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Diamagnetic Currents in the Neutral He Atoms
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The mechanism of the occurrence of intraatomic diamagnetic currents in the neutral He atoms with microscopic
sizes is investigated. It is found that most of all electrons can form electron pairs originating from attractive
Coulomb interactions between two electrons with opposite spins occupying the 1s atomic orbital in the neutral
He atom at 298 K. Intraatomic diamagnetic currents in the neutral He atoms with microscopic sizes can be
explained by such electron pairing. The transition temperdtﬂ?ésvalue at which intraatomic diamagnetic
currents can disappear in each He atom is estimated.T!,f'ﬁéS values for the neutral He atoms with
microscopic sizes are estimated to be much larger than the superconducting transition tempByadgres
values for the conventional superconductors with macroscopic sizes. This result can be understood from
continuous energy levels of electronic states in conventional superconductivity with macroscopic sizes, and
from discrete energy levels of electronic states in the neutral He atoms with microscopic sizes. The energy
difference between the occupied and unoccupied orbitals decreases with an increase in material size and thus
the second-order perturbation effect becomes more important with an increase in material size. Therefore,
the mechanism of the occurrence of intraatomic diamagnetic current in the neutral He atoms suggested in
this research would not be true for materials with large sizes. The dependence of electronic properties on
temperature in the diamagnetic currents in the neutral He atoms with microscopic sizes is studied and compared
with that in the conventional superconductivity with macroscopic sizes.

Introduction SCHEME 1: Dependence of the Electronic Properties

London successfully developed the application of molecular on Material Sizes

orbital theory to the study of magnetic properties in 1937. (2) atomic system (~107" A) (b) molecular system (1~10" A)
Modified secular equations in the presence of an external
magnetic field, in particular, the important magnetic property
of aromatic molecules associated with the existence of ring o -— O
currents, were developed by Popté.It is well-known that the (CH)s (6an)
diamagnetic anisotropy of aromatic hydrocarbons such as He atom °
annulenes can be attributed to the induced ring currents in their
s-electronic system3® The diamagnetic ring currents of
aromatic molecules such as (GHpan) and (CH)g (18an) microscopic sizes
(Scheme 1b) are nondissipative currents similar in many respects
to the persistent currents of superconducting rings and have been
often referred to as a form of superconductiVify? However,
it has been considered that the supercurrent of these molecules |\ «.q state) system (-1c )
is not the same as the superconductivity of bulk materials. The
relationship between the ring current and the virtual supercon- S — - %
ducting state in these molecular systems has been disctidded.

In the previous work, we provided an explanation of the

(CH)1g (18an)

macroscopic sizes

diamagnetic ring currettin aromatic hydrocarbons with small =% — - - ===
molecular sizes, annulenes, suclbas and18an By comparing
these results in small molecular sizes, annulenes, suéaras Tz =3 <=3

and 18an, with those in the macroscopic BardegBooper-

Schrieffer (BCS)-typ&14 conventional superconductors, we

discuss how the size differences can have influence on the '
characteristics of electrical conducting (Scheme 1b,c). We | I
showed that Coulomb interactions rather than eleetfitonon

interaction$> 17 play an essential role in the occurrence of ring Tz 3 _ - - =33

current in small aromatic annulenes suctéas and18an We

. graphite intercalation compounds (GICs) (AA stacking) or graphite (AB stacking)
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Figure 1. Momentum states and energy levels of electrons. Open circles on the parabolic curve represent energy levels occupied by an electron,
and shaded circles represent energy levels not occupied by electrons.

also analyzed the critical temperatdrgat which supercurrents  currents in the neutral He atoms from the point of view of the
completely disappear for conventional superconductors with mechanism of the occurrence of normal metals with macroscopic
macroscopic sizes and for aromatic annulenes with microscopicsizes. Therefore, another new mechanism of the occurrence of

sizes such aéan and 18an intraatomic diamagnetic current in the neutral He atoms with
Diamagnetism in atomic systems such as He atoms (Schememicroscopic sizes should be investigated.
la) has been widely studié®.The intraatomic diamagnetic In this research, we look into more microscopic material (i.e.,

currents in the neutral He atoms are also nondissipative currentsone atomic system (size 1bA)) (Scheme 1a) than in previous
However, there is no explanation of the mechanism of the research (i.e., bulk system (size?2) or one molecular system
occurrence of the intraatomic diamagnetic currents in the neutral (size 1-10 A)) (Scheme 1b). We provide an explanation of the
He atoms from the point of view of solid-state physics and intraatomic diamagnetic current in the neutral He atom with
chemistry, as far as we know. It is natural to consider that the microscopic size. By comparing these results in the microscopic
fundamental theory in solid-state physics and chemistry should neutral He atom (Scheme 1a) with those in the macroscopic
be also applicable to the explanation of the fundamental BCS-typé34conventional superconductors (Scheme 1c), we
electronic properties in one atomic system such as neutral Hediscuss how the size differences can have influence on the
atoms with the size on the order of H0A (Scheme 1a) as  characteristics of electrical conducting (Scheme 1). We will
well as in single molecules with sizes on the order 6fLD A, show that Coulomb interactions play an essential role in the
such as6an and 18an (Scheme 1b). However, as will be occurrence of intraatomic diamagnetic current in the neutral He
discussed in the next sections, it is very difficult to explain the atoms. We will also analyze the critical temperatUg@at which
mechanism of the occurrence of intraatomic diamagnetic diamagnetic currents disappear for conventional superconductors
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(@) Eappliea=0 (a) ground state (b) excited state
o \ o O ™ m— 2 atomic orbital + 2s atomic orbital
\ 0
o o — AE{SAd-Luno = 48.2 eV AE{R0-Lun = 48.2 6V
B
o - v -

1s atomic orbital 1s atomic orbital

\ ©) ~ Figure 3 Energy levels of atomic orbitals and the ground and excited
\ O states in the neutral He atom.
o \ o

overlap between two atoms and between two neighboring

molecules are needed so the hopping ability of electrons to the
neighboring atoms and molecules becomes effective. Second,
the total momentum states of electrons should be efficiently

Ototal * Eapplied =0

(b) Eapplied #0

= changed by applied electric fields, according to solid-state
\ \ E applied physics. To realize the first condition, the distances between
o= o two neighboring atoms and between two neighboring molecules

Here, we consider a one-electron approximation; the vibronic

\ o==b\ 0= should not be large. Let us next look into the second condition.
~— 0= coupling constants of the vibronically active modes to the

o= electronic states are defined as a sum of orbital vibronic coupling
\ o= constants from all the occupied orbitafs.
\ o= ™~ occupied
O \ Gelectronic stat@/m) = z gj(vm) (l)
]

Ototal * Eapplied = 0 . i i . §
. . . ) . Considering the one-electron approximation and that the first
Figure 2. The motion of each electron (a) in no external applied electric derivati f the total ish in th d state at th
field, and (b) in external applied electric field. Circles represent each erivatives or the total energy vanish in the ground state at the

electron. Small arrows indicate the direction of the momentum of each €quilibrium structure in neutral molecules, total electron
electron, and large arrows indicate the direction of the applied electric phonon coupling constant for the neutral molecule is zero

field. (Figure 1la).
with macroscopic sizesT{gcg and for the neutral He atoms _ HOMO _
with microscopic sizesT{®™. OneutraVm) = z g(vm =0 (2)
]
Relationship between the Total Momentum States and _ 2 _
the EIectrich Conductivity lneutral = Z Mo Gheutral (V) = 0 ®)
m

In this section, let us first discuss the electrical conductivity . . . ) .
in view of electron-phonon interactions. That is, we discuss Let us look into the monocations and monoanions in which

the conditions under which the electrical conductivity occurs the highest occupied molecular orbitals (HOMO) and the lowest

in various electron configurations. Electron configurations and Unoccupied molecular orbitals (LUMO) are partially occu-

the electror-phonon interactions in various electronic states Pi€d by a hole and an electron, respectively. Th@uonic state
are illustrated in Figure 1. values for the monocations and monoanions can be defined by

Let us discuss the electrical conductivity from microscopic USiNg the orbital vibronic coupling constants for the HOMO

point of view. The motion of each electron is shown in Figure (gHomo(vm) and LUMO @Lumo(vm)) (Figure 1b)27

2. When no external electric or magnetic field is applied, each

electron moves randomly, according to the rule of solid-state | monocation= IHowmo = z h”mgHOMOZ(Vm) =0 (4)

physics (Figure 2a). On the other hand, the total momentum of m

a}II elgctrons must be zero when no gxternal electric or magneticso, the monocations,

field is applied Giota = 0), as shown in Figure 2a. This can be

understood from the fact that we cannot expect the spontaneous o — 2

net charge transfer to any direction without external applied monoanion™ ILUMO ; MenBumo () = O ®)

electric or magnetic field. If an external electric or magnetic

field is applied, the direction and magnitude of the total forthe monoanions. Negatively and positively charged benzene

momentum states of all electrons should be changed accordingand [18]annulene, and graphite intercalation compounds (GICs),

to such applied external electric or magnetic field, so the net belong to such cases (Scheme 1b,c).

charge transfer to the direction parallel to the applied external  If the LUMO or HOMO is partially occupied by an electron

electric field can occurdita = 0) (Figure 2b). Such changing  or a hole, leiectronic statevalues originating from the first-order

ability of direction and magnitude of the total momentum states perturbation are not zero (Figure 1b), and furthermore, the

of all electrons depends on the electron configurations, as will second-order perturbation effects become more important with

be discussed below. an increase in material size. Furthermore, in such a case, the
Let us next look into the conditions under which the electrical total momentum states of electrons can be easily changed

conductivity can occur in various materials. First, large orbital continuously by even a small electric field, and thus the electrical
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Figure 4. Electrical conductivity of electrons occupying the 1s atomic orbital in the neutral He atom. Opened and closed circles represent electrons
moving around the nucleus, represented by shaded circles, clockwise and counter-clockwise, respechivelyd (a)= to); the distance between

two electrons is enough large and thus the Coulomb interactions between them are attraddve. @y = 7o + Ar1); the distance between two
electrons is enough large and thus the Coulomb interactions between them are attradtive: (cfr = 70 + A71 + Aty); the distance between

two electrons is very small and thus the Coulomb interactions between them are repulsivez @)z = 70 + Ar1 + Atz + Ats); the distance

between two electrons is enough large and thus the Coulomb interactions between them are attradtiwe0 (@)= 70 + A1 + AT, + Az +

Aty); the distance between two electrons is very small and thus the Coulomb interactions between them are repulsive.

conductivity can occur. Therefore, we can expect that the normal  Even if we divide bulk graphite into two pieces, such half-
electrical conductivity can occur if electrephonon coupling sized graphite materials would still exhibit semimetallic behavior
constants for the electronic statdgiefonic statk @re not zero  (Figure 1c). However, if we repeatedly divide bulk graphite into
(letectronic staie O) (Figure 1b). . two pieces, the energy difference between the occupied and
In the macroscr?plc rr;]aterl?ls S“%h aj _graphltel (theme 1€).ynoccupied orbitals becomes larger with a decrease in material
even in a case where the valence band Is completely OCCUp'Gdsize. If we divide bulk graphite into two pieces repeatedly and
by electrons, thégjectronic staevalues are not zero because the . o o
X . . the size of each divided graphite piece becomes very small such
second-order perturbation effects are important (Figure 1c). . )
as that of benzene (Scheme 1b,c), electron configurations can
(6) be finally expressed by Figure la. In a case where the HOMO
is completely occupied by electrons in such small molecules
Furthermore, in such a case, the total momentum states of(for example, neutral benzene and [18Jannulene (Scheme 1D)),
electrons can be also easily changed continuously by appliedthe total momentum states of electrons cannot be easily changed
electric fields, and thus electrical conductivity can occur. continuously by applied electric field, and thus the normal
Actually, bulk-sized graphite exhibits semimetallic behavior. electrical conductivity cannot occur. Furthermore, in this

electronic staté Ineutral+ Isecond order Isecond orde? 0
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case, théejectronic sta/alues [etectronic state= Ineutra= 0) Originating no electric (or magnetic) field is applie& & 0 andH = 0), as
from the first-order perturbation effects are zero (eqs 2 and 3) shown in Figure 4a.
(Figure 1a). Even in an applied magnetic fieldH(= 0) (Figure 4b-e),

In summary, finitdlelectronic star/alues for electronic states are  the Fermi surface could not move as a whole to the direction

closely related to the electrical conductivity; the total momentum Parallel to the electric fielé. This can be understood as follows.
states of electronic states that have fililgyonic s/alues can The total momentum states of electrons of He atoms cannot be
be easily changed by the applied electric field. The condition €asily changed by applied electric fields (Figure 1a) because
under which normal electrical conductivity can occur is more the energy difference between the HOAO and LUAO is very
easily realized with an increase in material (molecular) size large AE[S:S Luao = 48.2 €V) in the neutral He atom.
because the second-order perturbation effects as well as the firstTherefore, the intraatomic diamagnetic current in the neutral

order perturbation effects become important. On the other hand,He atoms cannot be explained in terms of the forming of the
at the same time, largRiectonic staevalues result in the large  normal metallic states with large material sizes. One of possible
electrical resistivity. mechanisms of forming of nondissipative intraatomic diamag-
netic current in the neutral He atoms with microscopic sizes is
the Bose-Einstein condensation as a consequence of attractive
electrorr-electron interactions. The problem is how electron
Electronic and magnetic properties in the normal solids have €lectron interactions become attractive in the neutral He atoms
been studied by many researchers for a long time. However, With microscopic size, in which momentum states of electrons
the mechanism of intraatomic diamagnetic current in the neutral in the 1s atomic orbital cannot be easily changed by applied
He atoms has not been elucidated. In this section, we providefields such as electric or magnetic field available in the

an explanation of the intraatomic diamagnetic currents in closed- laboratory (Figure 1a).
shell electronic structures in the neutral He atoms. Interactions between Two Electronic StatesHere, to see

Atomic Orbitals in the Neutral He Atom. Energy levels the difference between the normal superconductivity with large
of the atomic orbitals in the neutral He atoms are shown in Sizes and intraatomic diamagnetic currents in He atoms with
Figure 3. In the neutral He atoms, 1s atomic orbitals are the MCrOSCOpIC sizes, we discuss the normal superconductivity in

highest occupied atomic orbitals (HOAO), which are completely S‘?”ds as well as intraatomic diam_agneti_c currents in He atoms
occupied by two electrons, and 2s atomic orbitals are the lowest With MICrOSCOpIC  SIZES. The discussions on conyentlonal

unoccupied atomic orbitals (LUAO). The energy difference superconductivity can be extracted from several articles, for
(AELSAS_Luno) between the HOAO and LUAO is estimated example, such as ref 14e. : .

to be 48.2 eV by using the hybrid HartreEock (HF)/density- A?"F’rd'“g o the BCS. th‘?OW in the con_ventlonal supercon-

functional-theory (DFT) method of Beckeand Lee, Yang, and ductivity with macroscopic sizes, a two-particle scattering matrix

Parf0 (B3LYP) and the 6-31G* basis s&tas in our pre\;ious elementlk’,—k'|Verlk, ~kL] which denotes a two-particle scat-

. tering matrix element for particles on opposite sides of the Fermi
12 a@ew
studies: The GAUSSIAN 03 program pack as used for surface, from a two-particle stafle,—k[to a two-particle state
our theoretical analyses.

. . ) k',—k’'[, can be defined a&
Intraatomic Current in the Neutral He Atom. In this
section, we emphasize the problems of the mechanism of the = C _
intraatomic diamagnetic currents in the neutral He atoms and af2e, — E] = Z g ', =K' Verlk, —kO ©)
show why we cannot understand the intraatomic diamagnetic

currents in the neutral He atoms (Figure 1a) only in terms of
the mechanism of electrical conductivity in normal metals in

Intraatomic Diamagnetic Currents

Possible Mechanism of the Occurrence of Intraatomic
Diamagnetic Current in the Neutral He Atoms

detail 2911
The intraatomic diamagnetic current intensityhaatomio is Electron—Electron Interactions in Conventional Super-
obtained from8 conductivity with Macroscopic Size.In the previous section,
we consider a quite general case, and we now specialize to the
case where this scattering matrix element is one of the somewhat
OintraatomicD HAC (7) 9

peculiar nature described above, that is, attractive in a thin shell
. ) . ) around the Fermi surface, and zero elsewR&i@onsidering
whereH is the applied magnetic field (taken to be perpendicular e tact that we are looking into a thin shell around the Fermi
to the plane on which intraatomic diamagnetic currents occur) surface, and assuming that the density of 9t varies slowly,

and AC is given by we may simply replace it by its value on the Fermi surface,
N(eg). Introducing the dimensionless electrgshonon coupling

AC =J,cS ) constantl = VN(eg), we obtai®e
whereS is the area on which 1s electrons move around a He etwo de' 2(et+wy) —E
atom, andJac is the induced intraatomic diamagnetic current. 1=24). so—g=AM——_—g 1 @O
E

Let us next investigate the possible mechanism of the
intraatomic diamagnetic current in the neutral He atoms.
Intraatomic diamagnetic currents of 1s electrons in the neutral
He atoms are shown in Figure 4. When the electric (or magnetic)
field is not applied, each electron in the 1s orbital would go
around the He atomic nucleustk, clockwise, and—k,
counterclockwise. Because the sum ofiall values is equal to 20
zero (Figure 1la), the total intraatomic diamagnetic electron
mobility becomes zerasotal intraatomic He= 0), @s expected, when

Then the energy difference between the states of two interacting
particles on the Fermi surface, and the exact energy eigenvalue
E, i.e.,Agcs= 2¢g — E, is introduced. In terms of this variable,

eq 10 may be writtetfe

0 _
Ages= 1 ~ 200 (11)

KV
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Figure 5. Two electrons in the 1s atomic orbital and a nucleus in the =
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by 9(7)
Figure 6. Coulomb interaction energy as a functionr¢f) and 6(z).

The triangles, circles, and squares represent the Coulomb interaction
energies estimated by considering titg values of 0.200, 0.265, and
0.300 A, respectively. In this figure, Coulomb interaction energies for

6(7) values ranging between 1 and 28fre shown.

TeacsH AQ)ges = 205 (12)
where the last approximation followsAf< 1 (if the effective
electrorr-electron attraction is weak). Because of the exponential
factor 1 in eq 12 and low Debye frequenciesy(~ 10? K) in

the conventional superconductors with macroscopic sizes, thethe intraatomic distance between an electron occupying the 1s
Tegcs values usually cannot become very large. For example, atomic orbital and a nucleus in the He atom at timand6(z)

Nb has the highesT;gcs (9.2 K) found in any element, and denotes the 1s electremucleus-1s electron angles at time
NbsGe has thd gcs(23.2 K) and MgB has the highesk; gcs The most probable(r) value is 0.265 A in the neutral He
(39 K) found in any binary alloy* Superconductivity in alkali atoms®? Intraatomic diamagnetic currents of two electrons
metal-intercalated graphite compounds, i.e., graphite intercala-occupying the 1s orbital at timein the neutral He atom are
tion compounds (GICs) (Scheme 1c), was reported in #965. shown in Figure 4. Let us investigate how the strengths of
The superconductivity in GICs have extensively been studied Coulomb interaction between two electrons occupying 1s atomic
and new compounds have been synthesized since 2#978. orbital in the same He atom changes by moving of these
Superconducting transition temperatures for GICs, however, areelectrons in detail (Figure 4). These electrons rapidly move
very low, and 5.5 K for gK at highes2>26 The alkali metal- around a He nucleus and electron distributions on a He atom
doped ACgo complexed’ were found to exhibif, gcsof more significantly change in a short time, as shown in Figure 4.
than 30 K8 and 40 K under pressufélt has been suggested Here, we consider the average Coulomb eneMifk,., =

that pure Raman-active modes are important in a BCSiypé [Viels (7)Gv,) observed for a long time. The direct Coulomb
strong coupling scenario in superconductivity in alkali metal- interactions Y5 (7)) between two electrons atare
doped fullerene®® The key to superconductivity at high

temperatures (35 K) was found in 1986 with the discovery of

a new class of superconductors based on copper oxide ceramics
with layered crystal structuré3 Still today, copper and oxygen

are the key compounds to form superconductors and have the | et us next look into the Coulomb interactions between two

e,ls — LZ — ;
Vi(-:loulomt{z') - Aref (7) { 4+ 2 SII’I(@(T)IZ)} (15)

highestT, of 135 K14
Possible Formation of the Electron Pair in the Neutral
He Atoms with Microscopic Sizes.In the neutral He atoms

electrons occupying the 1s atomic orbital in the neutral He atom,
to investigate whether the Coulomb interactions become attrac-
tive (Figure 4b,d). The estimated?eiS (7) values as a

with microscopic sizes, the above discussions cannot be madefynction ofr(r) and6(z) are shown in Figure 6. The triangles,

That is, the electronphonon interactions would not play an

s

circles, and squares represent W& 1S

() values estimated

essential role in the forming of electron pairing. Thus, another by considering the(z) values of 0.200, 0.265, and 0.300 A

mechanism should be investigated. In this paper, we consider

the extra energy lowering of/%S . originating from the

attractive electrorrelectron interactions between two electrons
with opposite spins occupying the 1s atomic orbital (Hekyss
and—Kisy). From this assumptioVes in eq 13 can be expressed
as

K, —K' Vel k, ~KC= —Vealiomtic (13)
Using this equation, eq 9 takes the form
A= 2e, — E=Vsien Kk (14)

Coulomb Interactions in the Neutral He Atoms. Let us

respectively. We can see from this figure that ¥&1> (7)

values become negative whe(r) > 15. The Voo {7)
values decrease with an increase f(r) value, and the|

Videls (7)| values decrease with an increaser(n) value, as
expected. Furthermore, we can see that\iig;> (7) values
are negative in most of the time and are abedB0 eV, and
the VES1S (1) values can become very large positive values
only for very short time.

To estimate theVieis (1), (=VHSIS ) value, the total
energy at 298 K is calculated in the neutral He atom by using
the B3LYP/6-31G* level. The estimated energy-i413.1 eV
in the neutral He atom. This means th&{S!S (1), ~

—113.1 eV. Therefore, most of the time, the interaction between

next look into the Coulomb interactions between electrons. Here, two electrons occupying 1s atomic orbital is attractive. The

for simplicity, we consider that two electrons move around a V'é

He nucleus as shown in Figure 5. In this figuré) denotes

e,1ls

o omf7) value becomes-113.1 eV whenr(r) ~ 0.265 A
andf(r) ~ 14.4.
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Second-Order Perturbation Effects superconductors with macroscopic sizes), the energy lowering

e : 1 He.1
At a much higher temperature than room temperature, an factor (which is proportional to e oy 3N T Cogioms: N

electron promotion from the HOAO to the LUAO can occur the very largeTe iong 1uao Value (originating from discrete

and thus the second-order perturbation effects become moreS€gy levels of electronic states in the neutral He atoms with

important with an increase in temperature (Figure 3b). Therefore, Microscopic sizes) are the main reasons thattBESAS 1 uao

the electron pairs are destroyed at higher temperatures. TheandAy values (i.e.T;*'*values) for the neutral He atoms with

critical temperature at which an electron pair in the ground state microscopic sizes are estimated to be much larger than the

in each He atom is destroyed is defined as AEnoco-Luco and Agcs values (i.e.,Tegcs values) for the
conventional superconductors with macroscopic sizes.

He,1s He,1s
Tc,HOAO—LUAO g AEHOAO—LUAO (16) Bulk Systems
The critical temperaturé’cHe’lS at which the intraatomic dia- Let us look into bulk systems. It should be noted that we can
magnetic current disappears in each neutral He atom can beexpect only intraatomic diamagnetic current in some of the
defined as neutral He atoms, and in the bulk system, the interatomic current
cannot be expected to be observed because interatomic electron
He,1s _ transfer cannot be expected in closed-shell electronic structures
Tc U A(O)He 1s . . . . . .
s o 1s Heis in the He atoms with microscopic sizes. However, it should be
MIN(AERSA0-1uao-Veouom) = AENGao-Luac (17) noted that in the conventional superconductivity with macro-

scopic sizes, the interatomic or intermolecular supercurrent

Let us next look into macroscopic materials. Because the occurs in bulk systems. Furthermore, it should be noted that in
energy gap AEnoco-Luco value) between the HOCO and the high-temperature region but below the critical temperature
LUCO decreases with an increase in material size, the second-T, gcs conventional superconductivity is always retained for the
order perturbation effects become more important with an states in the bulk system, whereas the intraatomic diamagnetic
increase in material size. Therefore, the mechanism of intra- current disappears and appears alternately for a long time and
atomic diamagnetic current suggested in this research wouldsome of the neutral He atoms exhibit intraatomic diamagnetic
not be true for materials with large sizes, and the normal metallic current and other He atoms do not exhibit intraatomic diamag-
state would appear in materials with large sizes. Therefore, if netic current. If we look into a He atom for a long time in an
the material is made arbitrarily large such as in graphite (Schemeapplied magnetic field, the intraatomic diamagnetic current
1c), bulk superconductivity does not result because, as theoccurs at timerp + A7y (Figure 4b), and then it disappears in
system gets bigger, the different momentum states of thethe neutral He atom and the neutral He atom becomes an
electrons approach each other in energy (Figure 1c). Transitionsintraatomic insulator at timey + Aty + At (Figure 4c). Then
can then occur between states and the induced currents arehe intraatomic diamagnetic current occurs again in the neutral
dissipated. To get superconductivity in a macromolecule or in He atom at timero + Ar; + Ar, + Atz (Figure 4d) and
a bulk material, something of the nature of a coherence energydisappears at timey + A7y + A7, + Atz + A4 (Figure 4e).
is required. In conventional superconductors such as GICsThat is, intraatomic diamagnetic current states and insulating
(Scheme 1c), this is provided by the phonon-induced eleetron states appear alternately for a long time. However, in view of

electron interaction. Figure 6, we can expect that the electron configurations formed
TheTcHe'lSvaIues for the neutral He atoms with microscopic by two electrons occupying the 1s atomic orbital are in the

sizes are estimated to be much larger thanTthgsvalues for intraatomic diamagnetic current states (Figure 4b,d) most of the

the conventional superconductors with macroscopic sizes. Thistime. We can expect that, most of the time, the electelactron

is because both thiy, andAENSY | .o values for the neutral  interaction between two electrons occupying the 1s atomic

He atoms with microscopic sizes are larger thanhes and orbital is attractive and the electronic states in the neutral He

AEnoco-Luco Values for the conventional superconductors with  atom are in intraatomic diamagnetic current states (Figure 4b,d).
macroscopic sizes. The 1s and 2s atomic orbitals are well This can be also rationalized from ab initio calculated results
separated from each other in the neutral He atoms, and thus wehat the average Coulomb energy observed for a long time is
consider the Coulomb interactions between two electrons negative (VoSS (7)Gv; ~ —113.1 eV) in the neutral He
occupying only the 1s atomic orbital to estimate the total atom.

Coulomb energies. Therefore, the energy lowering as a conse-

quence of attractive electrerglectron interactions is propor-  Intraatomic Diamagnetic Nondissipative Current in the

tional to an energy gap that must be overcome so such anNeutral He Atom

i 1 1 . . L
electron pair is deStroyed—zgoﬁlome A O Vgiiom) (eg 14). By analogy with the conventional superconductivity in the
On the other hand, in the conventional superconductivity, the gcg theoryl314an electron pair for the neutral He atom at time
energy lowering factor as a consequence of the attractive ; can pe expressed as

electron-electron interactiong appears in the exponential factor

in the equation fofTcgcs (Teses 0 A(O)ecs O e714) (eq 12). Py, 147) = &) Ppe 1{ HKysp K1) (18)
Such an exponential factor appears because electronic states are
very close to each other in conventional superconductors with
macroscopic sizes, and we must consider energy-space o
k-space integrals continuously in a thin shell around the Fermi
surface (eq 10). Furthermore, th&oco-Luco value is usually
very small in conventional superconductivity. In summary,
energy lowering factor in the exponential facian the equation Yore1dl 1F 21 n
for T¢,gcs the very smalAEyoco-Luco values (originating from

continuous energy levels of electronic states in the conventional Prie1dl 1127 Prieadl3r47) - CDHevlS(rns—l’rns’T) (19)

When the attractive interaction between two electrons domi-
Inates over the repulsive interactions in the neutral He atom,
the system would produce an electron pair. The ground-state
wave function in the electron pairing states in the neutral He
the atom with microscopic sizes at tintrecan be expressed as

7) =

otal’
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1.0 TABLE 1: Phegroundstad T) Values as a Function ofT
Ranging between 1.0x 10° and 20.0x 10°P K

0.8 T (1P K) 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Prie,ground stafe]) 0.996 0.939 0.845 0.753 0.673 0.606 0.550
T (16°K) 80 90 100 11.0 12.0 13.0 14.0

0.6 Prie,ground stafeT)  0.503 0.463 0.428 0.398 0.372 0.349 0.329
T (16°K) 150 16.0 17.0 18.0 19.0 20.0

Phe ground stafeT) 0.311 0.295 0.280 0.267 0.255 0.244

PHe,ground state (T)

04 intraatomic diamagnetic currents exist in most of the He atoms
at 298 K. However, it should be noted that dependence of
021 o electronic properties on temperature in the diamagnetic currents
be in the neutral He atoms with microscopic sizes is essentially

0.0+ T - Q Q q different from that in the conventional superconductivity with
00 10 20 30 40 50 macroscopic sizes, as follows. In the conventional supercon-
T(x107K) ductivity with macroscopic sizes, even in the high-temperature

Figure 7. Phegoundstael) Values as a function of temperature in the region but below the critical temperatufggcs conventional

neutral He atoms. superconductivity is always retained for the states in the bulk

) ) ~_ system, and above th& gcs the supercurrent in the conven-
wheren is the number of electrons forming electron pairs in  tional superconductor with macroscopic sizes completely disap-

the neutral He atomic bulk systems. o ~ pears. On the other hand, in the neutral He atoms with
The intraatomic dlamagnetlc current state is in a constrained microscopic sizes, in princip|e, even below the temperature

condition such that the momentum of the paired electrons cannotrHe.ls jntraatomic diamagnetic currents in some of the He

be altered at will. Indeed, the energA@)ue1sis needed to  4ioms disappear, even though intraatomic diamagnetic currents
destroy the intraatomic diamagnetic current state at 0 K. As a ould be observed in almost all He atoms most of the time at

consequence, the scattering that changes the direction of the,gg « Fyrthermore, even above the critical temperatlifes
wave vector is prohibited for the paired electrons. Once a currenthare are some He atoms where intraatomic diamagnetic currents

:(S induced, each ellflecltron r;])air ac?u(ijref_s |t2e samedyelocity Vec7t°rcan exist. That is, the critical temperatigscscan be predicted

HinducedMe in parallel to the applied field, according 1o €qs 7 s, me\yhat clearly but the critical temperatuT&&™in one He

and 8, wheran, denotes the mass of an electron. Thus, the drift . . s
atom cannot be predicted precisely and we can pre'[ﬁli":i.l

velocity of "’.‘" electrqn pairs must ble jnducedme and all the. values only statistically in the bulk system. However, in this
electron pairs acquire the same momentum and move in a
. ) . . . research, we can at least conclude that we would observe
direction parallel to the field. A current flowing without . Lo : .
. - . . ._intraatomic diamagnetic currents in almost all He atoms at 298
disturbing the ordered state is indeed a resistanceless conductior, . . ;
as a consequence of the attractive Coulomb interactions

Therefore, once a current is induced by applying the magnetic between two electrons occupying the 1s atomic orbital in each
field to a He atom, it persists as long as the electron pairs remain

. - neutral He atom.
stable in the neutral He atom, according to eqs 7 and 8. . . . . .

Finally, let us briefly discuss the potential application of
diamagnetic currents to electronics. As described in the previous
section, we can only expect the intraatomic diamagnetic current

In the previous sections, we looked into only one He atom in some of the neutral He atoms, and in the bulk system, the
by assuming that the electronic structure in each He atom interatomic current cannot be expected because interatomic
behaves independently. On the other hand, when we observeslectron transfer cannot be expected in closed-shell electronic
electronic structures in many He atoms in bulk systems, we structures in the He atoms with microscopic sizes (Scheme 1a).
must consider these electronic structures from a statistical pointSimilar discussions can be made in microscopic molecular
of view. In the neutral He atom with microscopic size, a systems such as benzene and [18]annulene (Scheme 1b), as
transition from the intraatomic diamagnetic current state to an discussed in the previous reseat&As discussed in the previous
insulating state as a consequence of an electron promotion fromsection, because thAEjoco-Luco value decreases with an
the HOAO to LUAO would occur afft®™ (THe2s | a0 increase in material size, the second-order perturbation effects
before an electron pair in the ground state in each atom is become more important with an increase in material size (Figure
destroyed aﬁ'('j%gj,omb The number of He atoms in which both  1c). Therefore, the mechanism of intraatomic diamagnetic
the HOAO and LUAO are partially occupied by an electron current suggested in this research would not be true for materials
increases with an increase in temperature. The ratio of thewith large sizes, and the normal metallic state would appear in

Statistical Discussions in the Bulk Systems

number of He atoms with ground stategy§und statbT)) to that materials with large sizes. However, if a bulk system has a
of all He atoms fiota) at T K is defined as closed-shell electronic structure and large energy difference
between the occupied and unoccupied orbitals, as shown in

Plie.ground stalel) = F_igure la, _such a bulk system has the possibility_ of exhibiting

n (M diamagnetic currents originating from the attractive Coulomb
_groundstate 7/ _ 4 _ expAESE | Lo/ksT) (20) interactions between two electrons with opposite spins occupy-

Meotal ing the same orbitals (Figure 1a), from analogy with the
nondissipative diamagnetic currents in microscopic atomic and

Phe,ground stafel) Values as a function of temperatufgK) are molecular systems with closed-shell electronic structures. For
shown in Figure 7. ThePe ground stafel) Value significantly example, pure diamonds have closed-shell electronic structures
decreases in the region betweenx110° and 2 x 10 K. and large valence and conduction band gaps. Actually, the band

Pre ground stafel) Values in this region are listed in Table 1. We gaps between the valence and conduction bands in pure
can see from Figure 7 that at 298 K, electronic states in most diamonds are very large (5.47 e%)Therefore, according to
of the He atoms are in the ground state. Therefore, the eq 20, the probability of the disappearance of the nondissipative
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diamagnetic current states is estimated to be very low In general, because the HOEQUCO gap decreases with
(~107%) at 298 K. In this sense, we can consider the bulk an increase in material size, the second-order perturbation effect
diamond system as a macroscopic molecule with large HOMO becomes more important with an increase in material size.
LUMO gap. Furthermore, considering that the energy levels of Therefore, the mechanism of the occurrence of intraatomic
occupied orbitals in pure diamonds are always negative, we diamagnetic current in the neutral He atoms suggested in this
expect that interactions between two electrons with opposite research would not usually be true for materials with large sizes,
spins occupying the same orbitals can become attractive in pureand the normal metallic state would appear in macroscopic
diamonds, as discussed in He atoms and benzene and [18]materials. Therefore, if the material system is made arbitrarily
annulene molecules. On the other hand, in diamonds with large, such as in graphite, bulk superconductivity does not result
macroscopic sizes, there is a very high possibility that some because, as the system gets bigger, the different momentum
impurities or dopants exist. Even a very small ratio of impurities states of the electrons approach each other in energy. A transition
or dopants would destroy possible nondissipative diamagneticcan then occur between states, and the induced currents are
current states in the diamonds with macroscopic sizes. Thedissipated. To get superconductivity in macroscopic materials,
technology that enables us to produce very pure diamonds insomething of the nature of a coherence energy is required. In
which no impurities exist is awaited. It would be interesting to conventional superconductors such as GICs, this is provided
investigate the possibilities of the occurrence of nondissipative by the phonon-induced electrerlectron interaction.
diamagnetic currents in bulk systems with closed-shell electronic  We discussed the ratio of the number of He atoms with
structures and large energy differences between occupied andyround states to that of He atoms with excited states at various
unoccupied orbitals such as pure diamonds as well as intemperatures. We found that the dependence of electronic

microscopic atomic and molecular systems. properties on temperature in the diamagnetic currents in the
_ neutral He atoms with microscopic sizes is essentially different
Concluding Remarks from that in conventional superconductivity with macroscopic

sizes. In the conventional superconductivity with macroscopic
sizes, even in the high-temperature region but below the critical
temperaturel; gcs conventional superconductivity is always

We investigated the mechanism of the occurrence of intra-
atomic diamagnetic currents in neutral He atoms with micro-
scopic sizes. We found that most of the electrons can form ) X
electron pairs originating from attractive Coulomb interactions ¢tained for the states in the bulk system, and abov&dbes
between two electrons with opposite spins occupying the 1s the supercurrent in the conve_ntlonal superconductor with
atomic orbital in the neutral He atom at 298 K. We suggested Macroscopic sizes completely disappears. On the other hand,

that intraatomic diamagnetic currents in the neutral He atoms N the neutral He atoms with microscopic sizes, in principle,

11 . . . .
with microscopic sizes can be explained by such electron €ven below the temperaturg®"; intraatomic diamagnetic
pairing. currents in some of the He atoms disappear, even though the

intraatomic diamagnetic currents would be observed in almost
can disappear in each He atom is estimated. 'll?‘?elsvalues all He atoms most of the time at 298 K. Furthermore, even above

g He,1s
for the neutral He atoms with microscopic sizes are estimated the critical temperaturg:™", there are some He atoms where
to be much larger than the; scs values for the conventional the intraatomic diamagnetic currents can exist. That is, the

superconductors with macroscopic sizes. This is because bottf"tical temperaturélcscs cameblilpredicted somewhat clearly
the A, andAEHSES | o values for the neutral He atoms with but the critical temperatur&,—~ in one He atom cannot be

The TH®**value at which intraatomic diamagnetic currents

; ; 1
microscopic sizes are larger than thecs and AExoco-Luco predicted precisely and we can predict** values only sta-
values for the conventional superconductors with macroscopic fistically in the bulk system. However, we can at least conclude
sizes. The energy lowering factor in the exponential fa&tor in this study that we would observe intraatomic diamagnetic

the equation forTegcs the very smallAEnoco-Luco values currents in almost all He atoms at 298 K as a consequence of

(originating from continuous energy levels of electronic states the attractive Coulomb interactions between two electrons
in the conventional superconductors with macroscopic sizes), °ccupying the 1s atomic orbital in each neutral He atom.
the energy lowering factor that is proportional to i
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