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Abstract

In this study, Fe-based superconductors (SCs) are described with a model showing a novel
attractive force. First, we describe this novel force using an analog from
electromagnetism. From electromagnetism, it was found that this force is a Lorentz force in which
two electrons orbit around a Fe-ion with the same velocity. Then, we consider a wave function of an
electron. Consequently, due to the property of the proposed attractive force and the quantum-field
Hamiltonian, we clarified that the Bardeen—Cooper—Schrieffer (BCS) ground state can be reused.
Afterward, attractive force energy was calculated according to the presented model. In Fe-based
SCs, a structure transition is essential. Considering that the derived attractive force energy is
relatively large, we employ the expanded Tc-equation from the BCS theory that includes the
structure transition effect and the derived attractive force energy. In addition, we succeed in
analytically reproducing T.-dome diagrams in various types of Fe-based SCs. Moreover, we discuss
the universal property a general SC should have as well as the quantum critical point.
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1. Introduction

It has been over a century since the first superconductor (SC) discovery. During this period,
some significant progress has been made. For instance, the Bardeen—Cooper—Schrieffer (BCS)
theory [1], which claims that a Cooper pair and phonon pairing are mandatory to form
superconductivity, has been proposed.

Moreover, in the 1980s, ceramic cuprates [2], whose critical temperatures are higher than that of
LN,, were found. These SCs are essential because the superconducting mechanism differs from the
BCS theory. Several experimental and theoretical studies have been conducted; particularly, in
our previous study [3], we succeeded in analytically describing this mechanism.

Moreover, MgB, metal-based SC [4], whose critical temperature is 39 K, was presented; in
2008, Kamihara et al. [5] discovered Fe-based SCs whose critical temperature is around 50 K.
Recently, H-based SCs [6], whose critical temperature is very high and near room temperature but
requires very large pressures (around 250 GPa), have been devised.

MgB,- and H-based SCs are considered the phonon paring; thus, their mechanisms are not difficult
to clarify. However, several scholars claim that the mechanism of Fe-based SCs is considered to
be difficult to approach because Fe is a ferromagnetic element. Based on common sense,
if a ferromagnetic element is included in a compound, that compound cannot exhibit
superconductivity.

Among Fe-based SCs, various types of SCs, such as 11-, 122-, and 1111-types, exist. Moreover, to
clarify their mechanisms, many experiments have been performed [7-9]. Mainly, experiments
were performed to measure the Tc-dome diagrams, pair-symmetry, and magnetic moment of Fe.
Notably, the measure of Fe magnetic moment significantly differs from that of the theoretical
calculation. However, as discussed below, our pairing model well-explains this fact.
Moreover, importantly experiments revealed that a structure transition appears below around 160 K
[10-12]. For the paring
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symmetry, it is not currently determined, but it is among a subspecies of s-wave symmetry [13].

Several theoretical studies have been conducted. Among them, the spin-density wave theory [14]
and the orbital model system [15] are well-known. However, even with the support of a Hubbard-like
model or dynamic mean field theory, currently, the theoretical mechanism has not been well-
established. Particularly, based on the proposed mechanisms, a Tc-dome has not been reproduced.

Nevertheless, describing the correct theory is urgent because it might be a guide to finding a
higher critical temperature SC. Motivated by this, we analytically calculate T.-domes in various types
of Fe-based SCs in this study. Starting with a completely novel paring mechanism, the “expanded BCS
theory,” wherein the structure transition effect is incorporated, succeeds to reproduce T.-dome
quantitatively. Moreover, in the Discussion section, some insights into general and Fe-based SCs are
discussed. We emphasize that our analytical calculations were consistently performed with no fitting
or numerical calculations.

We briefly discuss the mechanism of paring. As discussed in our previous study [3], when two
electrons have zero relative velocity (i.e., the same velocity), the electrons experience an attractive
force from the analogy of electromagnetism. There are various forms to show this attractive force, but
we propose a model in which two electrons orbit around a Fe-ion with the same velocity. Because the
movements induce a current, the orbits itself has magnetic field energy and magnetic flux. We claim
that this is the identity of the electron nematic phase [16], and this is the the reason why the
experimental magnetic moment differs from that of the calculations [17].

According to the proposed model, we derived attractive force energy V. This type of paring has
rotational symmetry and thus a subspecies of s-wave is applied. After considering a wave function and
the property of the attractive force, it is allowed to reuse the BCS ground state and its critical
temperature equation. However, this equation incorporates the structure transition effect in addition to
the derived attractive force energy by the proposed model. Thus, we refer to this equation as the
“expanded BCS equation.” Employing this derived T -equation, we succeeded in reproducing various
types of Tc-dome diagrams. Although Fe-based SCs have various tapes and various T.-domes, we use
the same Tc-equation (i.e., the expanded BCS equation) that is related to the structural transition and
that quantitatively expresses the various type of T.-domes, implying that our established T.-equation
can be considered valid and the value of the attractive force energy V in it is valid.

Now, we present the content of this paper. First, we review the attractive force origin in an SC. Then,
according to the proposed model, the attractive force energy V is derived. Considering the property of
the attractive force and a wave function, we reconsider the validity to reuse the BCS ground state.
After incorporating the above attractive force energy and the structure transition effect, we derive the
critical temperature equation (expanded BCS equation). In the Method section, we describe a concrete
method of Tc-dome calculations. In the Result section, we show the consistency between our analytical
calculations and the experimental T.-dome diagrams in terms of various types of Fe-based SCs. In the
Discussion section, the universal property of an SC and the quantum critical point of a Fe-based SC
are discussed. Finally, we summarize the entire contents in the Conclusion section.

2. Theory

2.1. Attractive force

In general, to understand an SC is to clarify the force F that works between two carrier electrons. As
mentioned previously [3], this force is one from magnetic fields when the relative velocity between
the two electrons is zero. As shown in Fig. 1, when considering parallel current leads whose current
directions are the same, electromagnetism clarifies that these current leads experience an attractive
force F between them. Then, as shown in Fig. 2, even when these current leads are made to be
shortened, the attractive force F still exists. Therefore, as shown in Figs. 3 and 4, even when this
shortening results in a wavelength of an electron carrier, the attractive force F still works between two
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electrons. In fact, this implies that, when the relative velocity between two electrons is zero, a Lorentz
force results in an interactive attractive force F between the two electrons.

Although Figs. 3 and 4 imply the movement which has a center-of-mass (CoM) motion (i.e., d-wave
symmetry of a Cooper pair), Fig. 5 indicates s-wave symmetry whose CoM motion does not exist in
the thermal equilibrium. Moreover, Fig. 5 is an example in which the attractive force F is generated.
In this figure, each electron takes rotations but the relative momentum is zero. We claim that this figure
is an s-wave symmetry because of the rotational symmetry.

Electromagnetic

force

UOI19341p 1U344N)
UOId3JIP 1UBLIND

Fig. 1 Schematic of parallel current leads. In this figure, two current leads are set by the directions as parallel.
Notably, electromagnetism describes that there is an attractive force between the two current leads.

Electromagnetic
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force
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Fig. 2 Schematic of shortened current leads. Compared with Fig. 1, the lengths of current leads are shortened.
Nonetheless, the attractive electromagnetic force still exists

Te—1

Fig. 3 Schematic of the attractive force that works between two electrons. Compared with Fig. 2, the lengths of
the current leads are further shortened to a wavelength of an electron. However, provided the velocity ¥ is
equal, the electromagnetic force (i.e., the Lorentz force) still exists.
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Fig. 4 Schematic of the center-of mass (CoM) motion of the pair.
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Fig. 5 Schematic of an s-wave symmetry. The velocity v of two electrons is the same, forming a circle. As
mentioned, this case gives the situation that the two electrons experience an attractive force F. Notably, Fig. 3
indicates a d-wave symmetry whose velocity of the CoM motion is not zero and has the anisotropic property,
whereas an s-wave symmetry provides zero velocity of the CoM motion macroscopically in the thermal
equilibrium and rotational symmetry.

2.2. Model to discuss Fe-based SCs

As shown in Fig. 6, there is a Fe-ion that has a magnetic moment i and two carrier electrons have
rotational movements along the Fe-ion due to the existence of the magnetic moment [i. Notably, the
two electrons have up and down spins, respectively. As mentioned previously, the two electrons can
have almost the same rotational velocity, implying that the two electrons experience the attractive
Lorentz force. We herein define this paring as a subspecies of an s-wave symmetry. Notably, similar
to an s-wave, this model has rotational symmetry but does not have the anisotropic property. We do
not consider an “accidental node [13].” When the two electrons take rotations, the currents are induced;
thus, self-magnetic fields must be generated, implying that the original magnetic moment {i must be
modified to be reduced. This fact was measured in experiments [17].
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Fig. 6 Schematic of paring around a Fe-ion. The velocities of the two electrons are almost equal. Thus, as
mentioned in the text, between the two electrons, the attractive force F appears. Similar to the case of an s-
wave symmetry, the CoM ordinate does not move macroscopically in the thermal equilibrium, particularly it
has rotational symmetry. Thus, it is allowed to refer to this type of paring as a subspecies of an s-wave
symmetry.

2.3. Wave function

Now, let us consider the wave function of a Cooper pair.

For the existence of the aforementioned Lorentz force F, the wave function of a pair must be

Yo = lolexp (k$), (1

where j, k;, and £ denote the imaginary unit, relative wave number (i.e., the relative momentum), and
the coherence of a Cooper pair, respectively.

Notably, the relative wave number is almost zero:

K, ~0=c. @)
Thus,
Yo = aexp(jexy) X aexp (—jex,), (3)

where x; and x, denote each position of an electron among a pair. Each wave function in eq. (3) implies
up- and down-spin electrons, respectively. The above implies that each electron is well approximated
by a plane wave. Note that, because the proposed attractive force functions only in momentum space
and considering the Fourier transformation of the Hamiltoninan of one body, the Hamiltonian of one
body in the momentum space cannot determine the wave function.

Moreover, when considering the normalization,

JIol?av = 1. 4
This is approximated as follows:
[ol?§® = 1, (%)
and

1
&3 = = (6)
Thus,
[ol?> ~ €. (7)

Considering the value ¢ is almost zero, the uncertainty relation holds and coherence & cannot be

determined given probability. Actually, as mentioned later, [1¢|? is minute.

According to the approximation of plane waves and subspecies of s-wave, for many-body
interactions, the following BCS theory picture can hold.

i) Vik' = —V: Because the proposed attractive force is dependent on the momentum, this force
functions only in momentum space. Moreover, as mentioend, because each electron can be
approxamted by a plane wave, the matrix element of the interaction in the quantum-field
Hamiltoninan must be a constant.

i) The BCS ground state: Considering i) and that each electron is a plane wave, the above
quantum-field Hamiltoninan inevitably results in the BCS ground state. Thus, for many-body
interactions, the BCS ground state is applied.

From the above, a critical temperature T, will be considered later, based on the BCS theory calculation

[1]

2.4. Calculations of the attractive force and T equation

Now, let us calculate the interaction attractive force between two electrons. In the principle model in

Fig. 6, the two electrons have an orbital angular momentum I Using the spin angular momentum §,
the following condition is assumed:

2131 = 1] ®)
From the definition of an orbital angular momentum [, we have
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l = pr = mvag, )
where p, r, m, v, and ag denote the momentum, radius, mass of an electron, velocity, and Bohr radius,
respectively.
Thus,
v=—=_"1.2.1p (10)
mag mag 2

where eq. (8) was used.
Then, we consider the density of probability flow with the plane wave approximation as follows:

. hk

j = ey, (11)

where e denotes the charge of an electron, &: denotes the wave number, and w denotes the wave
function in which the volume integral is given as

Jlpl2av = 1. (12)
This normalization equation is approximated as
|2 2me® = 1, (13)

where & denotes the coherence of a Cooper pair.
When the momentum p is considered hk, the density of probability flux becomes

C o 2 — o3 9.1y 1
j =elYlv = € nes 2 2h — (14)
Considering the Fe-ion to be a sphere and the radius ag is sufficiently small, the current 7/ is
approximately
I ~ maij. (15)
Thus,

=e——. 2.5 1 142
[ = € s 2 2hmaB mag. (16)
That is,

= o> _plas
[ = € e 17)
From Ampere’s law, we have
2meB = ugl. (18)
That is,

= HF
B = - I, (19)
where B and ur denote the interactive magnetic field and the microscopic magnetic permeability,
respectively.
In this study, the Lorentz force F that is the identity to form a Cooper pair is given by
F = evB. (20)
That is,

= e 2. 1) (H 2 ™8
F= e(maB 2 Zh) (ane4nf3h m ) @1
Thus,

_ 3e*W’pup

T smEt m?’ (22)
Hence, its energy V is derived according to
V = —F¢. (23)
Therefore, to conclude,

. _3e*’up
V = Py (24)

Notably, from the magnetic property of a Fe-ion, ur is determined as the number 1.0.
As mentioned previously, considering the normalization,

3e%h? 1 3e2h? 1 3e2h? 1
V= " 8mEd m2 R ﬁll‘bo'z =" pr—— (25)
where n. denotes the microscopic variable carrier concentration. Notably, as aforementioned, the
values of n. are minute, and ur is substituted by the number 1.0. However, this value of ur is allowed
to be varied to 0.1.

Because we do not consider the two-dimensional anisotropic property, the state density D is given by

6


https://doi.org/10.20944/preprints202207.0269.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2022 d0i:10.20944/preprints202207.0269.v1

1 2m2
D = — ()=/Er (26)
where Er denotes the Fermi energy, which we set to 2.2 eV in this study.

Notably, many Fe-based SCs have a structure transition below around 160 K [7-9]. This structure
transition implies the lattice constant is linearly reduced with doping. Considering the above and a
conclusion from the BCS theory [1], we derive the following critical temperature T.:

T, = (Op — m{BoDexp (=55, @7)

where 0p denotes the original Debye temperatures and # is a natural integer, which varies, interlocking
with the variety of doping carrier concentrations ne. Moreover, (6,) implies the average Debye
temperature that reflects the structure transition. Notably, for each n value, 6, is different. However,
the above equation proposes the average of 6y. In our calculations, within low dopes, the
approximation of a weak combination (i.e., D|V| « 1) is well-applied. Nevertheless, in higher dopes,
the values of D|V| becomes relatively large. To take a consistent equation of T, over all dope realms,
a strong combination approximation (i.e., D|V| > 1) cannot be applied. Rather, an equation of T,
must not be significantly different, and the consistent and average expression of T. over all doping

realms proposes the following equation that is taken from the aforementioned equation of Te:

T. = (6p — n{Bp)) exp(——) =~ (6p — MOD[L — —].  (28)

pv’ DIV
2.5. Debye temperatures

Notably, the original Debye temperatures 6p in Fe-based SCs are relatively small. Let us consider the
reason;

The two electrons have the orbital angular momentum / but this is independent for the thermal
oscillation of a Fe-ion. Moreover, there is a Coulomb interaction between the Fe-ion and two electrons.
In this case, the following balance approximately holds:

(The thermal oscillation energy) =~ (The Coulomb interaction energy)

Thus, the schematic illustrated in Fig. 7 does not occur, implying that the thermal oscillations of the
Fe-ion become relatively small, which indicates the Debye energy hw; takes small energy. From this
study, we infer that the original Debye temperature only in the superconducting state becomes 1/10
times that of the normal state. Thus, for example, the original Debye temperature dp is given as around
10-50 K.

-e -e

G

Fig. 7 Prohibited cases for the oscillation of a Fe-ion. In the Fe-based SCs, the Coulomb interaction between
the Fe-ion and the two paired electrons is almost equal to the thermal oscillation of the ion. Thus, the left and
right panels in this figure are prohibited.
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3. Method

First, we use the MS software Excel.

In calculations, mainly Tc-equation is used:
1
T, = (0p = nODIL = 5. (28)
In this equation and as an example, the original Debye temperature 6, is given around 10-50 K.

Moreover, D is the state density described as follows:

3
D = L (i /E, (26)
where m, 4, and Er denote the mass of an electron, the Planck constant, and Fermi energy, respectively.
As an example, EF is given as 2.2 eV every time in the calculations. For the attractive force energy
|V], the following equation is employed:
v oL 25)
8w m?2 Ne> (
where e and n. denote the charge of an electron and variable local carrier concentration, respectively.
For variable integer n for the above Tc-equation (28), the number 1 to 500 is prepared in the software
Excel. Moreover, concentration #. is made to be interlocked with variable integer n, i.e., ne is given
0.1 to 50.0. Notably, as shown later, the Debye temperature (6,) related to the structure transition
will be given, corresponding to each type of Fe-based SCs.
Finally, when showing the graphs, we make the relation between concentration 7. and replacement
quantity x to be a constant, as follows:
nea = x, (29)
where a denotes the converting constant with the unit, and this constant is kept constant whenever
showing the graphs. For example, the converting constant o is set to be 0.1 in this paper.

4. Result

As aresult of the theory, we succeeded to reproduce the experimental T.-domes (Figs. 8—10).
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Fig. 8 Analytical calculation of a critical temperature dome in a Fe-based SC. In this figure, 8, = 52.2 K and
(6p) = 0.01 K, for example. Notably, the compared experiment is in [18].
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Fig. 9 Analytical calculation of critical temperatures of a Fe-based SC. In this substance, 8p = 52.2 Kand
(69)=0.04 K are given, for example. Notably, the compared experiment is in [18].
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Fig. 10 Analytical calculation of critical temperatures of a Fe-based SC (11-type). 8p = 15 K, for example.
Notably, this type of Fe-based SC contains the very weak structural transition, i.e., (89) = 0 consistently.

Notably, the compared experiment is in [19].

5. Discussion

5.1. Validity of results in this paper

In general, Fe-based SCs have various tapes and various T.-domes. However, we employed the same
Te-equation (Eq. (28)), varying only the Debye temperatures for the valid realms. Consequently, we
succeeded in quantitatively expressing various types of Tc-domes, implying that our employed T.-
equation is valid and our value of the attractive force energy V is also valid.
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5.2. Why do Fe-based SCs have a large critical temperature, and what is the logic of derivation of T,?

In the proposed electrons’ rotational model, the attractive force energy |V| becomes relatively large
when the magnetic permeability ur is sufficiently large. This fact simply resulted in the relatively high
critical temperature. Let us review the logic of deriving Tc-equation. First, from the model that two
electrons orbit around a Fe-ion, the interactive energy was discussed. Then, considering the property
of the attractive force, each wave function can be approximated as a plane wave. Considering the
properties of the attractive force and the quantum-field Hamiltonian, it was found that the BCS ground
state was applied. Thus, according to the BCS theory’s calculation, the critical temperature was derived
but the structure transition element and the attractive force energy ¥ were incorporated into it.

5.3. Isotope property

The critical temperatures T, in general metal SCs are
1
T, = 6pexp(— W)‘ (30)
Because 0p implies the phonon energy, an isotope effect appears due to the variety of p.

In turn, our derived Tk is still

T, = (O — n{BoDI1 ~ 57l (28)

Thus, although p is varied, n{6,) would cancel this variation. Thus, to conclude, we claim that it is
difficult to measure an isotope effect in Fe-based SCs.

5.4. Why do the ceramic cuprates exclude the BCS picture?

We believe that it is common and universal for SCs to have the attractive force that comes from the
fact that the relative momentum is zero. However, why do ceramic cuprates not follow the BCS
theory? This is because there is a pseudogap temperature T* and transition temperature Ty at which
the anomaly metal phase appears. In our previous study [3], we succeeded in describing the above
transitions in addition to T, with full consideration of many-body interaction. According to our
previous study [3], the key to all in the ceramic cuprates is the existence of a macroscopic Boson that
is created by the rotation of a hole due to the two-dimensional CuO, surface and due to the
conservation of angular momentum.

5.5. The double count of the phonon effect in the general BCS theory equation

As shown in Fig. 11 and from the exclusion principle, a normal metal has two electrons with up-and
down-spins, which have the same momentum k (i.e., the same velocity). These two electrons
experience the attractive force due to the zero relative velocity with each other, although they take a
very long relative distance. We claim that the attractive force system is universal for every SC.
However, why is the BCS theory claiming the attractive force is a phonon? The critical temperature
T in the BCS theory is still

ﬁ). (30)

In this equation, the element of a phonon is already included in the Debye temperature 6,, which
results in an isotope effect. If we counted |V| as the phonon interaction, we would take the double
count in terms of a phonon. Instead, again, we claim that while 8, denotes the Debye temperature
relating to a phonon, |[V| must be another attractive force. Because the two electrons depicted in Fig.
11 experience the attractive force, a general metal state should be just before the superconductivity
state.

T, = 0pexp(—
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Fig. 11 Schematic of a Cooper pair in a normal metal. Notably, each black dot implies an electron. From the
exclusion principle, a metal has the wave-number-k electron whose spin is up and the same wave-number-k
electron whose spin is down. The wave function of each electron is well-approximated as a plane wave.
Although the two electrons have a long distance between which many other electrons exist, they experience the
attractive Lorentz force due to the zero relative velocity (i.e., the momentum). Many scholars claim that the
magnetic interaction among a Cooper pair is spin, but that cannot create the long distance interaction over
which many other electrons locate. We claim that the identity of the force to create a Cooper pair in general
SCs is universally a Lorentz attractive force that works between two electrons whose relative velocity is zero.

5.6. The quantum critical point in 122-type of the Fe-based SC
Many scholars claim that 122-type has the non-Fermi liquid properties at the optimum doping. Let us

consider this critical point.
Our T, is again

1
T, = (65— (0D — o1, (28)
where
3e2h?
V= _Wn:’ (25)
1 2m2

= — GHEr (26)
Considering n is proportional to n. and the proportional constant is given by £, the critical temperature
becomes

18mm? 1

Te = (0 = BnetOoD[1 — 3 mn (30)
Then, the following extreme provides another phase transition:
are — (31)
dn, ~—
Thus,

1 8mm? 6

Me =Teo = |[p302 B(Zz)' (32)

In the phase transition, f is determined such that the normal structure transition disappears. That is,
B(6y) = 1. Moreover, Opo in eq. (32) is the transition point in terms of the original Debye temaprautre.
Note that, considering Sec.2.5, at the Debye temperatures smaller than this transition point, a Cooper
pair takes a local center-of-mass motion, which results in the electron nematic phase [16]. That is, the
Cooper pair becomes independent for a Fe-ion. This is because, due to the small oscillation enegy of
the Fe-ion, the corresponding wavelength of the oscillation becomes large, which results in the fact
that the oscillation wavelength of the Fe-ion dominates over the orbit radius of the Cooper pair. This
independent Cooper pair can be the analogy of a macroscopic Boson in [3], and thus the anomaly
fpo
B(6o)
eq. (32) for ne drived by the extreme is not valiable. Given that 8¢ = 17.4 K, neo is calculated

phase appears temporally. Moreover, in eq. (32) must be almost constant consistently as long as
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approximately,

Ngg = 3.3.

That is,

x = 0.33.

This implies that, at a doping point such as in the vicinity of the optimum doping, another transition
occurs that loses temporally the normal structure transitions and in which the anomaly phase appears
[20].

5.7. The significance of this paper

Although many experiments revealed many facts related to Fe-based SCs, the mechanism has not yet
been clarified. According to our literature reviews, the analytical calculation of T. is inadequate.
Starting with the concept that two electrons orbit around a Fe-ion due to the magnetic moment, we
revealed the origin of the attractive force, and combining it with the concept of the structure transition,
we analytically derived Tc-equation that succeeded in describing T over all doping realms for various
type of Fe-based SCs, implying that the basic mechanism of Fe-based SCs has been clarified.
Importantly, this employed Tc-equation well explains the quantum critical point and non-Fermi liquid
properties at this point. Notably, we employed no fitting or numerical calculations. For the ceramic
cuprates, as aforementioned, in our previous study [3], we revealed purely analytically the three
transition temperatures over doping. Thus, combined with this fact, we have now succeeded in
describing the mechanism of the typical high-temperature SCs such as the ceramic cuprates and Fe-
based SCs.

6. Conclusion

In this study, we succeeded in describing analytically T.-domes in Fe-based SCs, not depending on
fitting or numerical calculations. First, starting with a model that two electrons orbit with the same
velocity around a Fe-ion due to the existence of a magnetic moment, a novel but universal Lorentz
attractive force was derived. Incorporating this attractive force and the effect of the structural transition
to the BCS theory’s Tc-equation, critical temperatures were derived, which agree well with
experiments. Notably, we did not consider the hole doping in the 122-type, which we would consider
as a future study.

References

[1] J. Bardeen, L.N. Cooper and J. R. Schrieffer, Phys. Rev. 108(5), 1175-1204 (1957)

[2] J.G. Bednorz and K.A. Miiller, Zeitschrift fur Physik B, 64, 189-193 (1986)

[3] S. Ishiguri, “Analytical descriptions of high Tc cuprates by introducing rotating holes and a new
model to handle many-body interactions,” Preprints 2020, 2020050105 (doi:
10.20944/preprints202005.0105.v2)

[4] J. Nagamatsu, et al, Nature 410, 63 (2001)

[5]Y. Kamihara, et al, J. Am. Chem. Soc. 128 (31), 10012—10013 (2006)

[6] M. Somayazulu, et al, Phys. Rev. Lett. 122, 027001 (2019)

[7] M. Rotter, et al, Angew. Chem. Int. Ed. 47, 7949 (2008)

[8] N. Ni, et al, Phys. Rev. B78, 214515 (2008)

[9] S. Jiang, et al, J. Phys. Condens. Matter 21, 382203 (2009)

[10] F. Ronning, et al, J. Phys. Condens. Matter 20, 322201 (2008)

[11] C. Krellner, et al, Phys. Rev. B78, 100504 (R) (2008)

[12] Q. Huang, et al, Phys. Rev. Lett. 101, 257703 (2008)

[13]Y. Mizukami, et al, Nature Commun. 5, 5657 (2014)

[14] LI. Mazin, et al, Phys. Rev. Lett. 101, 057003 (2008)

[15] H. Kontani, et al, Phys. Rev. Lett. 104, 157001 (2010)

[16] R.M. Fernandes, et al, Nat. Phys. 10(2), 97-104 (2014)

[17] LI. Mazin, et al, Nat. Phys. 5, 141 (2009)

12


https://doi.org/10.20944/preprints202207.0269.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2022 d0i:10.20944/preprints202207.0269.v1

[18] T. Nakano, et al, Phys. Rev. B83, 180508(R) (2011)
[19] K. Kadowaki, et al, “Physics of vortices in superconductors” p. 341. Shokabo in Tokyo (2017)
[20] T. Dulguun, et al, arXiv, 1108.4480v1.

Additional information
This paper is not related to any competing interests such as funding, employment, and personal
financial interests. Moreover, this paper is not related to nonfinancial competing interesting.

Acknowledgments
We thank Enago (www.enago.jp) for English language review.

13


https://doi.org/10.20944/preprints202207.0269.v1

