Polarizer X Rotator R Polarizer Y
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Polarizer X Rotator R Polarizer Y

Figure 1. Wien’s thought experiment using nicol prisms which transmit half of the light
and reflect the other half. According to Wien, black body B receives three times more
light than black body A. The figure shows the black bodies in an initial non-equilibrium
state.
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Ou tous les corps transparents doués du pouvoir rotatoire absorbent Ia Iu-
miére en faisant tourner son plan de polarization.”

Translated to English, Wien proposes that, either light that goes through the
rotator attenuates the magnetic field, or that the rotator absorbs light as a func-
tion of the rotation imparted to light.

Neither of his proposed solutions is acceptable. His first argument requires
light to weaken the magnetic field, thereby impacting the bi-directional opera-
tion of the rotator. The complete elimination of the rotator’s operation is ob-
viously not possible because, then, Faraday isolators would not work. The partial
reduction of the rotator’s operation can easily be countered by increasing the
length of the rotator to restore its function.

His second argument requires light to be asymmetrically absorbed by the ro-
tator as a function of the orientations of the non-local polarizers. In other words,
light from one of the polarizers would have to be preferentially absorbed com-
pared to light from the other polarizer. There is no known physical mechanism
by which this effect can be achieved.

Rayleigh [3] properly completes Wien’s thought experiment, thereby correct-
ing Wien’s omission. As shown in Figure 2 Rayleigh finds that, after the reflec-
tion from X, light acquires another 45° rotation as it traverses the rotator a third
time and instead of crossing nicol Y and reaching B, light is reflected by nicol Y
towards A.

At that point, the light has the correct polarization to cross nicol X and reach
A. Surprisingly, Raleigh shows that the isolator is not unidirectional and he con-
cludes that the two black bodies receive the same amount of light and the second
law is not violated.

Rayleigh’s argument leaves one to wonder how an isolator can function prop-
erly if internal reflections cancel its unidirectional operation even under normal
operation as a light diode. Both Wien and Rayleigh’s arguments are faulty as
they rely on a non-working isolator design. In actual nicol-based isolators, light
is not reflected backward by the nicols but deflected and absorbed by surround-
ing materials and collimators.

Mungan [1] asserts without a detailed proof that no violation of the second

law occurs because heat from the hot object is absorbed by the isolator and
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Figure 2. Rayleigh’s thought experiment. Black bodies A and B receives the same amount
of light. However, the design is faulty as the isolator is not unidirectional.
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eventually re-radiated to the cold object, thereby reestablishing detailed balance.

2. Analysis of the Faraday Isolator

The analysis below provides a quantitative analysis of Mungan’s argument and
finds that Mungan is half right. Light is reradiated backward, but in insufficient
amount to prevent a violation of detailed balance. The following thought expe-
riment considers two black bodies A and B separated by a Faraday isolator. The
isolator utilizes absorbing polarizers, thereby avoiding the reflection issue raised
by the nicols employed by Wien and Rayleigh. The following analysis uses a
large number of simple linear equations and is clarified by the drawings.

Before beginning the formal analysis, a baseline shall be established by ana-
lyzing a simpler device, that is one in which the polarization rotator within the
Faraday isolator is replaced by a black body. Consider the system in Figure 3,
comprised of black bodies A and B separated by a polarizer X, a blackbody Z,
and a polarizer Y.

In this arrangement, Z replaces the polarization rotator. The dimensions of
the transmission channels are intended to represent how much radiation flows
through these channels.

Polarizers X and Y are ideal. They transmit half the light and absorb the re-
maining half. In the figure, emissivity is denoted by ¢, absorptivity by & and
transmissivity by 7. The system is in thermal equilibrium, therefore, ¢, =a,,
Eg =g Expa T Oxg> Exz SQxz> &g = Q> Eyz = Qyz> Exp = xg> Ezx =0k
and &,, =a,y, . Therefore, the black bodies A and B are at the same temperature
T, =Ty as per Stefan-Boltzmann law.

Let us now disturb the equilibrium state by suddenly replacing the black body
Z with an ideal polarization rotator R as shown in Figure 4. We shall assume in-
itially, as Wien and Rayleigh did, that the rotator is a perfect transmitter, and
that it only rotates the plane of polarization without otherwise absorbing or
emitting any light. Further down in this paper, we shall show that relaxing this
assumption reduces the performance of the device but does not qualitatively
change the conclusion of the experiment that detailed balance is violated.

In the instant immediately after the substitution, that is before the objects

Polarizer X Polarizer Y

Polarizer X Black body Z Polarizer Y

Figure 3. Replacing the polarization rotator Z of a Faraday isolator by a black body
creates a perfectly symmetrical system in which two black bodies A and B reach isother-
mal equilibrium in compliance with detailed balance.
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Polarizer X Rotator

Black Black
body body
A B

Polarizer X Rotator Polarizer Y

Figure 4. Reinserting the polarization rotator in the Faraday isolator breaks the system’s
symmetry allowing a temperature difference to develop between two black bodies A and
B on either side of the isolator. Thermal equilibrium is reached when the forward flow of
polarized light is compensated by a counter flow of non-polarized light that partially by-
passes the input polarizer. The new equilibrium requires a temperature difference be-
tween A and B.

have time to change their temperatures, all emissivities remain the same but ab-
sorptivities can change. For example, ¢, is determined by the temperature of A
before the substitution, therefore «,, =&,/2 must also be the same as before.
However, o, =&y, +175_,, must change immediately after the substitution be-
cause the polarizer transmits less light 7., ,. A quick inspection of heat flow
shows that A, being upstream in the light flow, absorbs less light immediately
after the substitution, indicating that it will get colder after some time elapses. B
is downstream, absorbs more light, indicating that it will get warmer. The fol-
lowing analysis solves the large number of linear equations that determine the
thermal flow. The reader is invited to rely on the drawing to follow this analysis.

For the sake of simplicity, we define &, =&,, =&,z because X is at the same
temperature throughout. Similarly, & =¢, =&4. Using these guidelines the
following heat flow equations can be inferred by inspection from Figure 3 (be-
fore the substitution) and from Figure 4 (after the substitution). Polarizers are
assumed to be ideal, allowing through half of non-polarized light, and absorbing
the remaining half.

The amount of heat received by A and B immediately after the substitution

can be quickly determined.
o B Note o — o a o
aA—8X+2 (Note: &, =&y =&rs & =&p =ER) (2)
and

g =& +87X+E?A (3)

Since that the system was in equilibrium just before the substitution &, =&
(see Figure 3). Furthermore, since the polarizer is ideal, they transmit half of the
light from the black bodies. The polarizers also absorb half of the light from the
black bodies and emit half of the light. Hence &, =&, =¢,/2. At the instant
immediately following the substitution all temperatures are the same as before
the substitution and all emissivities remain the same. Using this information and

combining (2) and (3) one can show that
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a, 3

which indicates that heat flows from A to B. Interestingly, the polarizers display
the opposite tendency with X absorbing more light and Y absorbing less light.

Since
1 1 1
Oyp + Ay =58A+56‘YR+585 (5)
and
1 1
Qg + O = EgB + EEXR (6)

one can show that
Qg+ 5
e
Immediately following the substitution, heat moves from black body A to
black body B, away from the original equilibrium state. One can appreciate that
a change does occur. The only way to prevent this shift in equilibrium is for the
rotator R to behave exactly like the black body Z that it replaces (including being
opaque to the polarized light that traverses it), which is obviously impossible
even if the elements of the isolator including the polarizers and the rotator were
not ideal. Eventually a new equilibrium is reached.
The question is what is the steady state of the black bodies A and B? Assuming

zero net heat flow in or out of A, ¢, =, :
&
Ep=0, =&y +—. (8)
2
Assuming zero net heat flow in or out of B, &5 =z :

Eg=0g =& +—+—. 9
B B Y 2 2 ()

Subtracting Equation (9) from (8) produces
e, — 265 =6y —&. (10)

Assuming zero net heat flow in or out of X, 2¢, =y, + Qyg:

Er & &
26, =y, +ayy, =?A+?Y+7B. (11)

Assuming zero net heat flow in or out of Y, 28, =g + oy :

&g &
26, = o + A =7B+7X. (12)

Subtracting Equation (12) from (11) yields

Ea
— =&y —&- 13
5 O T (13)
Combining with (10) and solving for ¢, and ¢, we find that
7
% (14)
&, 5

%%
894 033: Scientific Research Publishing



G.S. Levy

indicating per Stefan-Boltzmann law that B is hotter than A, T, >T,. The pola-
rizers are also at different temperatures. Combining Equations (13) and (8)

produces:

g 11
X 15
& 8 (15)

If one were to thermally clamp the two polarizers, forcefully setting T, =T,
and &, =&, (as one may do in an experimental test of this effect) one would

find from Equation (10):

% _3 (16)
&y 2

This equilibrium state is illustrated in Figure 5 in which the dimensions are
approximately proportional to the magnitude of the heat flows. One can see that
B is warmer than A because ¢, is larger than ¢,. (This configuration may be
more appropriate for an experiment involving film polarizers and rotators in a
sandwich).

At room temperature, this difference in emissivity corresponds to a theoretical
maximum temperature difference of 32°C. Assuming polarizers and a rotator,
each with a realistic transmissivity of 0.8, then one can show that & /¢, =1.256
corresponding to a temperature ratio of T,/T,=1.058 as per Stefan-
Boltzmann law. At 300 K the temperature difference is T, —T, =17.6C which
should easily be observable with careful calorimetric experimental procedures
designed to avoid thermal shorts by convection and conduction. For an experi-
ment running at room temperature the challenge is to find polarizers and rota-
tors that operate at the corresponding black body radiation wavelength of about
10 microns.

Let us now revisit the assumption made by Wien and Rayleigh, and that was

Thermal Connector
Rotator Polarizer Y

PolarilzerX E
= o = R =

~-- BoR

[ Rotator | | Polarizer Y|
Thermal Connector

Polarizer X

Figure 5. Thermally clamping the polarizers X and Y increases the temperature differ-
ence between A and B. The dimensions in the figure are approximately proportional to
the conditions of Equation (16). The net flow of heat through the rotator is to the left, in-
dicating that the system is not in static equilibrium and that heat flows to the right
through the thermal connector.
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also made in the analysis above. The rotator was assumed to be a perfect trans-
mitter, and that it only rotates the plane of polarization without otherwise ab-
sorbing or emitting any light. Let us now consider the case of an imperfect iso-
lator that partially behaves like a black body and partially like a perfect isolator.
For example, we could combine Figure 3 and Figure 4 such that the rotator is
50% comprised of black body and 50% of perfect rotator. Clearly the perfor-
mance of the Faraday isolator is degraded but some unidirectionality is retained
and a difference in temperature between black bodies A and B still emerges and
our conclusion that T; >T, remains qualitatively unchanged.

The thought experiment above began with a modified Faraday isolator in
which the rotator is replaced with an internal black body Z inserted between the
two polarizers X and Y. This arrangement is perfectly symmetrical and isother-
mal equilibrium is reached. Replacing this internal black body with the rotator R
introduces an asymmetry. Light flows preferentially in one direction causing a
temperature difference between the two external black bodies A and B. Even-
tually a new equilibrium is reached with T, >T,, in which the forward flow of
light is counterbalanced by a radiative counterflow of internally generated
non-polarized light, half of which bypasses the blocking function of the input
polarizer. (This explanation is different from Wien who incorrectly relied on a
polarized counterflow). Statistical symmetry is restored. Mungan’s assertion that
the isolator would heat up and cause heat to flow backward thereby avoiding a
violation of the second law, is shown to be unsubstantiated by the quantitative
analysis above.

Reflective non-reciprocity is also well established for example in optical circu-
lators and ferromagnetic optical materials. The reader is directed to [4] [5] [6]
[7] [8] in particular to the non-reciprocal reflective thought experiment by Zhu
and Fan [4]. The above discussion applies equally to reflective non-reciprocity.

The above discussion shows that a Faraday isolator placed between two black
bodies causes the black body downstream to become hotter than the one up-
stream. The next question to be addressed is whether the second law and the
principle of detailed balance are being violated. Two kinds of systems shall be
discussed:

1. Homogeneous Faraday isolator systems.

2. Heterogeneous Faraday isolator systems.

3. Homogeneous Faraday Isolator Systems

Can this system convert heat to work, for example by placing a photoelectric de-
vice on the colder black body A to capture radiant thermal energy from the hot-
ter black body B? The answer depends on the path taken by photons traveling
from B to the photoelectric device on A.

The Faraday isolator carries thermal energy travels from the colder body A to
the warmer body B. This shall be called the forward path. The path taken by
photons traveling from B to the photoelectric device on A shall be called the re-

verse path.

896

K2
e
o2

0% Scientific Research Publishing



G.S. Levy

If the reverse path is Aomogenous with the forward path, in other words, if the
photons from B go through the Faraday isolator to reach the photoelectric device
on A, then, these photons are indistinguishable from those in the forward path
and no energy can be generated. This result complies with the H-theorem that

requires homogeneity and indistinguishability of particles.

4. Heterogeneous Faraday Isolator Systems

If a heat engine is connected between A and B using a reciprocal photon or
phonon flow channel, for example, a conventionally conducting material as
shown in Figure 6, then useful work can be produced. The reason is that the
heat phonons traveling through the thermal connectors are not affected by the
non-reciprocity and they can be differentiated from the photons going through
the isolator.

A Faraday isolator is a photon diode that produces a temperature difference
between its input and output. Using a heterogeneous reverse path, this tempera-
ture difference can be used to convert heat to work. How is this concept different
from the discredited idea that energy can be produced from the built-in poten-
tial in a semiconductor diode by connecting leads across the diode? In a diode,
the carriers in the reverse path (the leads) have the same statistics as the ones in
the forward path (the junction). The reverse path carriers are subjected to the
same potential energy gradients as the diode’s carriers. The electrical potentials
at the contacts between the diode and the leads cancel out the diode built-in po-
tential.

In contrast, the heat carriers in the system depicted in Figure 6 are different
in the forward path and in the reverse path. In the forward path, the heat carriers
are photons traveling through the non-reciprocal isolator and in the reverse
path, they are phonons in a conventional reciprocal thermal conductor. The two
kinds of heat carriers are physically different, have different statistics, and there-
fore, can be distinguished from each other. The H-theorem does not apply. Heat

energy can be extracted from the system.

) (e

A Faraday Isolator B

Figure 6. A heat engine can extract useful work from the non-reciprocal transmitter or
reflector only if the connections to the heat engine do not go through the non-reciprocity.
Such a system is heterogeneous and falls outside the coverage of the H-theorem.
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5. Conclusions

This paper explores the limits of applicability of the second law. As stated by the
H-Theorem, this law requires that the entropy of an isolated system can never
decrease. The theorem, however, makes a crucially important assumption: the
system must be homogeneous and its constituent particles indistinguishable.
The Faraday isolator is used as a vehicle to exemplify two kinds of systems: the
first, in which particles are homogeneously distributed and indistinguishable; the
second, in which particles of different species such as fermions and bosons are
heterogeneously distributed. This second kind of system falls outside of the
H-Theorem.

The paper begins by showing that a temperature difference can arise sponta-
neously between two black bodies separated by a Faraday isolator.

If a heat engine is thermally connected to these black bodies by particles ho-
mogeneous with, and indistinguishable from those in the isolator, (i.e., connect-
ing photons traversing polarizers and rotator similarly configured as in the iso-
lator) then the entire system conforms with the H-Theorem. The connecting
photons produce the same temperature difference as those in the isolator. Even
though a temperature difference does exist between the black bodies, this tem-
perature difference cannot be communicated to the engine, and no useful work
is generated in compliance with the second law.

This phenomenon is reminiscent of the built-in potential across a semicon-
ductor junction. This potential is also unusable. The electrical carriers are ho-
mogeneous and indistinguishable throughout the system. Since electrical poten-
tial is a scalar field, contact potentials exactly cancel the built-in potential.

Both examples (isolator and semiconductor junction) describe homogeneous
systems: the photons in the isolator behave the same as the photons in the ther-
mal connector. Similarly, the electrons in the semiconductor junction have
properties indistinguishable from the electrons in the electrical connectors. In
such systems, voltage and temperature differences can occur spontaneously but
are unusable to produce work. This result complies with the H-Theorem and the
second law.

However, heterogeneous systems are not bound by the H-Theorem. As de-
scribed in this paper, a Faraday isolator can produce a temperature difference
between two black bodies. A heterogeneous system can be then formed by con-
necting a heat engine between the black bodies, using heat carriers with physical
properties different from the photons in the isolator. The heat carriers could, for
example, be heat phonons in a metallic conductor, not susceptible to the influ-
ence of the polarizers and the magnetic field in the rotator. The engine can then
produce useful work.

The Faraday isolator is another example uncovered by the author, of hetero-
geneous systems falling outside the H-Theorem. These systems combine par-
ticles with different statistics such as fermions and bosons. In other publications
[9] [10] the author shows that under proper conditions, a thermoelectric junc-

tion can spontaneously produce a detectable temperature difference even in the
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absence of any electrical input. This effect has been observed in the lab [11] as a
failure of the voltage-temperature Seebeck curve to pass through the origin. In
the thermoelectric example, a heterogeneous system is formed when the thermal
loop is closed by heat phonons in a thermally conductive medium. Since a ther-
mometer can be viewed as a heat engine, the simple act of measuring a temper-
ature difference output that arises without any electrical input constitutes a vi-
olation of the second law. Such violations are not mere microscopic fluctuations
but have been observed [11] as large scale phenomena and dismissed as unex-

plained experimental error.
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