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1. Introduction

Quantum theory is a philosophical and revolutionary way of thinking about nature in physics. It very often challenges
our intuition. Quantum ideas like the uncertainty principle, entanglement and Schrodinger's cat have been influencing, till
today, not only the thinking in the areas of science and technology but also other areas. Our current quantum understanding
of the nature was developed by a number of scientists during the 20th century. Till recently with this theory scientists could
explain all the physical phenomenon observed experimentally and revolutionise the entire science and technology. But
some of the exotic properties like, unconventional superconductivity [1, 2], room temperature superconductivity [3-5],
reduced magnetism [6, 7], reduced Pauli repulsion [8], giant negative thermal expansion [9] and unconventional ferroe-
lectricity [10] observed now in new materials, especially, in nanomaterial could not be explained using the present quantum
theory. Here arises a necessity to look for the pitfalls in the present quantum theory. One of the pitfalls is taking the
quantized average orbital angular momentum of s electron in an atom, which is supposed to be not measurable, as zero. In
this one also missed the orbital degrees of freedom of s electrons. The orbital angular momentum of s electrons in an atom
is not zero in reality. These exotic properties could not be explained completely with the existing quantum theory in which
the orbital angular momentum of s electrons assumed to be zero. We have looked into various aspects related to the orbital
angular momentum and restored it and the orbital degrees of freedom of the s electrons.
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One aspect is the dimension of angle, 6. In the present quantum theory, r and @ played equal role but € is not given its due
place compared to r, @ is treated as a dimensionless variable. On many occasions attempts were made [11] to consider angle
as a fundamental entity along with Length (L), Mass (M) and Time (T). There were attempts to assign dimension to angle
[12, 13]. However there is no reference to quantum theory where the dimensionless & plays equally important role like r
which has the dimension of Length (L). The second aspect is the quantized orbital angular momentum of s electron. Its
average value is taken as zero and as a result the orbital degrees of freedom of s electron is absent. The third aspect is the
approximation made in the effective potential V(r, 0) in which the electrons live alive. The dependence of the potential V/(r,
0) on 0 is completely removed and the effective potential V(r, 0) is approximated as, V(r), spherically symmetric.

Even though the electronic degrees of freedom form the basics for the fundamental properties of materials, taking the
orbital angular momentum of s electrons as zero is working well for most of the system. For explaining the exotic properties
of new materials one has to examine the above mentioned aspects related to 6 its dimension and orbital angular momentum
of the s electrons. In this paper we re-examine the quantum state of these s electrons under a new environment where angle
is fully armed with its dimension. We have deduced the quantized orbital angular momentum of the s electron and restored
the orbital degrees of freedom for the first time using quantum engineering.

2. Methodology

2.1 Dimension of angle and its unusual uncertainty relation

Let us consider the following important and popular uncertainty relations [15]:

Axr - Ap,
Ap - AJ,

fi
h
At - AH h

AYRAYAAY

: @

In the above uncertainty relations all the quantities (x, py, Jz, t, E) have dimension except the angle (p). Logically and

symmetrically like other quantities angle (¢) also should have dimension. Based on this fundamental facts and the role of

dimension in generating shapes, we have assigned dimension to angle [14] and it is found to be “curvature” denoted by
letter C. This angular “curvature” is a measure of the amount of bending of the segment of the curve/surface.

2.2 New commutation relation involving angle with dimension

Orbital angular momentum plays important role in the electron dynamics. The orbital angular momentum is defined by
their commutation relations [15, 16] of the operators L, Ly, L;;

[LxLy] =ik, ; [Ly L] = ikLy; [L, L] = kL (2)
[L*Ld =[L%L] = [L°L] =0. ®)
These commutation relations arise from the uncertainty relation: Ax.Apyx > 7 which can be expressed in the form,
xpd = i; [y.pyl = if 5 [z,p] = if (4)
Similarly from the uncertainty relation Ap .AJ, > 7 , one can write
[9, 3] = ih. ®)

The new relation (5) implies that the angular position ¢ and related angular momentum in the perpendicular direction J,
cannot be determined simultaneously with a high degree of accuracy. This means that ¢ and J, are canonically conjugate
variables similar to x, py; ¥, py; z, p, and E, t. Now all of them including ¢ are having dimension. From the relation /¢, J,] =
ik, one can write the commutation relation between the operators corresponding to the angle ¢, O(p) and angular mo-
mentum operator J, as,

[O(p).J:]= ih J,. (6)

Where J, will take suitable form depending upon the nature of the rotation matrix corresponding to the operator O(p)

associated with angle [17]. Extending this to the orbital (angular) motion of the s electron, the corresponding lowest order

of orbital angular momentum operator turns out to be ¢ the spin angular momentum operator. Since the orbital angular

momentum of the s electrons takes the lowest value and the corresponding operator turns out to be o , the lowest order of

rotation (about z axis) operator corresponding to the angle ¢ also turns out to be the Pauli operator o,. Since both the op-
erators (O(¢) and J,) take the form of the spin operators, the following commutation relations hold good for them:
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[ox, oy] = iho, ; [0y, 0] = ilioy ; [0,, 6] = ihoy @)

where oy, 6,and g, are Pauli matrices Through this formalism we have restored the orbital angular momentum of s electrons
and hence their orbital degrees of freedom.

3. Results

3.1 Computation of orbital angular momentum of s electrons

After establishing the dimension of angle and the commutation relations for the operators O(¢) and J, as:
[ox, oy] = iho, ; [0y, 0] = ilioy ; [0, 0] = ihoy ,

we are now in a position to compute the orbital angular momentum of the s electrons, which is zero in the present quantum
theory. Comparing the relation

[O(p),J;]= i J, with commutation relations

[LxL,] =ihL,; [LyL] = ikL; [L,Ld = ikL,

[ox, oy] = iho, ; [0y, 0] = ifioy; [0, 0x] = ihoy,
one can infer that O(p) will have degrees of freedom similar to that of the orbital degrees of freedom of L, (due to the
angular momentum). From the commutation relation between angular operator O(p) and angular momentum operator J, ,
the orbital angular momentum quantum number of the s electron (call it £') turns out to be the same as spin angular mo-
mentum, ¢ = %. Now, for the s electrons of the atom, the orbital angular momentum takes its lowest value equal to the spin
angular momentum, but like spin it is not an inherent property. The quantized orbital angular momentum of the s electron is

estimated as 0.754% using the expression £ (£ +1) #* . Here, now the new quantum number is £ (=%2) and the corresponding
z (magnetic) quantum numbers are m, =% ( clockwise) and m, = - % (anti-clockwise).

3.2 Modified s electron occupancy and its flexibility

The restored angular momentum and orbital degrees of freedom leads to the corresponding new quantum states of the s
electrons in the atom. The related quantized orbital angular momentum of s electron in the atom/crystal may be measurable
or may not be. But due to the restored orbital degrees of freedom, in addition to the intrinsic spin states (spin up, ms =% and
spin down, mg = -%2), now the s electrons can have quantum states (m,» = %2 ; m,» = -%). In the s shell of the atom, now it is
possible to accommodate 4 electrons, s*. For p, d, f electrons the orbital degrees of freedom are already taken into account
through the non-zero values of ¢ and there is no change in the occupation number of these shells. Additional degrees of
freedom due to the orbital angular momentum of the s electrons of the atom will not have any effect on the spectra of
molecules and atoms. May be in atoms this s electron orbital contribution is not significant and not measurable. But in
heavy atoms and in condense matter (specially in Nanomaterials) this s electron orbital contribution might be measurable.
Thus there is a choice to have s electron occupancy more than 2. We have a flexibility of altering the number of electrons in
the required s shells to account for the new exotic properties of modern materials. This new flexible electronic configura-
tion model can be adopted where ever and when ever necessary, especially in nanomaterials to explain its exotic properties.
We have precedence for such electronic configuration. If we look at the electronic configuration of 3d, 4d, 5d, transition
elements we will witness the occupation of higher orbitals (shells) before the complete occupation of the lower shells (Fe:
3d° 4s?) [14]. Similar occupation is there in 4f and 5f elements. So now we have an option of having up to a maximum of 4
or less electrons in all the s shells or in selected s shells in order to explain the strange properties of new materials.

4. Discussion

4.1 Systems needing s electron orbital angular momentum contribution

In twisted bi-layer graphene [1], cuprate and iron based systems unconventional superconductivity arises because of the
complex interaction among the valance electrons. Strong coupling between the spin and orbital degrees of freedom is vital
in generating the exotic band structure of materials [2]. Now with the non-zero s electron angular momentum there arises
additional spin orbit interaction term. The exotic properties of these materials can be explained, to some extent, with the
help of the new flexible s electron occupation. It is reported [3, 5] that LaH;, and YH;s become superconducting under very
high pressure range. Recently room-temperature superconductivity is observed in a carbonaceous sulphur hydride [4] under
high pressure. In these materials s electrons play a major role. These s electrons undergo Fermi condensation (more than 2
electrons in the s states) due to the restoration of orbital degrees of freedom of s electrons [14]. This induces Bose Einstein
Condensation leading to unconventional superconductivity. This is similar to the phenomenon where in states occupied by
more than two electrons are found in one-dimensional LaAlO4/SrTiO; channels [18]. Reduced magnetism in Fe, Co, Ni [6,
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7] and in cuprates [19] could be explained with the new s electron enhanced occupation [14]. Unconventional ferroelec-
tricity in moiré heterostructures [20] can be explained using the new flexible s electron role with non zero angular mo-
mentum.

4.2 Status of s orbital angular momentum in heavy atom

In the Michael addition reaction a carbon nucleophile (Michael donor) is added to an unsaturated carbonyl compound
containing an electron withdrawing group (electrophile called the Michael acceptor). This reaction is explained, after 130
years, by Hamlin et al. [8]. They reported that the orbital and electrostatic interactions get more stabilizing because the
closed shell-closed shell Pauli repulsion becomes less repulsive. Pauli exclusion principle manifests in Michael addition
reaction leading to reduction in the Pauli repulsion. Pauli repulsion arises because of Pauli exclusion principle which is a
purely quantum mechanical concept. In Michael addition reaction the outer most s shells are closed. During the reaction if
there arises an interaction between the orbitals of closed s-shells, the Pauli repulsion comes into play slowing down the
reaction. With the new flexible s electron occupation the s shells are no longer closed and the closed shell-closed shell Pauli
repulsion becomes less repulsive because they are not actually closed. The electron dynamics in heavy atom is different
from that of the light atoms. In the uncatalyzed reaction in all the atoms s shells are closed , as a result in the orbital inte-
raction between closed orbitals the Pauli repulsion is maximum resulting in highest barrier. In the catalyzed reaction the
catalytic effect of dihalogen molecules, F,, Cl,, Br, and I,, on Michael addition reactions increased along halogen series :
F, (9)< Cl, (17)< Br; (35)< 1, (53) [8]. The atomic numbers are given within the (). As the atom gets heavier the s electron
angular momentum contribution becomes appreciable. According to their analysis the physical mechanism behind this
dihalogen catalysis is the reduced Pauli repulsion between the reactants, which is maximum for I, [8]. The Pauli repulsion
arises when ever there is a interaction between orbitals of two different closed shells.

4.3 Materials with new valence states

Carbon has a unique property of forming chemical bonds with itself leading to different structures. sp-hybridization is
the speciality of carbon. Apart from the allotropes (diamond, graphite, fullerene, nanotube, and graphene) carbon also
displays non sp-hybridized bonding. Carbon cubic crystals are predicted by Volz et al. [21] and lyakutti et al. [22], where
carbon valence is 6. If the valence is six, according to the new flexible s electron occupation, the carbon atom’s electronic
configuration now is either 1s*2s* or 1s?2s*. These configurations are more appropriate than the 1s°2s*2p® configuration. A
new carbon ring C;g with alternating single and triple bonds is observed by Kaiser et al. [23]. Bonding characters of C,
(n=6,12,16,20 ) molecules have been investigated theoretically by Xu et al. [24]. They confirmed that carbon-carbon bonds
of cyclo[n]carbon changed gradually from double bonds to alternating single and triple bonds with increasing n value. Most
probably in these cases the acquired valence state of carbon may be 1s?2s* or 1s*2s? resonating with 1s°2s?2p? state as
predicted in a recent calculation by lyakutti et al. [25].

5. Summary

After assigning dimension to angle, the orbital degrees of freedom of s electrons in the atom/crystal are restored leading
to a modified and flexible s electron occupation resulting in a higher occupation (up to 4 electrons) of s shell. Using the
uncertainty relation involving angle and angular momentum and the derived commutation relation, the quantized orbital
angular momentum of s electron in crystal is estimated as 0.754% It will be an additional tool to explain ex-
otic/unconventional properties, which modern materials exhibit. The status of s orbital angular momentum in heavy atom is
brought out by the catalytic effect of dihalogen molecules, F,, Cl,, Br, and I,, on Michael addition reactions. Nature has
provided more space in s shell of the atoms than we think. This is manifested in heavy atoms and crystalline materials.

Acknowledgments

The authors express their sincere thanks to the crew of CCMS of the Institute for Materials Research, Tohoku University
for their continuous support and help in using the CRAY-XC50 supercomputing facilities. Author KI and VJS are thankful
to SRM Supercomputer Center, SRM Institute of Science and Technology, for providing the computational facility. The
author Kl is thankful to Prof. V. Devanathan and Prof. Velusamy for fruitful discussions.

References

[1] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, P. Jarillo-Herrero. Nature 556, 43 (2018).

[2] K. Gotlieh, C.Y. Lin, M. Serbyn, W. Zhang, C.L. Smallwood, C. Jozwiak, H. Eisaki, Zahid Hussain, A. Vishwanath, A. Lanzara.
Science, 362 (6420), 1271 (2018).

DOI: 10.26855/jamc.2022.12.002 408 Journal of Applied Mathematics and Computation



K. lyakutti, V.J. Surya, Y. Kawazoe

(3]
(4]

(5]
(6]
(7]

(8]
(9]

[10]

[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]

A. P. Drozdov, P. P. Kong, V. S. Minkov, S. P. Besedin, M. A. Kuzovnikov, S. Mozaffari,L. Balicas, F. F. Balakirev, D. E. Graf,
V. B. Prakapenka, E. Greenberg, D. A. Knyazev, M. Tkacz & M. |. Eremets. Nature, 569, 528 (2019).

E. Snider, N. Dasenbrock-Gammon, R. McBride, M. Debessai, H. Vindana, K. Vencatasamy, K. V. Lawler, A. Salamat, and R. P.
Dias. Nature, 586, 373 (2020).

C. J. Pickard, I. Errea and M. I. Eremets, Annu. Rev. Condens. Matter Phys. 11, 57 (2020).
M. Ekholm, D. Gambino, H.J.M. Jonsson, F. Tasnadi, B. Alling, I.A. Abrikosov, Phys. Rev. B98, art. 094413 (2018).

Fu Y. and Singh D. J. (2018). “Applicability of the Strongly Constrained and Appropriately Normed Density Functional to Tran-
sition-Metal Magnetism”, Phys. Rev. Lett. 121, art. 207201.

T.A.Hamlin, I. Fernandez and Bickelhaupt, Angew Chem., Int. Ed. 58, 8922 (2019).

J.H. Belo, A.L. Pires, I.T. Gomes, V. Andrade, J.B. Sousa, R.L. Hadimani, D.C. Jiles, Y. Ren, X. Zhang, J.P. Aradjo, and A.M.
Pereira Phys. Rev. B 100, 134303 (2019).

Z. Zheng, Q. Ma, Z. Bi, S. Barrera, M.H. Liu, N. Mao, Y. Zhang, N. Kiper, K. Watanabe, T. Taniguchi, J. Kong, W.A. Tisdale,
R. Ashoori, N. Gedik, L. Fu, S.Y. Xu and P. Jarillo-Herrero. Nature volume 588, 71 (2020).

J.E. Romain, Angle as the fourth fundamental quantity. J. Res. Nat. Bur. Stds. 66B, 97 (1962).
K.R. Brownstein. Am. J. Phys. 65(7), 605 (1997).
D. Bolton. Comments in Mathematics 106 (2016). https://www.physicsforums.com/insights/can-angles-assigned- dimension/.

K. lyakutti, Y. Kawazoe, V.J. Surya, I. Lakshmi and R. Rajeswarapalanichamy. Int. Journal of Comput. Mat. Science and Eng.
09(1), Art. 2050003 (2020).

L.1. Schiff. Quantum Mechanics, p.7, (McGraw-Hill Book Company, INC, New York, 1949).

V. Devanathan. “Angular Momentum Techniques in Quantum Mechanics”, Springer Science & Business Media, Kindle Edition,
2006.

Glendinning I. (2010). “Rotations on the Bloch Sphere”, https://www.bloch-sphere-rotations.pdf.

M. Briggeman, M. Tomczyk, B.Tian, H. Lee, J. Lee, Y.He, A.Tylan-Tyler, M. Huang, C.Eom, D. Pekker, R.S.K. Mong, P. Irvin,
J. Levy. Science 367, 769 (2020).

Y. Zhang, C. Lane, J.W. Furness , B. Barbiellinic, J.P. Perdew, R.S. Markiewicz, A. Bansil, and J. Sun. PNAS. 117 (1), 68
(2020).

Z. Zheng, Q. Ma, Z. Bi, S. Barrera, M.H. Liu, N. Mao, Y. Zhang, N. Kiper, K. Watanabe, T. Taniguchi, J. Kong, W.A. Tisdale,
R. Ashoori, N. Gedik, L. Fu, S.Y. Xu, P. Jarillo-Herrero. Nature, 588 (7836) 71 (2020).

T.J.Volz, S.J. Turneaure, S.M. Sharma and Y.M. Gupta. Phys. Rev. B 101, art. 224109 (2020).

K. lyakutti, M. Rajarajeswari and Y. Kawazoe. Physica B 405, 3324 (2010).

K. Kaiser, L.M. Scriven, F. Schulz, P. Gawel, L. Gross, H.L. Anderson Science, 365 (6459), 1299 (2020).
S. Xu, F. Liu, J. Xu, Y. Cui and C. Wang. Journal of Molecular Modeling 26, Art.111 (2020).

K. lyakutti, V.J. Surya, I. Lakshmi, R. Rajeswarapalanichamy, Y. Kawazoe. Materials Science and Engineering: B 263, 114895
(2021).

DOI: 10.26855/jamc.2022.12.002 409 Journal of Applied Mathematics and Computation



