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Ucxons u3 norenuuanos Jluenapa — Buxepra [ paBHOMEPHO U MPSIMOJIMHENHO JBUKYILErOCs 3JEKTPOHA, UCCIIe-
JIyeTcsl PeISITUBUCTCKOE 3JIEKTPUYECKOe oI BOIM3U TUIOTHO 3aII0JIHEHHOM aTOMaMy Kaslusl OIHOCIIOIHON yIiiepoHon
HaHoTpyOku (K@CNT) co cTanmoHapHbIM AJIEKTPUYECKUM TOKOM BHYTPH Hee. PessITHBHCTCKOE AIIEKTPHUYECKOE MoJie
B TaOOpaTOpHON CHCTEME KOOPIAMHAT BOSHUKAET (BCIEICTBHE Mpeodpa3oBanuii JIopeHIia) TOMBKO Ut HAHOTPYOKH KOHEY-
HOM JUTMHBL. DTO €CTh PE3yJbTaT CyMMHPOBAHMS KYJIOHOBCKHX I10JIEH HETO/BHYKHBIX TOJIOKHUTEILHO 3apSHKEHHBIX HOH-
HBIX OCTOBOB KaJIMsl M PABHOTO UM YHCJIa CO3AAI0IMNX TOK OAITMCTUYECKH ABMKYIUXCS BAJICHTHBIX 3JICKTPOHOB KaJIHs.
[TokazaHo, YTO BETMYMHA OTPUIATEIBHOTO PEJISTHBUCTCKOTO 31eKTpruueckoro noreniuana K@CNT B nepnenankyssip-
HOM HaHOTPYOKe HalpaBlICHUH HE 3aBUCHUT OT HAIPABJICHUsSI IUIOTHOCTH TOKA. YCTaHOBJICHA B3aUMOCBSI3b MEXKLY Paany-
coM K@CNT 1 9ncinoM OTKPBITHIX KaHAIOB OaUTHCTHYECKOTO TIepeHOca AIEKTPOHOB 1o aroMaM Kamus. Mcmonesyercs
¢dopmyna Jlannayspa, CBI3bIBAIONIAst YUCIO OTKPHITHIX KBA3HOJHOMEPHBIX KAaHAJIOB M AJIEKTPHUYECKYIO TPOBOJAMMOCTh Ha
IIOCTOAHHOM TOKE. Bnemee TMOJIY4YCHbI AaHAJTTUTUYCCKUE (I)OpMyJ'H)I JUTA 3aBUCUMOCTHU PEJIATUBUCTCKOI'O MOTCHI M A Ia BOIM3H
K@CNT 0T sneKTprdecKoro HalpspKeHUST MEXKIy KOHIIAMH HaHOTPYOKH W ee paauyca B Tpefelie HyJIeBOH aOCOMFOTHON
Temrneparypsl. PaccMoTpeH ciyuaii, korja pacCToSHUE OT TOUKH PErUCTpaliy PEISTUBHCTCKOIO MOTEHIMANA HaJl LIEHTPOM

'"The materials of the article were presented at the IX International scientific conference «Materials and structures of modern

electronics» (Minsk, 14—16 October 2020).
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HaHOTPYOKM MHOTO MEHbIIE ee JIUHBL. [ HaHOTpyOkH nuamerpoM 2 HM M anuHoi 100 MKM mpu HampsHKeHHOCTH
BHEIITHET0 AJIEKTPUYECKOTO 1MoJist S MB/MKM BennunHa pessiTHBUCTCKOTO MOTEHIMaa cocTasisieT npumepHo 2 MkB. Co-
BPEMEHHBIE METObl U3MEPEHUH MO3BOJISAIOT 3apErUCTPUPOBATh NPEACKA3bIBAEMBINH PEISITUBUCTCKUI MOTEHIUAIL.

Knrouegvie cnoga: yrineponHas HAaHOTPYOKa; MIEITOYHON METAJII; TOCTOSHHBIN TOK; 3IEKTPOHHAsI TPOBOIUMOCTD; pe-
JSITUBUCTCKUH 3JIEKTPUYIECKUI TOTEHIINAI; HU3KUE TEMIIEPaTyphl.

bnazooapnocms. Pabota nopnepxana rocyJapCTBEHHONW IpOrpaMMoi HaydHBIX HccienoBanuii Pecriyonmuku be-
napychk «KorBeprenmus-2025» u benopycckum pecrryonukanckuM (GoHIOM (HyHIAMEHTAIBHBIX HCCIICIOBAHMNA (TPaHT
Ne ®20P-301). H. H. Xuey Omarogaput 3a moaiepxky BreTHaMCKuiT HalmoHANBHBINA (DOHI pa3BUTHS HayKHA U TEXHOIO-
ruii (rpant Ne 103.01-2017.309).
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Based on the Lienard — Wiechert potentials for a uniformly and rectilinearly moving electron, a relativistic electric
field is studied near a densely filled with potassium atoms single-walled carbon nanotube (K@CNT) with a stationary
electric current inside it. The relativistic electric field in the laboratory coordinate system arises (due to the Lorentz trans-
formations) only for a nanotube of a finite length. This field is a result of summation of the Coulomb fields of stationary
positively charged ionic cores of potassium and an equal number of ballistically moving valence electrons of potassium
that create a current. It is shown that the magnitude of the negative relativistic electric potential of K@CNT in the di-
rection perpendicular to the nanotube does not depend on the direction of the current density. The relationship is ob-
tained between the K@CNT radius and the number of open channels of ballistic electron transfer over potassium atoms.
The Landauer formula is used, which relates the number of open quasi-one-dimensional channels and the direct current
electrical conduction. For the first time, analytical formulas are obtained for the dependence of the relativistic potential
near K@CNT on the electric voltage between the ends of the nanotube and on its radius in the limit of zero absolute tem-
perature. The case is considered when the distance from the point of registration of the relativistic potential above the center
of the nanotube is much less than its length. For nanotube with diameter of 2 nm and length of 100 wm, under an external
electric field strength of 5 mV/um, the magnitude of the potential of the relativistic electric field is of about 2 V. Modern
measurement techniques make it possible to register the predicted relativistic potential.

Keywords: carbon nanotube; alkali metal; steady current; electronic conduction; relativistic electric potential; low
temperatures.
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Introduction

One-dimensional metallic and semiconducting nanowires have a number of unique properties (see,
e. g., [1; 2]) and wide areas for real and possible applications [3—5]. However, nanowires are susceptible to
oxidation, which leads to degradation of their operating parameters over time. At the same time, nanowires
formed by filling carbon nanotubes (CNT) with metal atoms [6] are protected from oxidation, since the carbon
frame of a nanotube is chemically inert. It is also worth saying, that it is possible to produce proton conducting
nanowire made of molecular complexes of HF (hydrogen fluoride) inside CNT [7].

The aim of the work is to calculate the relativistic electrostatic potential near a straight resting carbon
nanotube filled with potassium atoms (K@CNT) with a stationary electric current in it in order to evaluate
parameters of its conductive potassium channel.
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Basic equations

Let us consider a straight wire in the form of K@CNT with length L and cross section area S. Let the steady

ballistic electric current be excited in it, then

I=—envs, )
where e is the elementary charge; n is volume concentration of conduction electron; v is the ballistic velocity
of electron; the value and direction of the electron velocity are constant along the carbon nanotube.

The current is led into the wire through two electrodes (ohmic contacts). Further, we assume, that the
transfer of electrons in the wire is ballistic, and in the electrodes it is drift-diffusion [8]. The cross section area
of electrodes is much larger than S. That is why when electron concentrations are approximately equal in the
contacts and in the wire, the drift-diffusion velocity of electrons in the contacts much less than v. We neglect
the manifestation of the acceleration of electrons on one contact of electrode to the wire and deceleration on the
other contact of the wire to the electrode, since these regions are significantly less than the wire length. We also
do not take into account the possibility of a configuration electromotive force [9] appearing on the contacts to the
wire with steady current. Note that the electric field strengths associated with contacts to the wire with a stationary
current are directed along the wire. In addition, equation (1) does not take into account the action of the magnetic
field of the current on the electrons creating this current [10; 11]. Specifically, in the pinch effect, under the action
of an intrinsic magnetic field, the electrons drifting with a velocity v goes to the axis of the conductor until the
action of the magnetic field is balanced by their repulsion. Under the pinch effect the stream of electrons becomes
compressed (pinched) and surface of the conductor acquires a positive charge, the surface density of which does
not depend on the conductor length [10].

In the wire with current there are nSL mobile (free) electrons and their velocity is v. The amount of im-
mobile atomic (ion) cores in the wire equals to the amount of mobile electrons, i. e., nSL. In the laboratory
coordinate system the electric fields produced by electrons E_and ions E, of wire are different. Indeed, the
strength of electrostatic field of uniformly (ballistically) moving electron with the velocity v at a distance r
from the electron [12; 13] is ,

E=-—= 3 =P 3/2° @)
4me €,r (1 - B? sin26)

where €. = 1 is the isotropic relative permittivity of the medium around the wire; €, is the electric constant;

B:g is the ratio of electron velocity v in wire to the speed of light ¢ in vacuum; O is the angle between the

electron velocity v and radius vector r. The strength of electric field created by immobile ions E, is equal in
magnitude and opposite in sign of the strength of electric field created by electrons E_ with zero velocity (equa-
tion (2) at = 0; see discussion of Lorentz transformations for moving objects in [14; 15]).

After summing up the fields from ion cores E, (it is equal —E_ at f = 0) and conduction electrons E_ over
the entire wire one can obtain the relativistic electric field in perpendicular direction to the ballistic flow of
electrons at a distance » from the middle of the wire [16]:

E (r)= 267};5; [(L2 I (B [32))1/2} <0. (3)

It follows from equation (3) that for L — oo the field £, — 0 at » = const (see also [17; 18]). (In the frame
of classical electrodinamics, it was shown [19] that the relativistic electric field around the superconducting
ring with steady current is zero.)

The field £, (r) by equation (3) corresponds to the following electrostatic potential at a distance d from the

center of the wire (approximation is given for 3 =%} <landd <« L):

oo

L+ >+ 4d*(1-p? 2
(pL:JEi(V)dV=— ens In \/ ( ) - _prens (1—%J<0. 4
2mey | J1-p? [L + 2+ 4d2} 4me, L

d

Here it is taken into account that at the point infinitely far from the wire the potential ¢, = 0.
Thus, from equation (4) taking into account equation (1) it follows that

2 2
ol 2d
~———1-— <0, 5
PL 4nenS( I? )
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where 1, = —— is the vacuum permeability. From equation (5) it can be understood, that the value of the

€,C
potential |(p L| is higher, when the concentration » maintaining the current / in the wire is lower. That is why the
[2
=/v.
enS
The calculations of number of subbands N (R) = N 21 for electrons inside K@CNT were presented in [20].

It is shown that the number of subbands N and the Fermi momentum py. of electrons moving along the CNT as
functions of CNT radius R are determined by a system of two equations:

2 2 N-1 2
T hnR 2\ 2mhw 1)\/;’ é)_FZNh‘”’ (©)
m

= + +
PEENINT ) T NN+ Z‘O /
where m is the electron mass (further it is assumed to be equal to the electron mass in vacuum); 7 = LA is the
2 27
2U, 0.967e

potential |(p l| is higher, when the ballistic velocity v of electrons is higher, i. e.,

Planck constant; ®* = > = 5— Is the square of the angular frequency of zero-point oscillations of
mR*  4me,may R )
. . . . e’R . .
electron in parabolic potential well with depth U, = ﬁ; a, = 0.142 nm is the distance between two
€0

nearest carbon atoms in carbon nanotube. The potential well for electrons, which move in a chain of potassium
atoms, is caused by the positively charged potassium ions adjacent to the negatively charged carbon frame of
CNT. (The CNT frame is an acceptor: every 10 carbon atoms capture about one valence electron from potas-
sium atoms. Subbands are due to the discreteness of the energy spectrum for the «transverse» electron motion
inside K@CNT.)

Eliminating the unknown quantity pr from the system of equations (6), we obtain

2
25nR> 2 2mh
[}zft hnR W z j+1) \/_J - 2mNho(R)=0.

(N+1) N(N+1)

(7

j:

From equation (7) the relationship between the radius R and the number of open channels (subbands)
N=N (R) >1 for K@CNT can be found in the form

:[N(N+1)\/N—21§1(j+1)\/;]( e ] (8)

154/3n° gohagn®

Results and discussion

According to Landauer’s theory (see, e. g., [21; 22]), the direct current electrical conductivity G of quasi-
one-dimensional conductor (inner part of K@CNT) in the limit of zero absolute temperature is equal to the
number of open nondissipative channels of ballistic electron transfer multiplied by the conductivity quantum
26> N(R)[N(R)+1]

%. The number of channels of ballistic electron transfer in K@CNT is equal to ,1.e.,to

the number of subbands in which electrons are located, taking into account degeneracy multiplicity of the sub-
band, which is equal to its number N (R). Thus, the conductivity G has the form [20]
2¢* N(R)[N(R) +1]
— 9)
h 2

where N(R) could be found from equation (8). Results of calculation of electrical conductivity G(R) using
equation (9) are shown (figure a).

Let a direct current voltage U be applied to the ends of K@CNT with radius R and length L. So that there is

the electric ballistic current / (R)= G (R)U. (We assume that the electrical conductivity of the carbon frame of
2

CNT is much less, than the conductivity via potassium atoms.) According to equation (5), neglecting N7 <1,

G(R)=

the relativistic electrostatic potential ¢ l(R) does not depend on the potential registration distance d from the
center of K@CNT and has the form
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G*(R
(pl(R) o 4::;6 nlg2 )U2’ (10)

where 7 = 14 nm™ is the concentration of conduction electrons inside K@CNT (here it equals to the electron
concentration in metallic potassium [23] and it does not depend on the radius R of nanotube); S = nR*. The re-

sults of calculations of relativistic electrostatic potential @ (R) using equation (10) are shown in figure b.
It follows from equation (10), that the magnitude of the electrical conductivity G(R) can be determined
from the magnitude of the measured relativistic potential @, (R) for the known nanotube radius R and vol-

tage U (voltage generator mode). With known electric current / (R) = G(R)U (current generator mode) and

nanotube radius R, according to equation (10), it is possible to determine the concentration n of ballistically
moving electrons inside K@CNT.

a b
3 10 -
J_ 8 B
2 -
2 = or
S = A
1_
2 -
0 1 1 0 —l 1 1
0.5 1.0 1.5 0.5 1.0 1.5
R, nm R, nm

Dependence of the direct current electrical conductivity G,
according to equation (9), on the radius of K@CNT (a). Relativistic electrostatic potential ¢,
according to equation (10), at the distance d < L from the center of K@CNT to the registration point

of the potential, as a function of the radius R for L = 100 um at the electric field strength % =5 mV/um (b)

Conclusion

The dependence of relativistic potential ¢ near a potassium-filled straight resting carbon nanotube with
a stationary electric current on nanotube radius R in the limit of zero absolute temperature was studied ana-
lytically and numerically. The potential is calculated at a distance d, from the center of K@CNT, that is much
less than the nanotube length L. At a fixed distance from the center of the nanotube the value of ¢, increases
in a sawtooth manner with the nanotube radius R. The appearance of «teeth» in the dependence of @, on R is
a consequence of two competing factors: 1) the electrical conductivity G(R) changes in a stepwise manner

(increases with the radius R), i. e., it increases with the number of subbands filled with electrons in the dis-
crete energy spectrum of the «transverse» motion of electrons inside K@CNT; ii) when the nanotube radius R

increases until the next jump of conductivity G, the value of the potential ¢ l(R) decreases (since, for fixed
K@CNT conductivity, the potential is inversely proportional to the square of CNT radius). For nanotube with

diameter 2R = 2 nm and length L = 100 um, under an external electric field of strength v_ 5 mV/um, the
magnitude of the potential of the relativistic electric field is of about ¢ | = 2 uV.

It is shown that the value of the electrical conductivity G(R) can be determined from the measured mag-
nitude of relativistic potential @, (R) for known nanotube radius R and applied voltage U. While for known
electric current /(R) = G(R)U and radius R the concentration n of electrons ballistically moving inside K@CNT
can be determined.

References

1. Chen C, Ye C. Metal nanowires. In: Levy D, Castellon E, editors. Transparent conductive materials: materials, synthesis, charac-
terization, applications. Weinheim: Wiley; 2018. p. 105-131. DOIL: 10.1002/9783527804603.ch2_3.

2. Garnett E, Mai L, Yang P. Introduction: 1D nanomaterials/nanowires. Chemical Reviews. 2019;119(15):8955-8957. DOI:
10.1021/acs.chemrev.9b00423.

24



HanomaTepuajibl H HAHOTEXHOJIOTHH
Nanomaterials and Nanotechnologies

3. Poklonski NA, Vyrko SA, Siahlo Al, Poklonskaya ON, Ratkevich SV, Hieu NN, et al. Synergy of physical properties of low-
dimensional carbon-based systems for nanoscale device design. Materials Research Express. 2019;6(4):042002. DOI: 10.1088/2053-
1591/aafblec.

4. Goktas NI, Wilson P, Ghukasyan A, Wagner D, McNamee S, LaPierre RR. Nanowires for energy: a review. Applied Physics
Reviews. 2018;5(4):041305. DOIL: 10.1063/1.5054842.

5. Hong S, Lee H, Lee J, Kwon J, Han S, Suh YD, et al. Highly stretchable and transparent metal nanowire heater for wearable
electronics applications. Advanced Materials. 2015;27(32):4744-4751. DOI: 10.1002/adma.201500917.

6. Suzuki S, Maeda F, Watanabe Y, Ogino T. Electronic structure of single-walled carbon nanotubes encapsulating potassium.
Physical Review B. 2003;67(11):115418. DOI: 10.1103/PhysRevB.67.115418.

7. Savin AV, Savina OI. The structure and dynamics of the chains of hydrogen bonds of hydrogen fluoride molecules inside carbon
nanotubes. Physics of the Solid State. 2020;62(11):2217-2223. DOI: 10.1134/S1063783420110281.

8. de Jong MJM. Transition from Sharvin to Drude resistance in high-mobility wires. Physical Review B. 1994;49(11):7778-7781.
DOI: 10.1103/PhysRevB.49.7778.

9. Lifshitz TM, Polyanskii OYu, Romanovtsev VV. Experimental observation of configuration EMF’s. Journal of Experimental
and Theoretical Physics Letters. 1973;18(7):247-249. URL: http://www.jetpletters.ac.ru/ps/1567/article_24009.shtml.

10. Martinson ML, Nedospasov AV. On the charge density inside a conductor carrying a current. Physics — Uspekhi. 1993;36(1):
23-24. DOI: 10.1070/PU1993v036n01 ABEH002062.

11. Kushwaha MS. The quantum pinch effect in semiconducting quantum wires: a bird’s-eye view. Modern Physics Letters B.2016;
30(4):1630002. DOI: 10.1142/S0217984916300027.

12. Jackson JD. Classical electrodynamics. New York: Wiley; 1999. xxi, 808 p.

13. Panofsky WKH, Phillips M. Classical electricity and magnetism. New York: Dover; 2005. xiv, 494 p.

14. Feinberg EL. Special theory of relativity: how good-faith delusions come about. Physics — Uspekhi. 1997;40(4):433-435. DOLI:
10.1070/PU1997v040n04ABEH001558.

15. Aleksandrov EB, Aleksandrov PA, Zapasskii VS, Korchuganov VN, Stirin Al. Direct experimental demonstration of the second
special relativity postulate: the speed of light is independent of the speed of the source. Physics — Uspekhi. 2011;54(12):1272-1278.
DOI: 10.3367/UFNe.0181.2011121.1345.

16. Mityanok V'V, Poklonskii NA. Relativistic electrostatic field of a direct-current conductor. Technical Physics. 1993;38(1):
49-50.

17. Pelzer H, Whitehead S. Interaction between currents as a relativistic second order effect of electrostatic forces. British Journal
of Applied Physics. 1951;2(11):330-331. DOI: 10.1088/0508-3443/2/11/106.

18. Cullwick EG. Reply to interaction between currents as a relativistic second order effect of electrostatic forces. British Journal
of Applied Physics. 1951;2(11):331-332. DOI: 10.1088/0508-3443/2/11/107.

19. Baker DA. Second-order electric field due to a conduction current. American Journal of Physics. 1964;32(2):153—157. DOI:
10.1119/1.1970143.

20. Poklonskii NA, Kislyakov EF, Fedoruk GG, Vyrko SA. Electronic structure model of a metal-filled carbon nanotube. Physics
of the Solid State. 2000;42(10):1966—-1971.

21. Imry Y, Landauer R. Conductance viewed as transmission. Reviews of Modern Physics. 1999;71(2):S306—S312. DOI: 10.1103/
RevModPhys.71.S306.

22. Bagraev NT, Ivanov VK, Klyachkin LE, Malyarenko AM, Shelykh IA. Ballistic conductance of a quantum wire at finite tem-
peratures. Semiconductors. 2000;34(6):712-716. DOI: 10.1134/1.1188059.

23. Kittel C. Introduction to solid state physics. New York: Wiley; 2005. xix, 680 p.

Received by editorial board 16.11.2020.



