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A NONRECIPROCAL QUANTUM DEVICE USING QUANTUM WAVE COLLAPSE,

INTERFERENCE AND SELECTIVE ABSORPTION

TECHNICAL FIELD

[0001] The present disclosure relates to a nonreciprocal

quantum device comprising a transmission structure that uti-

lizes the collapse of gquantum waves, their interference and

their selective absorption to shift two or more bodies into a

new equilibrium state. The present disclosure also relates to

a method for operating such a gquantum device and to a use of

one or more of such quantum devices in a lot of different de-

vices.

BACKGROUND

[0002] In the following description reference will be made

to the following documents:

N =

J. Mannhart, J. Supercond. Novel. Magn. 31, 1649 (2018).
D. Braak and J. Mannhart, European Patent Application No.
18 180 759.5 "A Non-reciprocal Device Comprising Asymmet-—
ric Phase Transport of Waves" (not yet published at the
priority date of the present application).

J. Mannhart, European Patent Application No. 18 159 767.5
"Non-reciprocal Filters for Matter Waves" (not yet pub-
lished at the priority date of the present application).
M. Planck, Verhandlungen der Deutschen Physikalischen Ge-
sellschaft 2, 245 (1900).

J.C. Maxwell, Theory of Heat, Longmans, Green, and Co.
(1871) .

V. Capek and D.P. Sheehan, “Challenges to the Second Law

of Thermodynamics”, Springer 2005
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7. C. Cohen-Tannoudji, J. Dupont-Roc, G. Grynberg, Atom-
Photon Interactions, Basic Processes and Application,
Wiley-VCH (2004).

8. R. Loudon, The Quantum Theory of Light, Oxford Science
Publications, Third Edition (2000).

9. Y. Imry, "Introduction to Mesoscopic Physics", Oxford
University Press (2002).

10. Th. M. Nieuwenhuizen, A.E. Allahverdyan, Phys. Rev. E,
036102 (2002).

11. L.E. Reichl, ,A Modern Course in Statistical Physics”,
E. Arnold, 1980.

12. 4. Merali, Nature 551, 20, (2017)

13. K. Maruyama, F. Nori, V. Vedral, Rev. Mod. Phys. 81, 1

(2009).

14. J. Johnson, Phys. Rev. 32, 97 (1928).

15. H. Nyquist, Phys. Rev. 32, 110 (1928).

16. E. Fermi, "Thermodynamics", Dover Publications, 1956.

[0003] In Ref. 2 nonreciprocal quantum devices have been
disclosed that break the second law of thermodynamics by al-
tering quantum waves using coherence filters. The present in-
vention shows a way, in which an equivalent breaking of the
zeroth and the second law of thermodynamics, and also of the
third law of thermodynamics, is provided by even simpler de-
vices that do not rely on the use of coherence filters, but
utilize solely the collapse of gquantum waves, their interfer-
ence and their selective absorption. Despite the abolished
need of coherence filters, the devices disclosed here resem-
ble in numerous features and in many parts of their function

the devices disclosed in Ref. 2.

SUMMARY
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[0004] In accordance with a first aspect of the present
disclosure a quantum device comprises a transmission struc-
ture connected between at least a first and a second port,
wherein the transmission structure is designed such that it
implements collapse, interference and selective absorption of
gquantum waves to achieve a nonreciprocal motion of quantum

waves between said ports.

[0005] According to an embodiment of the guantum device,
the quantum device comprises or consists of a photonic device
and the quanta are photons. Some of the embodiments of a
quantum device described in the following are related to a
quantum device as a photonic device, which means that the el-
ements of the device are comprised of optical elements. How-
ever, it should be appreciated that the quantum device could
also be realized with other type of quanta like, for example,

electrons as will be shown in further detail below.

[0006] The first port and the second port may emit first
quantum waves, and the transmission structure may include a
wave splitter for the first quantum waves. Furthermore the
device may comprise a system for absorbing and reemitting
part of the first quantum waves as second quantum waves. The
device may further comprise a system that via interaction
with the wave splitter creates interference between the sec-
ond quantum waves such that the interfering second gquantum

waves are sent with preference to one port.

[0007] According to an embodiment of the guantum device,
the above mentioned system may be formed by at least one one-
dimensional transmission structure or an at least one-
dimensional transmission structure. The transmission struc-

ture contains in the center thereof an entity which can be a
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single atom, a number of single atoms or molecules, or a mul-
titude of atoms, molecules or particles with a characteristic
behavior characterized by the behavior of single atoms, with-
out or with the presence of superradiance. This entity can
advantageously be mounted to a larger mass m such that during
the absorption or emission of guantum waves the velocity-
change of the structure is negligible due to the conservation
of momentum and the large value of m. The entity may be
formed by a solid body which contains one or more defects,
for example color centers, that can absorb and emit waves in
a manner as atoms do. Anyway the entity can be anything which
is able to absorb and emit waves in a manner as atoms do.
Therefore in the following the term “atom” will also be used

instead of or as a synonym of the term “system”.

[0008] According to an embodiment of the guantum device,
the above mentioned wave splitter may be formed by a half-
transparent mirror comprising a transparent plate, fabricated
for example from glass that on one surface is covered with a
coating such as a thin dielectric film. The properties of the
coating are chosen such that the mirror reflects half of the
incoming radiation and let the other half pass and that the
mirror induces phase changes as detailed in Fig. 2 and the

accompanying description below.

[0009] According to an embodiment of the guantum device
according to the first aspect, it is comprised of a photonic
device and the quanta are photons. The gquantum device fur-
thermore comprises first and second black body radiators,
each one of them being disposed at one of the first and sec-
ond ports so that radiation emitted from the first and second
black body radiators impinge on opposing sides of the half-

transparent mirror and are then partly reflected and trans-
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mitted by the half-transparent mirror. The gquantum device
furthermore comprises first and second (highly or normally
reflecting) mirrors which are disposed in such a way that
transmitted and reflected waves coming from the half-
transparent mirror impinge on the first and second mirrors
and are reflected by the first and second mirrors in such a
way that the reflected beams interfere with each other within

or close to the system (“atom”).

[0010] According to an embodiment of the guantum device
according to the first aspect, the gquantum device comprises
or consists of an electronic device, the gquanta are elec-
trons. The wave splitter may be comprised of an asymmetric
tunnel junction, and the atom or system may be comprised of a
three-terminal Jjunction. At the first and second ports first
and second series connections of a resistor and a capacitor
could be provided, such series connections being configured
to supply the first quantum waves. Further details of such an

embodiment are shown and described below.

[0011] In accordance with a second aspect of the present
disclosure a method for operating a quantum device according
to the first aspect comprises supplying the first gquantum
waves to the quantum device, wherein the first quantum waves
comprise quanta with energies obtained from a thermal source
or with energies E of order kT, such that 0 < E < 100 kT,

wherein T is the temperature of the environment.

[0012] According to an embodiment of the method according
to the second aspect, the quantum device comprises or con-
sists of a photonic device, the quanta are photons, and sup-

plying the first quantum waves comprises providing first and



WO 2020/053333 PCT/EP2019/074347

second black body radiators at the first and second ports,

respectively.

[0013] According to an embodiment of the method according
to the second aspect, the quantum device comprises or con-
sists of an electronic device, the quanta are electrons, and
supplying the first quantum waves comprises providing first
and second series connections of a resistor and a capacitor

at the first and second ports, respectively.

[0014] In accordance with a third aspect of the present
disclosure, one or more guantum devices according to the
first aspect are implemented or used in one or more of

a device in which the first waves comprise quanta with ener-
gies obtained from a thermal source or with energies E of or-
der kT, such that 0 < E < 100kT, wherein T is the temperature
of the environment;

a device utilizing coherent emission and at least partial
collapses of wave functions to achieve a deviation from one
or more of the zeroth law, the second, or the third law of
thermodynamics;

a device utilizing quantum-mechanical superposition of states
and at least partial collapses of wave functions to achieve a
deviation from one or more of the zeroth, the second, or the
third law of thermodynamics;

a device utilizing coherent emission and at least partial
quantum-physical collapses of wave functions or quantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to generate or to enhance inhomoge-
neities in the density of the energy distribution of waves or
particles in a system;

a device utilizing coherent emission and at least partial

quantum-physical collapses of wave functions or quantum-
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mechanical superposition of states and at least partial col-
lapses of wave functions to shift a system out of the state
of thermal equilibrium;

a device utilizing coherent emission and at least partial
quantum-physical collapses of wave functions or quantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to generate temperature differences
within one body or between several bodies;

a device utilizing coherent emission and at least partial
quantum-physical collapses of wave functions or quantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to generate differences of other pa-
rameters than temperature, such as pressure, momentum, angu-
lar momentum, electric properties, magnetic properties, with-
in one body or between several bodies; and

a device performing heating, cooling, matter transport, ener-

gy transport, or power conversion.

[0015] According to an embodiment of the above third as-
pect, the quantum device of the first aspect could be coupled
to a device which is configured to generate electric power
out of a temperature difference which builds up in the quan-
tum device. Such a device may, for example, comprise a ther-
mocouple which could be connected, i.e. thermally coupled
with the two ports, in particular the two black body radia-
tors located at the two ports in order to convert their tem-

perature difference into electric power.

[0016] The person skilled in the art recognizes additional
features and advantages upon reading the following detailed

description and upon giving consideration to the accompanying
drawings. This person will also understand that further opti-

cal components such as apertures, lenses, and mirrors may be



WO 2020/053333 PCT/EP2019/074347

added to the devices without impeding its function or chang-

ing the gist of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The accompanying drawings are included to provide a
further understanding of examples and are incorporated in and
constitute a part of this specification. The drawings illus-
trate examples and serve together with the description to ex-
plain principles of examples. Other examples and many of the
intended advantages of examples will be readily appreciated
as they become better understood by reference to the follow-

ing detailed description.

[0018] Fig. 1 shows a symbolic representation of an emit-
ter of a quantum wave, which may for example be a photon or a
phonon, embedded in a one-dimensional transmission structure
such as a waveguide or an optical fibre. Figure 1 also shows
a quantum wave that is emitted by the emitter to travel as
quantum mechanical superposition of two partial waves simul-
taneously to the left and to the right of the transmission

structure.

[0019] Fig. 2 comprises Fig. 2A, 2B, 2C and 2D and shows
an asymmetric, half-transparent mirror with a dielectric
coating on its right surface. The figure illustrates the
transmission and reflection of quantum waves that arrive at
the mirror from various directions and with various phase

shifts.

[0020] Fig. 3 illustrates an embodiment of a quantum de-

vice according to the first aspect of the invention. This de-

vices comprises two ports, A and B provided by two black
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body radiators, a transmission structure for the guantum
waves involving an asymmetric, half-transparent mirror HTM
according to Fig. 2, two standard mirrors SM1, SM2, and an
arrangement of particles M positioned at location R, serving

as emitter as shown in Fig. 1.

[0021] Fig. 4 comprises Fig. 4A to 4C and refers to a de-
vice according to the invention that implements electron
waves. Fig. 4A shows an illustration of a nonreciprocal tun-
nel junction that serves in this exemplary device as asymmet-
ric beam splitter. Fig. 4B illustrates the realization of a
configuration M that serves as analog of the atom M®, and
Fig. 4C shows a possible implementation of the complete de-

vice.

[0022] Fig. 5 comprises Fig. 5A-D and shows the calculated
behavior of a device according to Fig. 3 as a function of
time. Figure 5A shows the photon density of the ports A and
B, Fig. 5B the number of excited states in the particle ar-
rangement M(R), Fig. 5C the corresponding temperatures of
ports A and B, and Fig. 5D the entropy of the complete sys-

tem.

DETAILED DESCRIPTION

[0023] In the following description the terms “coupled”
and “connected”, along with derivatives may be used. It
should be understood that these terms may be used to indicate
that two elements co-operate or interact with each other, re-
gardless whether they are in direct physical or electrical
contact, or they are not in direct or physical or electrical
contact with each other which means that there can be one or

more intermediate elements between the two elements.
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[0024] In the following the terms "absorber", "emitter" or
"absorber/emitter”™ may be used. It should be understood that
these terms are to be understood as any kinds of elements
which may absorb or emit any kind of waves, particles and
quasi-particles and any kind of radiation. The terms particu-
larly refer to black body radiators (see next paragraph), but

also to e.g. resistors which may absorb or emit electrons.

[0025] In this disclosure the term “black body” and “black
body radiators” along with derivatives may be used. It should
be understood that the term is used to refer to bodies in a
broad sense, to include also solids, liquids, gases, or plas-
mas that may emit or absorb thermal radiation, but not neces-
sarily being a black body in the textbook sense. Especially,
these bodies are not necessarily required to be in thermal
equilibrium or to follow Kirchhoff's law. These body may not
be 100% black (such bodies do not exist at all), and may or
may not be designed as a textbook-like black body radiator

consisting of a hollow body with a small opening.

[0026] The term "wave" is used to describe any wave asso-
ciated with a quantum object, be it for example the wave of a
photon or a de-Broglie wave of a particle or quasi-particle.
The considered waves are created/modified in elementary in-
teraction processes which must be described guantum mechani-
cally and may undergo guantum mechanical collapse under con-
ditions such as detailed for example in Ref. 7. Besides that
the term "wave" also includes wave packets, for examples wave

packets with Gaussian envelope functions.
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[0027] The term “collapse” is used to describe any process
causing an at least partially phase-breaking decoherence of

quantum-mechanical states.

[0028] When describing and claiming a quantum device in
the following, it should be noted that the term “guantum de-
vice” is to be understood in a broad and extensive manner.
Concerning the function of the devices revealed here, such a
device basically acts as a device for matter or electromag-
netic waves, for example for photons, particle waves, qua-
siparticle waves. Concerning its structure it can be under-
stood as an artificial or man-made structure in which, for
example, optical transmission paths, electromagnetic wave-
guides, electrical wires or lines are fabricated by different
technological methods, including integrated circuit technolo-
gy. It can, however, also be understood as consisting of or
comprising chemical components like, for example, molecules,
molecule compounds, molecule rings like benzene rings with
side groups, and so on. It furthermore can refer to solid
compounds, e.g. with crystalline structures that exert the
device function, or to structures fabricated in or from such

crystalline structures.

[0029] Furthermore the term “transmission path” can be,
but does not have to be understood as a material body. In
some devices a material body, e.g. a piece of wire or a wave-
guide, may comprise one transmission path. In some other de-
vices such a material body may comprise two transmission
paths, namely two opposing directions of particles propagat-
ing through the material body. In some other devices the term
is not to be understood as a tangible or material body which

is fabricated from a specific material. It is rather to be
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understood as a virtual path of a particle or wave in space,

and may even be placed, e.g. in a gaseous atmosphere.

[0030] Likewise, the term “atom” may refer to single atoms
or molecules, but also to a multitude of atoms, molecules or
particles with a characteristic behavior characterized by the
behavior of single atoms, without or with the presence of su-
perradiance. The term also comprises defects in solids, for
example color centers, that can absorb and emit waves in a
manner as atoms do. The atom may also be fixed to a mass m

that is much larger than that of a single atom.

[0031] Also, the term “random” is used here to not only

describe processes of completely random nature. The term is
also used to describe, for example, distributions of phases
that are so irregular that interference events between waves

with such phases are significantly oppressed.

[0032] Furthermore, the term “phase coherent” does not
necessarily imply that there is no inelastic, phase-breaking
scattering taking place in the device. Indeed, as shown in
Ref. 9, some inelastic scattering, for example with phonons,
is compatible with phase coherence of the part of the wave
not affected by the scattering and may be beneficial or in
some cases even be required for device operation. The term
,Phase coherent™ should therefore be understood as including
either the absence of inelastic, phase-breaking scattering of
the transmission of particles in the device, or to also in-
clude the presence of such events, provided that a part of
the wave with a phase unaffected by phase-breaking scattering

events remains.
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[0033] In addition, the term “half-transparent” does not
necessarily imply that the transmission of a device is 50%
exactly. The term is instead intended to also describe ob-
jects that are partially transparent, with any transparency

between 0% and 100%.

[0034] Furthermore any features, remarks, or comments,
mentioned in connection with one or more quantum device or a
use of one or more quantum devices are to be understood as
also disclosing a resgpective method feature or method step
for making the gquantum device(s) function or for implementing
the quantum device(s) in any kind of greater device or system
and driving the gquantum device(s) so that such greater device

or system will fulfill its desired function.

[0035] Fig. 1 shows a representation of an atom 10 in the
sense gpecified above embedded in a one-dimensional transmis-
sion structure 11 which is configured so that the atom 10 can
send out waves only in two opposite directions. The atom M
located at position R sends out a photon that travels simul-
taneously to the left and to the right of the transmission
structure, as sketched in the drawing by the two partial
waves 12 and 13. These partial waves may be formed for exam-

ple by planar waves or wave packets that may be Gaussian.
Waves 12 and 13 are characterized by phases ¢@,(r,t) and
@13(r,t), respectively, where r is the spatial coordinate and t
is the time. The difference of the two phases @ = @,(r,t) —

@13(r,t) 1is a measurable guantity.

[0036] Fig. 2 shows an asymmetric, half-transparent mirror
HTM (20). In the case shown in Fig. 2, the half-transparent
mirror consists of a transparent plate 20.1, fabricated for

example from glass, that on the surface facing the right is
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covered for example with a dielectric coating 20.2. The prop-
erties of the coating are chosen such that the mirror re-
flects half of the incoming radiation and let the other half
pass as shown in Fig. 2A-D. Such mirrors are commonly used in
optics, and are described, for example, in Ref. 8 or in Ref.
7. Fig. 2A explains that a wave with a phase ¢y impinging on
the beamsplitter HTM from port A is divided into two partial
waves that have the same phase ¢@o. Fig. 2B shows that a wave
with a phase @¢ impinging on the beamsplitter from port B is
split by the splitter into two partial waves that have a

phase difference of ¢ =m.

[0037] Figures 2C and 2D illustrate that two partial waves
that arrive at the beamsplitter from ports € and D get com-
bined by the beamsplitter. Depending on whether the phase
difference @ of the incoming partial waves equals & =0 or

® =m, the combined wave leaves the splitter towards port A

or port B, as illustrated by Figures C and D, respectively.

[0038] For other values of &, the waves are distributed
with a @-dependent transmission probability to port A and to

port B, respectively. This probability is given by Eg. 8.

[0039] Figure 3 explains the principle of the working de-
vice. The figure shows that two identical black body radia-
tors A (31) and B (32) are connected by a transmission
structure to the asymmetric half-transparent mirror HTM (33)
as described in Fig. 2. The quantum waves that have been re-
flected by the half-transparent mirror 33, or that have
passed through it, are guided by two standard mirrors 34 and
35 onto an atom M located in a one-dimensional transmission

channel, as described in Fig. 1. The atoms are placed with an
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accuracy much better than the wavelength of the radiation at
a position R, which is for example located at the left/right
symmetry plane of the device. The position R is determined
such that the lengths of the two beam paths from the HTM (33)
to the position R are equal (or differ by n x A, n =1, 2, ..;
A being the wavelength) up to an accuracy of much less than
the wavelength A of the radiation as, for example, 1/10 A or
less, 1/20 N or less, 1/50 A or less. With this it will be
ensured that a first wave which emanates at the HTM (33) and
is reflected by the mirror 34 and a second wave which ema-
nates at the HTM (33) and is reflected by the mirror 35 in-

terfere at the position R in a best possible manner.

[0040] The device function is now described in the para-
graphs [0041]1-[0043]. The subsequent paragraphs [0044]-[0057]

provide a straightforward overview of the device operation.

A) Overview of device operation

[0041] First quantum waves emitted by the thermal radia-
tion of the black body radiator A (31) pass through the
half-transparent mirror HTM (33) and, as explained in Fig.
2A, converge with a phase difference @ =0 onto the atom M(R)
(36) . Part of the waves become absorbed by M(R). In this pro-
cess the atom M(R) emits second guantum waves (photons, pho-
nons, etc.) by stimulated and by spontaneous emission. The
wave packets that pass M(R) (36) undisturbed, the wave pack-
ets created by stimulated emission, and a part of the wave

packets that are spontaneously emitted have a phase differ-
ence @ =0. These waves will reach the black body A after
having passed through the half-transparent mirror HTM (33).

Some of the second wave packet pairs created by the spontane-
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ous emission of M(R) (36) have, however, a phase difference
® +#0. A part of these waves therefore reaches port B (32).
The absorption and reemission of the wave packets by M(R)
(36) represents a guantum mechanical collapse process, the
superposition of these wave packets by the half-transparent
mirror is an act of a gquantum mechanical superposition of

states.

[0042] Quantum waves emitted by the thermal radiation of
the black body radiator B (31) pass through the mirror and,
as explained in Fig. 2A, converge with a phase difference

@ =m onto the atoms 36. Due to this phase difference ®=nrx
the quantum waves interfere destructively at the location of
the atoms. The waves therefore cannot interact with the atoms
and pass through them unaltered. Due to their phase differ-
ence remaining ® =m, all of them are guided by the half-
transparent mirror 33 to the black body B, where they become

absorbed.

[0043] Adding up the waves emitted by A and B, i.e. the
ports 31 and 32, it becomes obvious that part of the waves
emitted by A (31) are channeled to B (32). However, all of
the waves emitted by B (32) are reflected back to B (32). No
quantum wave emitted by B reaches A. Because A and B emit
equal numbers of quantum waves, the devices provides a net
transfer of guantum waves from A to B. The motion of the
quantum waves between the two ports 31 and 32 is therefore
nonreciprocal. Due to different flux of gquantum waves travel-
ling into 31 and 32, these receive a different amount of en-
ergy, momentum, and also angular momentum if hit non-
centrically. Due to these changes, further properties of

these bodies, such as their temperature, pressure, electronic
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properties, optical properties, or magnetic properties may

change.
B) Description of device operation

[0044] The first l-photon guantum wave states emitted with
frequency w, by the black bodies A and B (31 and 32) are
transformed by the asymmetric beam splitter HTM (33) into 1-

photon states, such that at R they are given by

Ar) = 1/V2(111,0) + 10,14}, [Bg) = 1/V2(|1,,0) — [0,1)).  (Eq. 1)

Because the polarization of the quantum waves plays no role
for the device operation, polarization indices are sup-

pressed.

[0045] The action of the beam splitter HTM (33) is de-

scribed by the unitary 2 X2-matrix

1.1 1
ALHM*:;f(_l ). (Eq. 2)

Let denote (|Bp)|4p))T the input modes of the beamsplitter,
coming from the reservoirs A,B (31, 32). By interference,
HTM maps them to the output modes (|1;,0),]0,1_x)T as described

by Myry [Ref. 8, page 212].

[0046] The Hamiltonian of the interaction of the guantum
wave modes with the two-level systems M(R) reads [Ref. 8,

page 168],

H; = ihk>20 glo7 (af + al e i@om@t —p ¢ ], (Eq. 3)
)
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Here, ot (

/ o; ) denotes the excitation (destruction) operator

J

of the two level system 36 comprising atoms j=1..M, and a;
(az) the annihilation (creation) operator of mode k. The ex-
cited (ground) state of the atoms is |e) (|g)), the energy
difference between |e) und |g) equals hw,, the frequency of
the light modes is wy. The shortcut h.c. designs the hermit-

ian conjugate.

[0047] The probability for absorption if atom j of M is
irradiated by a wave coming from A, respectively B, is pro-

vided by the matrix elements
pja = 1€0,0; ¢;|H|Ar; g)|%, f's = 1(0,0; ¢;|H; |Br; g)|? - (Eq. 4)

It follows that pij::thgﬁ and pg; =0. An analogous result is
obtained in case the initial state equals |Ag;e;) or |Bg;e)),
corresponding to stimulated emission. The absorption of the

quantum waves presents a collapse process.

[0048] The radiation from A (first waves) interacts with
the atoms M(R), whereas the light from B passes M(R) (36)

without disturbance. The state |Bg) arrives again at the beam

splitter and is transformed there into the state |By) (with

reversed momentum), because Mgiy = Ml .

[0049] This insight reveals that all radiation emitted by
B ends up again in B, not being influenced by the presence
of M(R) (36). In contrast, if wy =wy, the radiation from A

interacts with M(R).
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[0050] The state [0,0;¢;) decays by spontaneous emission in-
to l-photon states with frequency wy, i.e. into states form-

ing second waves
la, @) = a|1,,0; g;) + V1 — a?|0,1_;; g;) (Eq. 5)

with 0<a<1 and 0<® < 2m.

[0051] The probability for this process is proportional to
pi¢(a, @) = [(a, P|H,|0,0; ¢;)|* = h*gi (1 + 2aV1 — a?cosP) . (Eq. 6)
[0052] These considerations reveal that there is no emis-

sion into the mode |Bg) (@ =m). This behavior is consistent
with the fact that there is also no absorption of such guan-
tum waves by M(R), corresponding to the detailed balance con-

dition for this unique superposition.

[0053] Accordingly, it is found that pf(l/VEJD::pﬁA.

(Eq. 7)

[0054] However, although detailed balance is satisfied
separately for each coherent superposition, the beam splitter
33 distributes the states |, ®) between A and B in the fol-

lowing manner:
la, &) — %(a — e!®1T = a?)|B,) +%(a + i1 — a?)|4,), (Eq. 8)
As a result, the fraction 19/30 of the quantum waves sponta-

neously emitted by M(R) reaches the black body A and a frac-

tion of 11/30 reaches black body B.
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[0055] These considerations reveal that energy is trans-
ferred with preference from A to B, via the two-level system

M(R) excited by A.

[0056] The corresponding rate equations for the systems

are given by:

h
L4 — [~(M = M,)By, + M,Byy ] 2™ 1+ 2 0, (Eq. 9)
d
%=%A21Me, (Eq. 10)
e h
dZ =[(M —M,)B; — M6321]}/ Polta — A, M, . (Eq. 11)

with the Einstein coefficients A,,, Bz, and B,;. M, denotes
the number of excited atoms of M(R) (36) and ¢ is the speed
of light. Both black bodies, 31 and 32, are coupled to the
wave guide, emitting a fraction of yn,p quantum waves with

frequency wy per unit time.

[0057] One appreciates readily that the only steady state
solution of these equations is ny(t) = M.(t) =0, which implies
that in the final state the reservoir A (31) 1is completely
empty and that all atoms in M(R) occupy their ground states,
whereas the complete radiative and excitation energy has
flowed to reservoir B (32). Correspondingly, the temperature
of A and M(R) (36) 1is zero, whereas the temperature of res-

ervoir B is larger than zero.

[0058] Because the basic principle of the device presented

relies on the interference, the collapse, and the collective
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absorption of quantum waves, devices may be implemented that
utilize matter waves rather than electromagnetic waves. With
respect to Fig. 4 we present now in an exemplary manner one
possible implementation for an electron device that operates
in a manner analog to the device of Fig. 3. Nonreciprocal de-
vices for matter waves have been introduced in Ref. 1 and
Ref. 3. The sources of the electrons which take the role of
31, 32 in Fig. 3, consist each of a series connection of a
resistor and a capacitor. The resistor generates voltage
noise and current noise following the Johnson-Nyquist formula
(Ref. 14, Ref. 15). To foster the analogy to the conservation
of the photon number of the device shown in Fig. 3, the ca-
pacitor ensures that the number of electrons in the circuit
is constant, a requirement that in some cases may not even be

stringent.

[0059] The function of the asymmetric beamsplitter HTM
(33) is achieved by an asymmetric tunnel junction as shown in
Fig. 4A. The tunnel barriers are chosen such that the trans-
mission for electrons in both directions equals 50%. Figure
4A shows as example an electron wave 41.1 arriving at the
barrier from the left, which is split into two partial waves.
The partial wave 41.2 tunnels through the barrier 42, the
partial wave 41.3 is reflected by the barrier. The fabrica-
tion of the tunnel barrier 42 from two different materials
42.1 and 42.2 (in this example) with non-reciprocal transport
properties for matter waves and the resulting properties of
the interfaces 43 ensures that the phase shifts & between the
outgoing electron waves 41.2 and 41.3 depends on whether the
gquantum wave 41.1 impinges on the barrier from the left (as
drawn) or from the right, much as is the case for the HTM

(33) .
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[0060] The function of the atom M(R) is generated by a
three-terminal junction 45 as illustrated in Fig. 4B. The in-
terference of the quantum waves 44.1 and 44.2 at the junction
45 is a function of their phase difference &. For the case of
® = m, 44.1 and 44.2 interfere destructively at 45 so that
they continue their flow uninterrupted. For ® # nn, n = .. -1,
1, 3, .., a part of the waves reaches the resistor R where it
collapses. The number of collapse events increases with in-
creasing constructive character of the interference. As con-
trolled by the thermal noise, electrons are also ejected by R
to reach the junction 45, which splits them each into two
partial waves occupying the continuum states given by the
conductor 45.1. Following Fermi’s golden rule, the probabil-
ity for these two partial waves to have a phase difference of
® is 1 + cos®. The device shown in Fig. 4C is therefore an
example for an electronic device that operates in analogy to

the photonic device shown in Fig. 3.

[0061] The solutions of the rate equations (Egs. 9-11)
calculated numerically for the standard parameters (photons
numbers in A and B at t=0: 5x10°, number of atoms in M(R):
100; number of excited atoms in M(R) at t=0: 1; y = 10°%;
Ay =B, =By = 107°) are displayed by Figs. 5A-D.

[0062] Figure 5A shows the numbers of photons np and nz in
the black bodies A and B as a function of time. As shown by
the figure, the initial state corresponding to the standard
thermal equilibrium with an equal number of quantum waves in
A and B is not maintained by the system. Rather, all photons

of A are moved to B.

[0063] Figure 5B shows the number of excited atoms ny in

M(R) as a function of time. As the figure reveals, this num-
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ber rises from 1 to the saturation value 50. During this time
M(R) moves photons preferably from A to B. With A becoming
depleted of photons, the number of excited atoms in M(R) re-

duces to zero.

[0064] Figure 5C shows the temperatures Txp and Tg of the

photon distributions in the black bodies A and B as a func-
tion of time. As shown by the figure, the initial state cor-
responding to the standard thermal equilibrium with an equal
temperature of A and B is not maintained by the system. Ra-

ther, A cools to 0 K and B warms up correspondingly.

[0065] As mentioned above, A cools down and B warms up So
that a temperature difference is generated between A and B.
This temperature difference can be utilized to, for example,
generate electric power. This can be done, for example, by
use of a thermocouple device, in particular by use of an
electrical device comprising two dissimilar electrical con-
ductors forming electrical junctions at differing tempera-
tures. Such a thermocouple device may thus produce a tempera-
ture-dependent voltage as a result of the thermoelectric ef-

fect.

[0066] Finally, Fig. 5D shows the entropy of the complete
system. The system is thermally isolated from its environ-
ment, and the starting condition is a uniform temperature in
the whole system. Nevertheless, the entropy decreases as a
function of time, showing a clear violation of the second law

of thermodynamics.

[0067] It should be mentioned at this point that by the
gist of the invention the gquantum device can have many other

structures than that shown in Fig. 3. The half transparent
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mirror, the black bodies, or the atom may be implemented in
other manners. The black bodies may, for example, be provided
by other reservoirs of thermally excited quantum waves, such
as bodies that provide thermally excited phonons. The half-
transparent mirror may be replaced by other devices that, for
example, split quantum waves and recombine them using Jjunc-
tions in transmission paths, or metamaterials that act, for
example, on phonons. The atoms M may, for example, also be
given by other systems that provide for a collapse and
reemission of quantum waves, such as a noisy reservoir emit-
ting particles into a conductor with an adjacent fork-type
junction or split. It seems also realistic that complete de-
vices may be implemented, for example, in molecules or crys-

talline solids or solids with complex structures.

[0068] It should furthermore be mentioned that also the
geometry of the transmission path shown in Fig. 3 presents
one simple embodiment only. The paths may be more complex,
and comprise for example several loops, also using the third
dimension of space. Also other components such as additional
scatterers, nonreciprocal filters, or further black bodies

may be included.

[0069] According to a second aspect of the present disclo-
sure a method for operating a quantum device according to the
first aspect comprises supplying the first waves to the quan-
tum device, wherein the first waves comprise quanta with en-
ergies obtained from a thermal source or with energies E of

order kT, such that 0 < E < 100kT, wherein T is the tempera-

ture of the environment.

[0070] A method for operating a gquantum device according

to the first aspect could alternatively or in addition be de-
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fined as comprising a source of the first waves, wherein at

least one source of the first waves i1s held in thermal con-

tact with an environment. The environment can be a natural

environment like a room being at room temperature, or a place

in free nature. It can also be an artificial environment such

as the cavity containing the device, or such as a thermal

bath provided for example by a water bath or a hot oven.

[0071] A method for operating a gquantum device according

to the first aspect could alternatively or in addition be de-

fined as comprising providing a source of the first waves,

wherein the source of the first waves 1is

not actively stimu-

lated, in particular not actively stimulated by non-thermal

energy so that it would be possible that

tively heated or cooled.

the source is ac-

[0072] It is noted that the behavior of the devices does

not agree with the zeroth, the second, and the third law of

thermodynamics, according to the manner these laws are today

commonly understood and presented in the

textbooks such as

Ref. 11. The zeroth law is violated because the two bodies 31

and 32 brought into thermal contact via the device do not es-

tablish an equal temperature, but rather
ture difference. The uniform temperature
the state of maximal entropy is unstable
moves into a state of lower energy which

law. The device also conflicts the third

develop a tempera-
distribution, i.e.
such that the system
conflicts the second

law, because body 31

may achieve a temperature of 0 K, which has been understood

to be impossible for a body due to the third law. Note that

the device does not conflict the statement of the third law

that the entropy of a system that is not

degenerate equals

zero at 0 K. By some experts like e.g. the famous physicist

Enrico Fermi a disagreement with the second law was antici-
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pated, see for example Ref. 16. In Ref. 10 a hypothetical
system is discussed which has been claimed to show some disa-
greement between quantum physics and the second law of ther-
modynamics. As noted by these authors, however, the disagree-
ment is confined to quantum-mechanically entangled states
present only at very low temperatures as these states are de-
stroyed by decoherence processes. Furthermore, the entangle-
ment has to be of multi-particle type. These requirements
render the proposed system unrealistic for a practical imple-
mentation. In contrast, the present invention does not rely
on entanglement but on single-particle coherence, collapse

processes and interference.

[0073] Indeed, for many decades it has been dreamed about
which advantages a then still hypothetical device would en-
tail that would violate the second law of thermodynamics Ref.

6.

[0074] Nevertheless, as known by the expert and by the
layman, see e.g. Ref. 5, Ref. 13, Ref. 6 or Ref. 11, a prac-
tical device that breaks the second law of thermodynamics,
commonly known as a perpetuum mobile of the second kind, has
only been speculated about. Current discussions are focused
on devices that use quantum effects occurring at temperatures
close to absolute zero, in particular gquantum entanglement,
as summarized in Ref. 12. Due to a lack of ideas about how a
practical device could work, these studies have never made
the transition from speculations to functioning devices. In-
deed, most members of the scientific community are convinced
that such a device may, by matter of principle, never be

built.
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[0075] It should further be mentioned that the above-
described quantum devices and their applications may require
some coupling to heat baths. In a simple case, the heat baths
may be given by the black bodies 31 and 32. The medium of
such a heat bath can be solid, ligquid or gaseous. The devices
may extract energy from one or of several of the heat baths
and transfer the heat energy, e.g. to one or several other

heat baths.

[0076] It is also apparent that the above described devic-
es can be connected together in any useful manner. They can
perhaps be implemented to operate in parallel to enhance
their output. Likewise devices may be operated in series. For
example, to the black body Bl of a first device that is
cooled by this device, a second device may be thermally con-

nected, such that the black body B2 of the second device be-

comes heated to even higher temperatures than the body Bl.

[0077] It is a further valuable aspect of the present in-
vention that easy control can be established over the pro-
cesses driven by the quantum collapse. The processes can be
controlled, for example, by blocking a part of the transmis-
sion paths or by moving or turning one or more of the optical
components. The systems may therefore be equipped with one or

more input terminal for process control.

[0078] The present disclosure also relates to the follow-
ing further aspects. These aspects refer to devices in which
a quantum device according to the first aspect can be imple-
mented so that the respective device fulfills a particular

function as will be outlined in the following.
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[0079] The present disclosure also relates to a device
utilizing coherent emission and at least partial collapses of
wave functions to achieve a deviation from one or more of the

zeroth law, the second, or the third law of thermodynamics.

[0080] The present disclosure also relates to a device
utilizing gquantum-mechanical superposition of states and at
least partial collapses of wave functions to achieve a devia-
tion from one or more of the zeroth, the second, or the third

law of thermodynamics.

[0081] The device according to any one of the above as-
pects may operate at a temperature in the range of 0 K - 5000

K.

[0082] The device according to any one of the above as-
pects may or may not be coupled to or entangled with a bath

in the quantum regime.

[0083] The present disclosure also relates to a device
utilizing coherent emission and at least partial gquantum-
mechanical collapses of wave functions or quantum-mechanical
superposition of states and at least partial collapses of
wave functions to generate or to enhance inhomogeneities in
the density of the energy distribution of waves or particles
in a system. The energy distribution may be an energy distri-

bution generated at least partially by thermal energy.

[0084] The present disclosure also relates to a device
utilizing coherent emission and at least partial gquantum-
physical collapses of wave functions or guantum-mechanical

superposition of states and at least partial collapses of
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wave functions to shift a system out of the state of thermal

equilibrium.

[0085] The present disclosure also relates to a device
utilizing coherent emission and at least partial gquantum-
physical collapses of wave functions or guantum-mechanical
superposition of states and at least partial collapses of
wave functions to generate temperature differences within one

body or between several bodies.

[0086] In a device according to any one of the above as-
pects phase shifts maybe induced by at least one non-

reciprocal component of the device.

[0087] In a device according to any one of the above as-
pects the at least partial quantum physical collapse of the
wave function is achieved by the use of a possibly macroscop-
ic body, which may for example be a solid, a liquid, a gas,

or a plasma.

[0088] In a device according to any one of the above as-
pects the at least partial quantum physical collapse and an
at least partial absorption of the wave function at a body is

followed by a statistical reemission of a wave by said body.

[0089] In a device according to any one of the above as-
pects an at least partially guantum physical collapsed wave
is statistically replaced by another wave with a random

phase, or the phase of a wave is changed to a random value.

[0090] In a device according to any one of the above as-
pects the device creates useful work by converting a generat-

ed radiation density inhomogeneity or a generated temperature
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difference into electricity, radiation, optical energy, or
other forms of energy, or by using the achieved order in some

other manner.

[0091] In a device according to any one of the above as-
pects the device transports mass, particles, energy, heat,
momentum, angular momentum, charge, or magnetic moments with-

in one body or between several bodies.

[0092] In a device according to any one of the above as-
pects the device charges a storage system for energy, waves

or matter, for example a capacitor or a battery.

[0093] In a device according to any one of the above as-

pects wherein the device heats or cools bodies.

[0094] In a device according to any one of the above as-

pects in which device one or several of the bodies of the de-
vice are operated at another base temperature than room tem-
perature, for example by using an additionally provided heat-

ing or cooling function.

[0095] In a device according to any one of the above as-
pects in which device one or more internally or externally

created signals are used to control the process.

[0096] The key elements contributing to the apparent vio-
lation of the second law are the generation of particle
states split into multiple wave packets, the gquantum mechani-
cal collapse of at least some of the multiple wave-packet
states, and the sorting of single and multiple wave-packet
states by interference, where the latter step transfers the

coherence properties of the wave packets into a useful output
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signal. These robust, single-particle processes are scalable,
they function in a wide temperature range including high-
temperatures, are compatible with a standard room-type envi-
ronment, and can be implemented in a large variety of devices
acting on many species of quantum waves, including electro-

magnetic, particle and quasiparticles waves.

[0097] It is noted that in the literature descriptions of
photonic devices can be found that bear a deceptive, superfi-
cial resemblance to the devices disclosed here. None of these
devices use the principle mechanism described in the current
disclosure, and therefore also cannot achieve a violation of
the second law. As an illustrative example we mention the de-
vice presented by Soellner et al. in Fig. 3 of their publica-
tion (I. Soellner et al.: “Deterministic photo-emitter cou-
pling in chiral photonic circuits”, NATURE TECHNOLOGY, wvol.
10, no. 9, 1 September 2015, pages 775-778). There, a gquantum
dot is presented that in their device plays an active role,
such as the atom M (36) plays an active role in the device
disclosed. These roles are fundamentally different, however,
and accordingly the device functions much differ. The guantum
dot of Soellner et al. merely introduces a directional de-
pendent phase-shift, without a statistical process, a col-
lapse, absorption, or emission. The state of the gquantum dot
does not change as a function of time, and the whole device
is therefore operating in a deterministic manner, as the ti-
tle of that publication already reveals. That four-terminal
device is described by a unitary scattering matrix, as for
example, is also the case for the device presented by
Ballestro et al. The device disclosed here, however, is able
to function on two ports only, and nonreciprocity is achieved
by breaking the unitarity with statistical collapse process-

es.
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[0098] While the invention has been illustrated and de-
scribed with respect to one or more implementations, altera-
tions and/or modifications may be made to the illustrated ex-
amples without departing from the spirit and scope of the ap-
pended claims. In particular with regard to the various func-
tions performed by the above described components or struc-
tures (assemblies, devices, circuits, systems, etc.), the
terms (including a reference to a “means”) used to describe
such components are intended to correspond, unless otherwise
indicated, to any component or structure which performs the
specified function of the described component (e.g., that is
functionally equivalent), even though not structurally equiv-
alent to the disclosed structure which performs the function
in the herein illustrated exemplary implementations of the

invention.
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CLAIMS

1. A quantum device, comprising:

a transmission structure (33, 34, 35, 36) connected be-
tween at least a first port (31) and a second port (32),
wherein

the transmission structure is designed such that it im-
plements collapse, interference and selective absorption of
gquantum waves to achieve a nonreciprocal motion of quantum

waves between said ports.

2. The quantum device according to claim 1, further com-
prising:

at least one first port (31) and at least one second
port (32);

the transmission structure (33, 34, 35, 36) comprising
at least two first transmission paths extending between the
two ports;

the transmission structure being further designed so
that the first waves originating from the ports are split up
into first partial waves propagating on both transmission
paths, and the first partial waves interfere at least in part
such that the resulting superposition depends on whether they

originated from the first port (31) or the second port (32).

3. The quantum device according to claim 1, further compris-
ing:
at least one first port (31) and at least one sec-

ond port (32);
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the transmission structure (33, 34, 35, 36) comprising
at least two first transmission paths extending between the
two ports

the transmission structure being further designed so
that the first waves are split up into first partial waves
propagating on both transmission paths

the second waves at least partially originating from the
transmission structure (33, 34, 35, 36) are split up by the
transmission structure into second partial waves propagating
on both transmission paths and the second partial waves in-
terfere at least in part such that they reach preferably one

port.

4, The quantum device according to any of the preceding
claims, wherein the action of the transmission structure is
altered by moving or turning parts, by changing the transmis-
sion properties of the transmission paths, or by changing
their properties by mechanical, electrical, magnetic, or op-

tical means.

5. The quantum device according to any of the preceding
claims, wherein at least part of the phases of the waves
travelling between the ports are erased and replaced by ran-
dom phases, using the action of non-phase conserving scatter-

ing events.

6. A use of one or more quantum devices according to anyone
of the preceding claims

in one or more of

- a device in which the first waves comprise quanta with
energies obtained from a thermal source or with energies E of
order kT, such that 0 < E < 100kT, wherein T is the tempera-

ture of the environment;
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- a device utilizing coherent emission and at least par-
tial collapses of wave functions to achieve a deviation from
one or more of the zeroth law, the second, or the third law
of thermodynamics;

- a device utilizing quantum-mechanical superposition of
states and at least partial collapses of wave functions to
achieve a deviation from one or more of the zeroth, the sec-
ond, or the third law of thermodynamics;

- a device utilizing coherent emission and at least par-
tial quantum-physical collapses of wave functions or gquantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to generate or to enhance inhomoge-
neities in the density of the energy distribution of waves or
particles in a system;

- a device utilizing coherent emission and at least par-
tial quantum-physical collapses of wave functions or gquantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to shift a system out of the state
of thermal equilibrium;

- a device utilizing coherent emission and at least par-
tial quantum-physical collapses of wave functions or gquantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to generate temperature differences
within one body or between several bodies;

- a device comprising an interferometer; and

- a device performing heating, cooling, matter transport,

energy transport, or power generation.

7. The use according to claim 6, wherein
the device operates at a temperature in the range of 0 K -

5000 K.
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3. The use according to claim 6, wherein at least parts of
the device are subject to non-thermal energy input, in par-
ticular non-thermal irradiation by electromagnetic waves,

electrons, neutral particles, or ions.

9. The use according to claim 6, wherein
the device is not coupled to or entangled with a bath in the

quantum regime.

10. The use according to any one of claims 6 to 9, wherein
the device utilizes coherent emission and at least partial
quantum-physical collapses of wave functions or quantum-
mechanical superposition of states and at least partial col-
lapses of wave functions to generate or to enhance inhomoge-
neities in the density of the energy distribution, momentum
distribution, or angular momentum distribution of waves or

particles in a system.

11. The use according to claim 10, wherein
the energy distribution, momentum distribution, or angular
momentum distribution is generated at least partially by

thermal energy.

12. The use according to any of claims 6 to 11, wherein
the at least partial gquantum physical collapse of the wave
function is achieved by the use of a macroscopic body, which

may for example be a solid, a liquid, a gas, or a plasma.

13. The use according to any of claims 6 to 12, wherein
the at least partial quantum physical collapse and an at
least partial absorption of the wave function at a body is

followed by a statistical reemission of a wave by said body.
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14. The use according to any one of claims 6 to 13, wherein
an at least partially gquantum physical collapsed wave is sta-

tistically replaced by another wave with a random phase.

15. The use according to any one of claims 6 to 14, wherein
the device creates useful work by converting a generated ra-
diation density inhomogeneity or a generated temperature dif-
ference into electricity, radiation, optical energy, or other
forms of energy, or by using the achieved order in some other

manner.

16. The use according to any one of claims 6 to 15, wherein
the device transports mass, particles, energy, heat, momen-
tum, angular momentum, charge, or magnetic moments within one

body or between several bodies.

17. The use according to any one of claims 6 to 16, wherein
the device charges a storage system for energy, waves or mat-

ter, for example a capacitor or a battery.

18. The use according to any one of claims 6 to 17, wherein
the device heats or cools bodies, waves, or ensembles of

waves.

19. The use according to any one of claims 6 to 18, wherein
one or several of the bodies of the device are operated at
another base temperature than room temperature, for example
by using an additionally provided heating or cooling func-

tion.

20. The use according to any one of claims 6 to 19, wherein
at least one internally or externally created signal is used

to control the operation of the device.
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