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ABSTRACT We found that the minimum energy of reading or erasing a spin datum should be expressed by
AE = 2upB, in contrast to AE = kpT In(2) proposed by Landauer in 1961. The physics of using a spin’s
orientation to represent a bit of information is fundamentally different from that of using a particle’s position
in classical charge-based data storage: the former is quantum-dynamic (independent of temperature below
the Curie point), whereas the latter is thermodynamic (dependent on temperature). Quantitatively, this new
energy bound associated with a new information erasure protocol was estimated as 1.64 x 1073/, 15 orders
of magnitude lower than the Landauer bound (3 x 107217, at no cost of angular momentum and increased
total entropy. In this new information erasure protocol, there is no need to move the electron from one side
of the potential well to the other side otherwise the energy used to retain the defined spin state still needs
to be greater than the existing thermal fluctuation (the Landauer bound). We verified our new energy bound
based on a number of experiments including the Rydberg atom and the spin-spin interaction.

INDEX TERMS Low power electronics, the Landauer bound, spintronics, irreversible computing, green
computing, energy Internet, smart grid, quantum computing.

I. INTRODUCTION

Spin-based electronics or spintronics seeks to create new
electronics that is based not solely on the charge of the
electron, but on its spin as well. A generic impression is that
spintronic devices consume much less energy due to a spin’s
‘agility’ in contrast to a charge’s ‘clumsiness’. In this work,
we will use the manipulation of a bit of information as an
example to demonstrate which (spintronics or electronics) is
more energy-efficient.

As shown in Fig. 1(a), a trapped particle (e.g., electron)
moving upwards and downwards between impenetrable bar-
riers at either end of a one-dimensional nanotube can be
treated as an ideal gas whose interactions with the ends are
perfectly elastic collisions. It obeys the ideal gas law:

PV = kgT, ey

where P is the pressure, V is the volume, kp is the Boltzmann
constant and 7 is the (absolute) temperature.
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The work to push the info electron to the desired half is
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in exchange for losing that written information (which side
of the partition is occupied). Information is physical. The
erasure of a bit of (classical) stored information requires the
same amount of (heat) energy that is approximately 3 x
107217 at room temperature (300 K). We called this energy
limit the Landauer bound [1].

The generation of this heat inevitably results in both phys-
ical irreversibility and logical irreversibility. Such an irre-
versible operation can also be described by Clausius’s second
law of thermodynamics [2] and Szilard’s minimal entropy
production of kg In(2) [3].

In 2012, the Landauer bound (3 x 10721y ) was experi-
mentally verified using a system of a single colloidal particle
trapped in a modulated double-well potential [4]. The mean
dissipated heat was observed to saturate at the Landauer
bound in the limit of long erasure cycles [4]. This work
defines the ultimate physical limit of irreversible computa-
tion [4]. Vaccaro and Barnett argued that there is no energy
cost of erasing spin information S = 1/2 degenerated state,
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(b) An information engine “burning” information.

FIGURE 1. A one-dimensional nanotube with a trapped electron. In (0),
the electron only moves upwards and downwards, v and v’ denote the
velocities before and after the collision, respectively. Creating info is a
two-step process: (1) emit a photon to push the info electron to the
desired half; (2) add the partition to confine the info electron. In (3),

if the partition is a frictionless piston, the info particle can push it to
exert useful work in exchange for losing that written info (which side of
the partition is occupied). This is a so-called “information engine” in (b).

which implies that, at a cost of increased total entropy, the cost
of erasing a bit of information is less than the Landauer
limit [5].

In 2014, Jun et al. demonstrated using small particles in
traps and reducing the exerted work to the Landauer limit
during the erasure at the expense of slow operation [6].

In 2016, Hong et al. used a laser probe to measure the
amount of energy dissipation (4.2 zeptojoules) when a nano-
magnetic bit was flipped from off to on [7].

In 2018, Gaudenzi et al. reported an array of giant-spin
(S = 10) quantum molecular magnets [8]. They concluded
that the erasure is still governed by the Landauer bound but
can be performed at a high speed (as tunneling provides
a high-speed path for spin reversal) even in the quantum
realm [8].

Il. READING OR ERASING A SPIN DATUM

An electron has a charge and a spin, which are inseparable.
In classical information storage (Fig. 1), a charge is stored in
order to save information. As a modern computing paradigm,
a spin can replace a charge for the storage of information,
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FIGURE 2. Energy of a spin in a magnetic field B. The spin angular
momentum is quantized with only two possible z-components and does
not depend on temperature [the ordered magnetic moments of
ferromagnetic materials change and become disordered (paramagnetic)
at the Curie temperature, which is well above room temperature]. The
decoupling between the spatial degree of freedom and the spin degree of
freedom means that the Landauer bound (which is dependent on
temperature T) should no longer be used in this case.

allowing faster, low-energy operations [9]. As shown in
Fig. 2, the energy of flipping a spin in a magnetic field B can
be expressed by:

AE4, = gupB ~ 2upB, 3

where up is the Bohr magneton and the value of the electron
spin g-factor is roughly equal to 2.002319. The reason g is
not precisely 2 can be explained by quantum electrodynamics
calculations of the anomalous magnetic dipole moment [10].

The minimum energy of reading or erasing a spin datum
is 2upB, regardless of which form of energy (electrical,
magnetic, optical, chemical or even mechanical) is input.
Analogous to the temperature 7' (as an environmental param-
eter) in the Landauer bound, the magnetic field B (as another
environmental parameter) is essential to determine this new
energy bound for “nonclassical”” information. We will calcu-
late the strength of the magnetic field in the following cases:
1. An internal magnetic field due to the electron orbit in an
isolated atom or ion; 2. A magnetic field in the spin-spin
interaction; and 3. Various ambient magnetic field sources
outside matter.

According to the conservation of energy, the spin carrier’s
spatial degrees of freedom are in thermal equilibrium with
a much larger thermal reservoir at temperature 7. In con-
trast, the spin degrees of freedom are in an independent
equilibrium state [5]. The decoupling between the spatial
degree of freedom (which is temperature-dependent) and the
spin degree of freedom (which is temperature-independent)
may be achieved by degenerating the states of each spin in
energy [5]. The relationship between the temperature and
spatial degrees of freedom is described in the Landauer
bound [1], and such a decoupling means that the Landauer
bound (which depends on temperature 7°) should not be used
in the energy limit calculation for a spin datum at the erasure
or destructive readout stage without necessarily moving the
electron from one side of the potential well to the other side.

Ill. INTERNAL MAGNETIC FIELD IN AN ATOM/ION
An electron exists in two ways: it can be either bound to the
nucleus of an atom by the attractive Coulomb force (in the
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(b) In the rest frame of the
electron, there is a magnetic
field B acting on the electron.
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FIGURE 3. There is no magnetic field acting on the electron in the rest
frame of the nucleus; there is a magnetic field in the rest frame of the
electron. Magnetic field B in (b) is such a field seen from the electron

perspective. Z is the effective central charge, which includes all other
charges of the nucleus and inner electrons. e is the elementary charge.

spin-spin interaction experiment to be illustrated in the next
section, the ground state valence electron of a trapped 88Sr™
ion has only spin degrees of freedom) or can be promoted
to free space (outside matter) by absorbing energy equal or
greater than the work function. An electron in metals also
behaves as if it was free. Let us first calculate the energy of
flipping a spin in an atom.

As shown in Fig. 3, there is a magnetic field B acting on
the electron in the rest frame of the electron. The energy of
flipping this spin in the B that the electron experiences can be
found in Eq. 3.

Directly, the energy of flipping the spin between two states
(spin up and spin down) can be expressed in its quantum
dynamical form [10], [11] as follows:

mcta® z4

AE = . ,
2 n3n(l + 1)

“

where m is an electron’s mass, c is the speed of light, « is
the fine-structure constant, Z is the effective central charge, n
is the principal quantum number and ¢ is the orbital angular
momentum quantum number. These two states (spin up and
spin down) exist inside the same ‘“‘n’’, and their total angular
momentum number *j” is different by one. As one can see in
Eq. 4, this value is proportional to i—:.

For example, first, we obtain the energy difference between
2p3/; and 2p, /, of the hydrogen atom. The principal quantum
number “n” is “2” in both states. j = [ +s = 3/2in 2p3,
(the spin quantum number associated with the spin angular
momentum s = 1/2),andj =1/—s = 1/2in2p; ;. As shown
in Fig. 4, the hydrogen fine structure (= doublet) between
2p3), and 2p,,, is approximately 0.000045 eV, which is
experimentally verified [8].

Some typical values of the internal magnetic field expe-
rienced by a hydrogen atom electron in different states are
listed in Table 1. As seen in the table, there exists a strong
magnetic field inside an atom [10], [11]. Since the energy
is proportional to i—;, the chemical elements (Z > 1) after
hydrogen require more energy to flip their spins. In other
words, a hydrogen atom tends to have the lowest energy to
flip its spin. For the same chemical element, the larger the
orbit is of an electron (n > 2), the less energy needed to flip
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FIGURE 4. Hydrogen 2p3; - 2p; ); fine structure. It is the spin-orbit
interaction that splits the hydrogen atomic energy levels and gives rise to
a fine structure in the spectra of the hydrogen atom. The energy
separation (0.000045 eV) between 2p5 , and 2p, , corresponds to

0.365 cm—" (= 82259.2850 cm~" — 82258.9191 cm~!), which has been
verified by an absorption spectrum experiment for hydrogen: the
2s1/2(= 2Py 2) — 2p3/ transition requires a wavelength of 2.74 cm

(= ﬁ) to be absorbed) [8].

its spin (note that the s state has no orbital angular momentum
and that there is no spin-orbit splitting for this state).

The goal of this work is to find the minimum energy to flip
a spin. Therefore, we need to calculate the energy values of a
hydrogen atom electron with a very high principal quantum
number #. In fact, an excited atom with one or more electrons
that have a very high 7 is called a Rydberg atom [10], [12].
While being excited into a high energy level, those outer elec-
trons of an atom may enter a spatially-extended orbital (far
outside the ones of the other electrons). From the standpoint
of an excited electron, it sees an ‘“‘equivalent” atomic core
(consisting of the nucleus and all the inner electrons) orbiting
around it. Hence, this core has a net charge of +e, which is
the same as that of a hydrogen nucleus. Therefore, the excited
electron behaves as if it belongs to a hydrogen atom. Indeed,
in many respects, a Rydberg atom behaves like a hydrogen
atom [12].

So far, a Rydberg atom with n = 290 has been achieved
experimentally in the laboratory, and acre atoms with outer
electrons in states with n = 630 are observed by radio
astronomical methods in interstellar space [10]. Accordingly,
we calculated both the energy required to flip the spin of
its outermost electron and the internal magnetic field expe-
rienced by that electron, as presented in the bottom two rows
of Table 1. Here, we chose 1.82x 1012 ¢V(= 2.91x 10731))
as the (minimum) energy limit if one uses the electron spin
in an atom to read or erase a bit of stored information in the
human-made devices on Earth. Obviously, this energy limit
is much lower than the Landauer bound (3 x 10721y ).

According to Newton’s second law, for an electron rotating
about a hydrogen nucleus of charge +e, we obtain: F =

2 2 . . .
ma => kr% = ", where r is the radius of the circular
orbit and k = 47:60. Orbital momentum is quantized in units

of the reduced Planck constant /: mvr = nfi. Combining
the above two equations, we obtain Bohr’s expression for the
orbital radius in terms of the principal quantum number n:

Z;hni It is now apparent why the radius of the orbit
of a Rydberg atom scales with n>. As shown in Table I,

r =
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TABLE 1. Some typical values of the internal magnetic field experienced by a hydrogen (or hydrogen-like) atom electron (a highly excited atom has an
electronic structure roughly similar to that of atomic hydrogen) and the energy in Z4/n3.

The principal quantum The orbital The orbital radius AE, = E,—E, _AEy
number angular n?h? z* B= 2Ug
n momentum " =%e?m n3
quantum
number
/
1 0 53x107"'m 0 0
(Bohr radius)
2 0 0.00021 um 0 0
2 1 0.00021 um 45x 1075 eV 0.388T
3 0 0.00048 um 0 0
3 1 0.00048 um 456 x 107> eV 0.393T
3 2 0.00048 um 448 x 1075 eV 0.386 T
137 (Rydberg atom) 1 1 um (close to the 1.75 x 10711 eV 1.51x 1077 T
size of bacteria!)
290 (Rydberg atom, 1 4.5 um 1.82 x 10712 eV 1.58x 1078 T
highest achieved in
lab) [10]
630 (acre atoms, 1 21.2 um 1.80 x 10713 eV 1.55x 107°T
highest observed in
interstellar space) [10]
n = 137 corresponds to an atomic radius r = ijhni = b4

1372 x(1.05x 107347 .5)°
(1.60x10-19C)* x9.11x 1031 kg
. 4x3.14x8.85x 10712 1¥m
size of bacteria!. Thus, Rydberg atoms are extremely large,

with an extremely small internal magnetic field, and their
spins can easily be flipped and ideally be used for information
storage.

~ 1um, which is even close to the

IV. MAGNETIC FIELD IN SPIN-SPIN INTERACTION
The importance of using a spin as an energy/angular momen-
tum source to drive another spin (as a bit of information) is
twofold: on the one hand, the magnetic interaction between
two electronic spins can impose a change in their orientation
and thereby alter the stored information if the spins are used
for data storage; on the other hand, the key to calculating
the minimum energy to flip a spin is to find a minimum
magnetic field B in Eq. 3, and a spin is the smallest magnet
(Bohr magneton) one can use to flip another spin. As shown
in Fig. 5, the magnetic field of one Bohr magneton (fip)
applied on the other magneton is given as
Ko [3(113 HF L ]
Q5 T MB|,

é =
4 r3 r?

&)

where 119 = 47 x 1077T - m/A is the vacuum permeability
constant [10]. If fip is colinear with 7, the generated magnetic
field is also along 7, and its strength is
2
5 Ho2us
g 13

(6)
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FIGURE 5. One Bohr magneton applies a magnetic field B on another
magneton. Note that the magnetic field that is experienced by one
magneton may not be the same as the field experienced by the other
considering their possible orientations. In this work, we have covered five
different energy-inputting means to manipulate the spin-spin interactions
(see main text for details).

In 2014, the magnetic interaction between the two ground-
state spin-1/2 valence electrons of two 88Sr™ ions across a
separation (d = 2.18 ~ 2.76um) was reportedly observed
and measured [13]. The experimental setup is shown in
Fig. 6(a). For 8Srt the two spin states of the valence

electron are | 1) = ‘5s1/2,J = % ,M;=1/2) and | |) =

‘5s1/2, J = % ,Mj; = —1/2). As mentioned above, an s-state
electron has no orbital angular momentum, so it does not
experience any internal magnetic field due to spin-orbit cou-
pling since there is no spin-orbit splitting for this state.
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As shown in Fig. 6(b), the four eigenstates of the two-
ion Hamiltonian (the spin part) are | 1), |{ |) and the two
entangled Bell states | +) = (|1 |) £ | ? )/«/_ The

energy splitting between the last two is %# (note that

this is independent from the external magnetic field Bey;),
where & is the Planck constant. The spin—spin interaction
within the decoherence-free subspace can be described by
the geometric Bloch sphere [Fig. 6(c)], in which, starting
from the north pole |1 |), the system rotates through the
fully entangled state |x +) = (|11 |) + il 1))/+/2 and
towards the south pole || 7). The electronic spins can be
placed at a controlled distance from one another (via the trap
voltage against the Coulomb repulsion). It is also possible
to initialize the system state to |1 |) or || 1) (by optical
pumping), manipulate the internal spin state (perform all
possible collective spin rotations by pulsing a resonant radio-
frequency magnetic field) and detect the internal spin state
(by state-selective fluorescence) with high fidelity [13].

The measurements showed that the spin—spin interaction
depends on the interelectron distance, with a d —3.04) distance
dependence [13], obeying the inverse-cube law as illustrated
in Eq. 6. Therefore, as shown in Fig. 6(a), one electron applies
a magnetic field B on the other (colinear with the line linking
them), and the strength of this field can be calculated based
on Eq. 6 as follows:

g Ho2ug _ 1077TM/A x 2 x 927 x 10724 - m?
4r d> (2.76 x 10~m)’
= 8.82 x 1077, @)

where d = 2.76 pum is the largest separation for which the
spin-spin interaction is still effective with a fidelity of above
98% [13]. Note that the used separation (d = 2.76 um)
between the two spins is five orders of magnitude larger than
the Bohr radius (5.29 x 10~ "m, which is equal to the most
likely distance between the nucleus and the electron in a
hydrogen atom in its ground state). This separation is close
to the radius (4.5 um) of the largest human-made Rydberg
atom (n = 290) considering the likelihood that the radius
of the largest (human-made) Rydberg atom may represent
the largest distance for which the attractive Coulomb force
(between a proton and an electron) is effective on Earth.
According to Eq. 3, the energy to flip a spin via the spin-
spin interaction in the presence of the magnetic field B is:

Ho21B Ko 4MB
AE =2uB|=2
a ( My ™3~ ax b )
=2x927 x 1072%/T « 882 x 107141
= 1.64 x 10737, (8)

In this new energy bound (Eq. 8) for reading or erasing
a stored datum in a spin, an environmental parameter (mag-
netic field B, in which the spin immerses itself) is analogous
to another environmental parameter (temperature 7) in the
Landauer bound (Eq. 2) in the sense that neither the magnetic
field B nor the temperature 7 should be zero.

VOLUME 9, 2021

Although |1 |) and || 7) are indistinguishable, as illus-
trated in Fig. 6(b), the energy limit of flipping a spin can
still be found by the above equation since it is proportlonal to

the aforementioned energy splitting in frequency (ffg h’;? =

2 — 5mHz) between the two entangled Bell states |y £) =
at Ol ™))/ V2.In fact, our calculated new energy bound
(AE = 1.64 x 1073%J) has been verified by this spin-spin

2
AE _ po g 1.64x1073%7
interaction experlment since = i 3 = —6.63x107341~s =

2.47mHz, which matches the lower end of the measured
frequency range (2-5 mHz) [13].

This energy bound (1.64 x 1073°J) is much lower than
the Landauer bound (3 x 10721J). A good example taking
advantage of such spin-spin interactions is the spin-transfer
torque (STT) [14] and spin—orbit torque (SOT) [15], in which
a spin-polarized current is directed into a magnetic layer, and
the angular momentum can be transferred to change its spin
orientation. STT/SOT can be used to flip the storage elements
in magnetic random-access memory with no volatility and
near-zero leakage power consumption; however, it always has
a charge flow whose areal density is ~ 3.4 x 10°A/cm? for
SOT switching [15] (two orders of magnitude smaller than
that for STT switching) and thereby suffers from substantial
energy dissipation caused by Joule heating.

In 2019, it was reported that, without any moving elec-
tron, spins can even be flipped by a magnon current car-
rying spin angular momentum [16]. This experiment intro-
duced another energy-efficient way to flip spins based on the
spin-spin interaction and may facilitate future magnon-based
memory/logic devices. Nevertheless, their antiferromag-
net/insulator/ferromagnet interface (that is as thin as 25
nanometers) is much smaller than the spin-spin separation
(d =2.76 um) that we used to estimate the minimum energy
to flip a spin. That is to say, our energy limit is still the
minimum so far.

Note that this new energy limit represents purely the (mag-
netostatic) potential energy in a magnetic field and does not
include any heat dissipation. It is worth mentioning that, link-
ing information and thermodynamics, the Landauer bound
itself is actually the heat generated in erasing a (classical) bit
of stored information, which inevitably results in physical and
logical irreversibilities.

In 2011, an information erasure scheme was proposed,
in which the energy cost can even be reduced to zero with
a cost in angular momentum or another conserved quantity
in principle [5]. The memory spin is put in spin-exchange
contact with a reservoir of spins (if it contains only one
spin, the setup is similar to the spin-spin interaction exper-
iment), letting the combined reservoir-memory spin system
come to equilibrium (conservation of angular momentum),
and then separating the memory spin from the reservoir [5].
An extremely vital assumption of their claim is that there
are no residual magnetic fields in the vicinity of the spins
that would remove their energy degeneracy and produce
an energy cost associated with the above operations. Obvi-
ously, this assumption is not affirmed at all by the spin-spin
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other co-trapped #Sr" ion;

[T
T
UpBexe
TR T 1BA6MHZ - 1y 4 V2
* I %:%%:275mHz
BpBext _ ooy 1W=) = (1) — [11)/V2
. :
v
|11

(b) Two spins’ energy diagram with magnetic interaction
eigenvectors |¥+) = w;

[T1) £ 11)

[ £) = 7z

O
1)
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FIGURE 6. The weak, millihertz-scale magnetic interaction between the
two ground-state spin-1/2 valence electrons of two 88Sr+ ions against
relatively strong magnetic noise across a separation (d = 2.18 ~ 2.76 um)
was observed and measured [13]. It was found that the two ions can be
tightly confined and laser-cooled to their ground state. Note that an
external magnetic field B, (# B) was applied along the line (z)
connecting the two ions during the measurements. In a quantum system,
such a magnetic field promotes the quantum mixing of the ‘up’ and
‘down’ spin orientations. One can initialize the system to |t |) along that
direction and measure the state projections on the (|t |) +i |} 1))/v2
basis along y and rotations of the system state around the x axis (the
system dynamics are nearly ideal (|t |) < || 1) rotation). The energy
splitting AE = hf = %, where h is the Planck constant, f is the frequency,
c is the speed of light in vacuum and 1 is the wavelength.

interaction experiment [13], in which there exists a minimal
magnetic field of 8.82 x 10~!4T, which is indispensable and
inescapable in terms of effecting the spin-spin interaction as
elaborated above.

V. COMPARISON OF THE ENERGY LIMITS WITH
DIFFERENT MAGNETIC FIELD SOURCES

Table 2 lists examples of magnetic field B produced by vari-
ous sources, ordered by orders of magnitude [17], as well as
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FIGURE 7. Left: To write or erase a classical bit of stored information,
the barrier in the bistable potential well can be lowered (as illustrated

in Fig. 1), and a possible thermal fluctuation allows the system to
fluctuate between the two quasidegenerate states. Right: The energy
used to retain the defined spin state still needs to be greater than the
existing thermal fluctuation (the Landauer bond) in terms of keeping the
electron at the one side of the potential well, although the energy of
flipping a spin at the readout or erasure stage (without necessarily
moving the electron from one side of the potential well to the other side)
is 15 orders of magnitude lower than that of using an electron’s position.
In either case, we cannot separate the (internal, intrinsic) spin and charge
of an electron.

the corresponding energies needed to flip a spin. Note that
the magnetic field drops off as the cube of the distance from
a dipole source, as illustrated in Eq. 5.

From this table, it can be seen that the energy (1.64 X
107367) in the spin-spin interaction is much lower (4-5 orders
of magnitude) than that (2.91 x 1073J for n = 290 or
2.87 x 10732J for n = 630) for a spin that is bound in an
atom. Therefore, it is reasonable for us to take 1.64 x 107367
as the minimum energy limit to flip a spin if we shield our data
storage devices well from those external magnetic field noises
from various sources (labeled ‘“Outside Matter” in Table 2).

An s-state electron (bound in an atom) does not experience
any internal magnetic field in the atom (as mentioned above)
but still needs the minimum energy (1.64 x 10736J) to flip it
at no cost of angular momentum and increased total entropy.
An s-orbital electron with zero orbital angular momentum has
spherical orbitals, which does not mean it moves around on
the boundary of that sphere (if it was a classical particle);
rather, it means that it has some probability of being found
anywhere in that sphere.

This new energy bound (1.64 x 1073¢Jn) should be univer-
sal for a spin to be flipped regardless of which form of energy
(electrical, magnetic, optical, chemical or even mechanical)
is input unless new experimental evidence (e.g., the spin-spin
interaction can still be observed while d > 2.76 yum) appears
in the future proving that a lower energy is possible to flip a
spin. This endeavor will no doubt be a major challenge since
even the current measurement (d < 2.76 um) was carried
out in the presence of magnetic noise that was six orders of
magnitude larger than the magnetic fields that the electrons
apply on each other [13].

In 2010, the spin direction of an individual Co atom
was manipulated by moving it along the in-plane antifer-
romagnetic Mn spin spiral (Mn magnetic moment up and
down, alternatively) [22]. This is an example of using the
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TABLE 2. Energy to flip a spin with different magnetic field sources, grouped by inside/outside matter, in contrast to the Landauer bound (3 x 10~217) for

classical data storage.

Magnetic Field Sources

Magnetic Field B Energy to Flip a Spinin B

(AE = 2ppB)
The spin is bound in an atom (s state, /=0 for all n). 0 1.64 x 10736 ] *
Inside The spin is bound in an atom (n=2, I=1). 0.388T 7.2x 10724 ]
matter The spin is bound in an atom (n=290, /=1). 1.58 x 1078 T 291 x 10731
The spin is bound in an atom (n=630, /=1). 1.55x 107°T 2.87 x 10732
The spin interacts with another spin [13]. 8.82x 10T 1.64 x 10736
Human brain magnetic field [17]. 100 fTto 1 pT[17] | 1.85x 10736~1.85 x 1073° ]
Magnetic field around the solar system [18]. 10 pT [18] 1.85 x 10734
Outside | Magnetic field near a toaster in use [19]. 60-700 nT [19] 1.11x10733~1.30 x 10731
matter | Magnetic field near electric distribution lines [17]. 100-500 nT [17] 1.85x 10733~9.25 x 10733 J

Magnetic field near a microwave oven in use [17].

4 uTto 8 uT [17] 7.4 x10732~1.48 x 10731

Strength of magnetic tape near tape head [17]. 24 uT [17] 444 x 10731
Earth's magnetic field at 0° latitude on equator [17]. 31 uT [17] 5.74 x 10731
Earth's magnetic field at 50° latitude [17]. 58 uT [17] 1.07 x 10739
A typical refrigerator magnet [17]. 5mT [17] 9.27 x 10726
The magnetic field strength of a sunspot [17]. 150 mT [17] 2.78 x 10724 ]
Inside modern 50/60 Hz power transformer [20]. 1Tto 2 T[20] 1.85 X 10723~3.71 x 10723
Modern magnetic resonance imaging system [21]. 9.4T[21] 1.74 x 10722

mechanical energy (in spite of heat dissipation and ineffi-
ciency) to flip a spin. However, the distance between the Co
and Mn atoms amounts to 2.286 A, which is much smaller
than the spin-spin separation (d = 2.76 pum) that we used to
estimate the minimum energy to flip a spin. That is to say, our
energy limit is still the minimum so far.

VI. CONCLUSION
In this work, we found that the minimum energy of
reading or erasing a spin datum should be expressed by
AE = 2upB, in contrast to the well-known Landauer for-
mula, AE = kpT In(2), for classical data storage (Fig. 7).
These two formulas are different because the physics of using
a spin’s orientation to read or erase a bit of stored information
is fundamentally different from that of using a particle’s
position as a (classical) bit of information: the former is
quantum-dynamic (independent of temperature below the
Curie point), whereas the latter is thermodynamic (dependent
on temperature). The new energy limit of flipping a spin at
the readout or erasure stage (without necessarily moving the
electron from one side of the potential well to the other side)
was estimated as 1.64 x 10730 , 15 orders of magnitude lower
than the Landauer bound (3 x 10721J) at no cost of angular
momentum and increased total entropy. We verified the above
limits based on a number of experiments including the Ryd-
berg atom [12] and the spin-spin interactions [13], [16], [22].
We stress that the decoupling between the (temperature-
dependent) spatial degree of freedom and the (temperature-
independent) spin degree of freedom does not mean that the
Landauer bound (which depends on temperature 7') should be
abandoned at the writing/storing stage since the energy used
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to retain the defined spin state still needs to be greater than
the existing thermal fluctuation (the Landauer bound).

Against the common wisdom that spintronic devices
consume much less energy, spintronics may not be more
energy-efficient than classical charge-based electronics at the
‘writing’ or ‘storing’ stage because we cannot separate the
(internal, intrinsic) spin and charge of an electron. At the
‘erasure’ or ‘readout’ stage, the energy (of flipping a spin)
is 15 orders of magnitude lower than the Landauer bound
without any increase in total entropy.

This new energy limit may help design various low-power
electronic and electrical systems to use less electric power
than classic charge-based systems. For example, small-
signal instability is always observed in batteries whose
droop coefficients vary with their state-of charge (SoC) and
charge/discharge mode [23]. In the Energy Internet and the
Smart Grid with the bidirectional power flow, in which vari-
ous methods such as a multiagent-based consensus algorithm
are utilised to increase the energy utilization [24]. Energy
efficiency in charging base stations is always a concern to
optimise the drone layout in complex pipeline networks [25].

With global energy consumption expected to almost dou-
ble by 2050 [26], we need to focus on both the amount of
energy we are consuming and the resulting emissions we
generate [26]. New digital technologies, such as artificial
intelligence, machine learning, deep learning and the Inter-
net of Things (IoT), are paving the way for greater energy
efficiency while ensuring sustainable operations. An example
is that a generative adversarial network (tnGAN) is used to
detect the leakage with incomplete sensor data in the energy
industry [27].

67115



IEEE Access

F. Z. Wang: Can We Break the Landauer Bound in Spin-Based Electronics?

ACKNOWLEDGMENT

The European Commission Marie Curie Fellow: Prof. Leon
Chua (UC Berkeley), Scientist-in-Charge: Prof. Frank Wang
under grant PIIFGA2012332059.

REFERENCES

[1]1 R. Landauer, “Irreversibility and heat generation in the computing pro-
cess,” IBM J. Res. Develop., vol. 5, no. 3, pp. 183-191, Jul. 1961.

[2] R. Clausius, The Mechanical Theory of Heat: With Its Applications to
the Steam Engine and to Physical Properties of Bodies. London, U.K.:
John van Voorst, 1867.

[3] L. Szilard, “On the decrease of entropy in a thermodynamic system by the
intervention of intelligent beings,” Behav. Sci., vol. 9, no. 4, pp. 301-310,
1964.

[4] A.Bérut, A. Arakelyan, A. Petrosyan, S. Ciliberto, R. Dillenschneider, and
E. Lutz, “Experimental verification of Landauer’s principle linking infor-
mation and thermodynamics,” Nature, vol. 483, no. 7388, pp. 187-189,
Mar. 2012.

[5] J. A. Vaccaro and S. M. Barnett, “Information erasure without an energy
cost,” Proc. Roy. Soc. A, Math., Phys. Eng. Sci., vol. 467, no. 2130,
pp. 1770-1778, Jan. 2011.

[6] Y.Jun, M. Gavrilov, and J. Bechhoefer, ‘“High-precision test of Landauer’s
principle in a feedback trap,” Phys. Rev. Lett., vol. 113, no. 19, Nov. 2014,
Art. no. 190601.

[7]1 J. Hong, B. Lambson, S. Dhuey, and J. Bokor, “Experimental test of
Landauer’s principle in single-bit operations on nanomagnetic memory
bits,” Sci. Adv., vol. 2, no. 3, Mar. 2016, Art. no. e1501492.

[8] R. Gaudenzi, E. Burzuri, S. Maegawa, H. S. J. van der Zant, and F. Luis,
“Quantum Landauer erasure with a molecular nanomagnet,” Nature Phys.,
vol. 14, no. 6, pp. 565-568, Jun. 2018.

[9] C. Chappert, A. Fert, and F. N. Van Dau, “The emergence of spin electron-
ics in data storage,” Nature Mater., vol. 6, no. 11, pp. 813-823, Nov. 2007.

[10] S. Chu, Afomic Physics. Beijing, China: Higher Education Press, 1979.

[11] X. Pen, “Calculation of internal magnetic field of an atom,” J. Anshan
Normal School, Natural Sci. Ed., no. 3, pp. 49-53, 1989.

[12] Rydberg Atom. Accessed: Apr. 17, 2021. [Online]. Available: https://en.
wikipedia.org/wiki/Rydberg_atom

[13] S. Kotler, N. Akerman, N. Navon, Y. Glickman, and R. Ozeri, “Mea-
surement of the magnetic interaction between two bound electrons of two
separate ions,” Nature, vol. 510, no. 7505, pp. 376-380, 2014.

[14] J. C. Slonczewski, ““Current-driven excitation of magnetic multilayers,”
J. Magn. Magn. Mater., vol. 159, nos. 1-2, pp. L1-L7, Jun. 1996.

[15] M. Jiang, H. Asahara, S. Sato, T. Kanaki, H. Yamasaki, S. Ohya, and
M. Tanaka, “Efficient full spin—orbit torque switching in a single layer
of a perpendicularly magnetized single-crystalline ferromagnet,” Nature
Commun., vol. 10, no. 1, pp. 1-6, Dec. 2019.

[16] Y. Wang, D.Zhu, Y. Yang, K. Lee, R. Mishra, G. Go, S.-H. Oh, D.-H. Kim,
K. Cai, E. Liu, S. D. Pollard, S. Shi, J. Lee, K. L. Teo, Y. Wu, K.-J. Lee,
and H. Yang, ‘““Magnetization switching by magnon-mediated spin torque
through an antiferromagnetic insulator,” Science, vol. 366, no. 6469,
pp. 1125-1128, Nov. 2019.

[17] Orders of Magnitude (Magnetic Field). Accessed: Apr. 17, 2021.
[Online]. Available: https://en.wikipedia.org/wiki/Orders_of_magnitude
_28magnetic_field29

[18] Surprises From the Edge of the Solar System, NASA, Washington, DC,
USA, Sep. 2006.

[19]1 Magnetic Field Levels Around Homes, Dept. Environ., Health Safety,
UC San Diego, San Diego, CA, USA, Apr. 2021.

[20] (Apr. 17, 2021). A Modern Well-Designed 60 Hz Power Transformer Will
Probably Have a Magnetic Flux Density Between I and 2 T Inside the Core.
[Online]. Available: https://eece.ksu.edu

67116

[21] N. Savage, ““The world’s most powerful MRI takes shape,” IEEE Spectr.,
vol. 50, no. 11, pp. 11-12, Nov. 2013.

[22] D. Serrate, P. Ferriani, Y. Yoshida, S.-W. HIla, M. Menzel,
K. von Bergmann, S. Heinze, A. Kubetzka, and R. Wiesendanger,
“Imaging and manipulating the spin direction of individual atoms,”
Nature Nanotechnol., vol. 5, no. 5, pp. 350-353, 2010.

[23] R. Wang, Q. Sun, W. Hu, Y. Li, D. Ma, and P. Wang, “SoC-based droop
coefficients stability region analysis of the battery for stand-alone supply
systems with constant power loads,” IEEE Trans. Power Electron., vol. 36,
no. 7, pp. 78667879, Jul. 2021.

[24] Q. Sun, R. Han, H. Zhang, J. Zhou, and J. M. Guerrero, “A multiagent-
based consensus algorithm for distributed coordinated control of dis-
tributed generators in the energy Internet,” IEEE Trans. Smart Grid, vol. 6,
no. 6, pp. 3006-3019, Nov. 2015.

[25] D.Ma, Y. Li, X. Hu, H. Zhang, and X. Xie, ‘““An optimal three-dimensional
drone layout method for maximum signal coverage and minimum interfer-
ence in complex pipeline networks,” IEEE Trans. Cybern., early access,
Jan. 5, 2021, doi: 10.1109/TCYB.2020.3041261.

[26] J.Joseph. (Sep. 7,2020). Data-Driven Energy Management Systems Prove
Key to Greater Efficiency. [Online]. Available: https:/www.carilec.org/

[27] X. Hu, H. Zhang, D. Ma, and R. Wang, “A tnGAN-based leak detection
method for pipeline network considering incomplete sensor data,” IEEE
Trans. Instrum. Meas., vol. 70, pp. 1-10, Dec. 2021.

FRANK Z. WANG (Senior Member, IEEE)
received the Ph.D. degree in UK. in 1999.
In 1996, he designed and developed a new type of
random access memory using the spin-tunnelling
effect with Tohoku University, Japan. This device
was the first of its kind worldwide. In 2004,
he was appointed as the Chair Professor and
the Director of the Centre for Grid Computing,
w Cambridge-Cranfield High Performance Comput-

i ing Facility (CCHPCF). CCHPCEF is a collabora-
tive research facility with the Universities of Cambridge and Cranfield (with
an investment size of £40 million). From 2010 to 2016, he was a Professor
in future computing and the Head of the School of Computing, University of
Kent, U.K. The School of Computing was formally opened by His Majesty
the Queen. From 2017 to 2018, he spent his sabbatical with Tsinghua
University. He has served on the UK Government EPSRC e-Science and
Hardware for Efficient Computing Panels and the Irish Government High
End Computing Panel for Science Foundation Ireland (SFI). He has been
invited to deliver keynote speeches and invited talks to report his research
worldwide, such as with Princeton University, Carnegie Mellon University,
CERN, the Hong Kong University of Science and Technology, Tsinghua
University (Taiwan), Jawaharlal Nehru University, Aristotle University, and
the University of Johannesburg. His research interests include memristors as
anew computing paradigm, unconventional computing, deep learning, green
computing, grid/cloud computing, data storage, and data communication.
He is currently a Fellow of the British Computer Society. He and his team
won the ACM/IEEE Super Computing Finalist Award, USA, in 2007. He is
also the Chairman of the IEEE Computer Society in U.K. and Republic of
Ireland Chapter.

—

VOLUME 9, 2021


http://dx.doi.org/10.1109/TCYB.2020.3041261

