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The motion of the charged particles in graphen¢han frame of the quantum non-local
hydrodynamic description is considered. It is shagnresults of the mathematical modeling that
the mentioned motion is realizing in the solitomfis. The dependence of the size and structure of

solitons on the different physical parameters vestigated.

Key words: Foundations of the theory of transport proces3é® theory of solitons;
Generalized hydrodynamic equations; High tempeeatuperconductivity; Quantum non-local

hydrodynamics, Theory of transport processes iplggae.

PACS: 67.55.Fa, 67.55. Hc

1. Introduction. Preliminary remarks.

The possibility of the non local physics applicatim the theory of superconductivity is
investigated in [1-3]. It is shown that by the sugomducting conditions the relay (“estafette”)
motion of the soliton’ system (“lattice ion — elemt”) is realizing by the absence of chemical
bonds. From the position of the quantum hydrodyeanthe problem of creation of the high
temperature superconductors leads to finding oer@s$ which lattices could realize the soliton’
motion without destruction. These materials shdwdcreated using the technology of quantum
dots.

Non-local physics demonstrates its high efficiemcynany fields — from the atom structure
problems to cosmology [4 - 16]. Mentioned works taimnot only strict theory, but also delivering
the qualitative aspects of theory without excedgizambersome formulas. As it is shown (see, for
example [4,5,7 - 11]) the theory of transport psses (including quantum mechanics) can be
considered in the frame of unified theory basethemon-local physical description.

This paper is directed on investigation of possiplications of the non-local quantum

hydrodynamics in the theory of transport processagaphene including the effects of the charge
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2
density waves (CDW)Is known that graphene, a single-atom-thick shéejraphite, is a new
material which combines aspects of semiconductos metals. For example the mobility, a
measure of how well a material conducts electrjegghigher than for other known material at room
temperature. In graphene, a resistivity is of abb® microOhm-cm (resistivity defined as a
specific measure of resistance; the resistancepadae material is its resistivity times its lengifd
divided by its cross-sectional area). This is al8fupercent less than the resistivity of coppes, th
lowest resistivity material known at room temperatu

Measurements lead to conclusion that the influexidéermal vibrations on the conduction
of electrons in graphene is extraordinarily snfalom the other side the typical reasoning exists:

“In any material, the energy associated with tmeperature of the material causes the atoms
of the material to vibrate in place. As electrores/¢l through the material, they can bounce off
these vibrating atoms, giving rise to electricaiseance. This electrical resistance is "intring"
the material: it cannot be eliminated unless théenel is cooled to absolute zero temperature, and
hence sets the upper limit to how well a mate@a conduct electricity.”

Obviously this point of view leads to the principalimination of effects of the high
temperature superconductivity. From the mentioneidtpof view the restrictions in mobilities of

known semiconductors can be explained as the mfli®f the thermal vibration of the atoms. The

limit to mobility of electrons in graphene is aba®0,000 cm? /(V ES)) at room temperature,

compared to about 1,408n* /(V 3)) in silicon, and 77,00@m? /(V [3)) in indium antimonide, the
highest mobility conventional semiconductor knowhe opinion of a part of investigators can be
formulated as follows: "Other extrinsic sourcegadday's fairly dirty graphene samples add some
extra resistivity to graphene," (see for examplg)[1so the overall resistivity isn't quite as l@as
copper's at room temperature yet. However, graphesefar fewer electrons than copper, so in
graphene the electrical current is carried by amlfew electrons moving much faster than the
electrons in copper.” Mobility determines the spaedvhich an electronic device (for instance, a
field-effect transistor, which forms the basis obaern computer chips) can turn on and off. The
very high mobility makes graphene promising for laggpions in which transistors much switch
extremely fast, such as in processing extremel fiigquency signals. The low resistivity and
extremely thin nature of graphene also promisesliGns in thin, mechanically tough,
electrically conducting, transparent films. Sudimé are sorely needed in a variety of electronics
applications from touch screens to photovoltaitscel

In the last years the direct observation of then&tcstructures of superconducting materials
(as usual superconducting materials in the cupfately like YBaCuwsOgs7 (Tc=67K)) was
realized with the scanning tunneling microscopeM$&nd other instruments, STMs scan a surface

in steps smaller than an atom.
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Superconductivity, in which an electric currentwk with zero resistance, was first

discovered in metals cooled very close to absatete. New materials called cuprates - copper

oxides "doped" with other atoms -- supercondu¢hagh" as minus 123 Celsius. Some conclusions

from direct observations [18, 19]:

1.

Observations of high-temperature superconductars/sin "energy gap" where
electronic states are missing. Sometimes this grgag appears but the material
still does not superconduct -- a so-called "pseagdgphase. The pseudogap
appears at higher temperatures than any supercvitjymffering the promise
of someday developing materials that would supetaon at or near room
temperature.

STM image of a partially doped cuprate supercoratushows regions with an
electronic "pseudogap”. As doping increases, psmuaegions spread and
connect, making the whole sample a superconductor.

High temperature superconductivity in layered ctggacan develop from an
electronically ordered state called a charge dengitve (CDW). The results of

observation can be interpreted as the creatiohef'¢theckerboard pattern” due

to the modulation of the atomic positions in tGeO, layers ofYBa,Cu,O

B+x
caused by the charge density wave.

Application of the method of high-energy X-ray d#ttion shows that a CDW
develops at zero field in the normal state of sopeducting YBaCusOg 67
(Tc=67K). Below T, the application of a magnetic field suppresses
superconductivity and enhances the CDW. It meanat tthe high¥,

superconductivity forms from a pre-existing CDW eomment.

Important conclusion: high temperature superconductors demonstratetyy@evof electronic order

and modulation of atomic positions. As it was shown[1,3] the delivered above graphene

properties can be explained only in the frame efdblf-consistent non-local quantum theory (see

for example [4,5]) which leads to appearance ofsthi#gon waves moving in graphene.

2. Generalized quantum hydrodynamic equations describing the soliton movement in

the crystal lattice.

Let us consider the charge density waves whichparéodic modulation of conduction

electron density. From direct observations of chailgnsity waves follow that CDW develop at

zero external fields. For our aims is sufficientle following to suppose that the effective charge

movement was created in grapheme lattice as refsait initial fluctuation.
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4
The movement of the soliton waves at the presericthe external electrical potential
difference will be considered also in this article.
This effective charge is created due to interfegen€ the induced electron waves and
correlating potentials as result of the polarizedodaiation of atomic positions. Therefore in this

approach the conduction in grapheme convoys tmsfee of the positive m,) and negative (-

e,m,) charges. Let us formulate the problem in detile non-stationary 1D motion of the

combined soliton is considered under influencehefgelf-consistent electric forces of the potential
and non-potential origin. It was shown [1, 3] thag¢ntioned soliton can exists without a chemical
bond formation. For better understanding of theagion let us investigate the situation for theecas
when the external forces are absent. Introducedbedinate systemé&(= x —Ct ) moving along the

positive direction of thex axis with the velocityC = u,, which is equal to the phase velocity of

this quantum object.
Let us find the soliton type solutions for the systof the generalized quantum equations for
two species mixture [1, 3, 5, 11]. The graphenestatylattice is 2D flat structure which is

considered in the moving coordinate systeh=(x—u,t, y).

Write down the system of equations [1, 3, 5, I]the two component mixture of
charged particles without taking into account tbenponent’s internal energy in the dimensionless
form, where dimensionless symbols are marked dggilWe begin with introduction the scales:
u=u,U - hydrodynamic velocity;

§=%4, Y=XY;

¢ =¢,9 - self-consistent electric potential;

Po = PoPe Py = poﬁp - densities for the electron and positive species;

P, = PV Pes p, = ,00V02p5p - quantum electron pressure and the pressuresitiyBspecies,

whereV,,, V,, - the scales for thermal velocities for the electand positive species;

ep, =~ ep, = . : iti
%, F., F, :ﬂFp - the forces acting on the mass unit of electrand the positive
m,X, m, X,

F4s=

e

particles, wheram,, m, are masses of electrons and the positive patrticles

Non-local parameters can be written in the forne @eo [1, 3, 10, 11])

(1)

, , Nt . . , .
Dimensionless parametét =—F— s introduced,N,, - entire number. Let us introduce also the
IfneXOuO
following dimensionless parameters
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2
R: epOXO , E — e¢02 . (2)
m.@, MU,
Taking into account the introduced values theofsihg system of dimensionless non-local
hydrodynamic equations for the 2D soliton desavipittan be written (see also [1 - 5]):

Dimensionless Poisson equation for the self-comsistlectric field:

0°¢ 0°@ m |~ mMH 0 (=~ (~ ~ H 0 [~ (~

=+ = —47/R{— -— -1)) |- -——— -1)) ;. 3
652 yz {mp |:pp mpa'z af (Iop(u )):| |:10e Gz a{ (pe(u )):|} ( )
Continuity equation for the positive particles:

o0 [~ .M, Jd |H 9 [~ (~ .\

—— 1_u +—— 5 T = U_l +

Zlp-al 2 52l -]

J |H|Vs, 0 J|H |V, d @

m, op = _M -~ = m, op O = Mg ~= || _
t——==|——=p,——FEoF, [{t——=|——=DP,——FEp,F, [ =0

m, af{u'{us " m, }} mpov{ﬁ{umpp m, " }

Continuity equation for electrons:

(5)

%{(p +7.Ja(@ —1)+—0} Py ﬁ 'rse}—mﬂ;ﬁpEﬁpa - P.EF. +
g 2 ) pateo) |- e
5ot 22t ne-0)-pit-y - R e

v 20 Ko G060




d lHVE g/ _ 0 [HV2d -~
154 —ﬂﬁ{Tngp_(ppu)}__~{~_2_Oze_(peu)}+

m, oy |T° uS & dy |U” u; oy
2
0 [H = ~-7.0 [H |- ~-
o (m&J o7\ el | elfeaal)
2
o (a3 laokas)-5 el
157

158 Energy equation for the positive particles:

d _ V2 o VOZ _ me _ ~ _
d_g{pp (u 1)"'5 ppu uzp p _ZFIOPEFP&U-'—

r 2 2 2 4 =2\ ]
~ ~ ~ ~ ~ [~ - p
~|-p,0@-0)+7-2p 01-0)+3-2p (0-1)-—2p a2 -5-—2—F
+_1gﬂp o P PR T
5 |02 m _ o~ VE =
-2 BF p,0(1-0)+ 2 5 T2 EF, +5 =L, EF,
L My My p -0 i
) i&{i[v_oiﬁ T ﬁﬁ_ﬁ]_ﬂﬁ G g os™ Ve o } _
& | o m, & ug p ug P, m, p="py m, ug P~y
2 — 3
Him )| =|2d (=~ Him | - [* G
_ZF[m_J EFpa_d—g(PpU(l‘U))}‘Zg EJ poE?F. ) +(F, )|+
Him)Y ~[V2 g Him) = [V& o 02 m
+2—| — | EF |2 P, |[+2—| —| EF | 2P |=— - 1+—2
Uz(mj “lus o p”} Uz(mpJ { 50*7'0"} g VP~ { mej
160
161 ) (7

162 Energy equation for electrons:

2 _~
%{ﬁe *(0-1) u2 pi-3e ﬁe}—ZﬁeEﬁgm

0 u0

- v2~ V2 _ VE ~ ~p Vo pZ
e2 2 e 1u+30e U-1 e2 50ee
IR R R L O e

g |U° e 2
¢ - 2EF, p,U(1-0)+ p,0°EF, +5Vu°2e P.EF.

0

2 V4 B2 2 _
163 - 2N O Vo 5igeygVee Pe |5 EF -5V; B.EF, |i-
u0 uo loe 0

22 EE{ ° (ﬁeﬁ(l—a))} oM pelR SR

u

H _= Vs d ~ H _= |V J m
— EF,,|-%°_p, |+2—EF,|-% = 1+—2
G e‘{ué % pe} i “[um } Mepe )( meJ

164 (8)
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The right hand sides of the energy equations argewrin the relaxation forms following from
BGK kinetic approximation.
Acting forces are the sum of three terms: the seffsistent potential force (scalar potential

@), connected with the displacement of positive aadative charges, potential forces originated

by the grapheme crystal lattice (potentih) and the external electrical field creating thiensity

E. As result the following dimensionless relations @alid

F .08 U, z F _0F 0V =

Y Iy S AL Ry Y S
E —_@_a_u+|§

_9p U _=
py ay ay y’

= (9)

E =
TN oy

Graphene is a single layer of carbon atoms demsaliged in a honeycomb lattice. Figure 1 reflects

the structure of grapheme as the 2D hexagonal nathtal, the distanca between the nearest

atoms is equal ta = 0.142 nm.

#1 a
q d 8
)
&
& | S5
2-62
|
I g
L\
3| L% L
9 z
I
é;'
& !
~Bg - -

Figure 1. Crystal graphene lattice.

Elementary cell contains two atoms (for examplerdl 8, Fig. 1) and the primitive lattice

vectors are given by
a, :E(B;\/é), a, = E(3;—\/5).
2 2
Coordinates of the nearest atoms to the given dtfine by vectors
a a
5, =23). 8, = S-3). 5, = -al10).

Six neighboring atoms of the second order are gdlat&nots defined by vectors

8, =+a,, 8, =a,, 8, =+(a, -a,).
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8
Let us take the first atom of the elementary aelihie origin of the coordinate system (Fig.

1) and compose the radii-vector of the second attimrespect to the bases u a,:
r,=ua, +va, =u 3§ex+\/§gey + BEeX—\/ééey : (10)
2 2 2 2
Let us findu u v, taking into account that
(1\/_) Se. +2J§ey. (12)

Equalizing (10 (11), we haveu = % V= —%, then
2 1

n=—a--a,. 12

173473 (12)

Assume that\/l(r) is the periodical potential created by one suickttThen potential of

crystal is

V)=V ) Vil 1) = SV -1,). (13)

n=0
Atoms in crystal form the periodic structure andlaes consequence the corresponding potential is
periodic function
V,(r)=V,(r +a,),
where for 2D structure
a, =ma, +m,a,,
andm, u m, are arbitrary entire numbers. Expandw¢r ) in the Fourier series one obtains

V,(r-r,)= ZV ghltm) (14)

In our case the both basis atoms(,1) are the same. Here
b=g,b, +9g,b,,

b, u b, are the translational vectors of the reciprocaice. For graphene
= 22(:v3), b, =2{:-43). (15)
Then
v(r)= Zzl:v ) =3y et (16)
b

whereV, =V, [} e™" =V, [§,. The structure facto§, for graphene:

2
i~(g,-2g,)

. -ib Eal—}a2 i
S, =e"+e [é3 3 }=1+e3 . (17)
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2
V()= 2 Vig, €000 (1+e a o Zgl)j . (18)

91,92
For the approximate calculation we use the ternth@feries withg,| < 2, |g,| < 2. Therefore

V() =2V, 00 +

+4N11(10)[cos{%(bl + bz)ﬂjco{%(bl —bz)mj +cos{%(b1 +b, )0 +%cho{;(bl —bz)DﬁD +
1,04 004 +b,)2) 00 b, +b, 2 -2 | 2c0dp, b)) -

- &y c0db, ~b,)7)cof b, +b,)11 + 27|+

+zvm{ 2c0d(b, +2b,) 1)+ 2cod(2b, +b,) 1)+

+co{(bl-zb2)m —gj—co{(Zbl _b,) -2?”)}
+ 2V, 00 (2cos(2(bl -b,))- co{Z(bl +b,)H - %”D : (19)

Using the vectord, andb, of the reciprocal lattice from (15) and coordirsateindy one obtains

from (19):

2T T 21T
V(X y) =2V, o0 + 4V, COS - X +— |cog =23y |+
( Y) 1,(00) 140) {3 a2 3j { 3 YJ

+ 2\/1(11)(00 4_7TX - ]_Tj + 2C0{4—n \/§VD WV, 4 C0{4—ﬂ \/§yj cod Myt z?ﬂj

3a
+4AV, 4y (200 jco{z—ﬂ\/_yj sm(— X = —j COS{Z—H\/_YD

8m_ 2m
+ 2V, ) (Zco{g \/§yj -cCo o X= ?D . (20)

We need the derivatives for the forces componentmensionless form

6U J [ (Zlf)? +cho{2—7f\/§yj +U~;lsin(4—7f>~< —Ej -
65 3a 3a 3

—U~;00 { jsm(—x+2?nJ+Ul{6sm(2?ﬂxjco{ \/_yj
+co{ jco{z_”\/_yn Uzzsm@Z~ 23”) (22)
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- a—lf =U;,v/3 00{2—?7( + E)sin(z—f\/éyj +U!, 243 sin(4—f\/§§7j -
ay 3a 3a
—\/—&I'Zosin( \/_yj 4—;Tx +2?ﬂj+ J{Z(Z\/gco{gijsin(%\/éyj—

a
Ssin(z—lff( - jsm{ \/_yj + 24305, sm( ’f\/éyj (22)
3a 6 3a
where the notations are introduced:
~ _8ns~ ~ _8n~ ~ _l6n~ ~ _8n~ ~, _l6n~
U1o - gvl(lO) ) U11 - %le) ’ U 20 © g 1,(20) U12 - gvl(lZ) ' U 22~ gvl,(ZZ) . (23)

Consider as the approximation the acting forces by0, when & =X. After substitution of (21)

and (22) in (9), one obtains the expressions ferdimensionless forces acting on the unit of mass

of particles:
Epé Z? +U10 S'n(égc? +—j00{—”x/§yj +UllS|n(4ﬂ<? ——j -
U, Cos{ fyjsm(“”? +%TJ+U12(6S"{ jco{ \/éyj (24)

+co 2_”;5__)00{2_”\/_yjj U225|n(8ﬂ<?— j E;.

~ o ~ 2w~ )\ . (2 ==\ ~ (4 s~
F =——2+U!+/3c03 =& += |sin ==+/3¥ [+U! 2\/§sm(—~\/§ J—
3y 10 {3&5 3) (3& YJ 1 3 y

py

—fﬁ;osin(g@ﬂco 4—1T<?+2—”J+L712 2x/§cos{ jsm(znﬁ}/j (25)
3a 3a 3
—3\/§sin(2—7f§ -i—T)sin(ZTﬂx/éyj + ZJ_BLT;Zsin(S—iT\/gVJ +E
3a 6 a 3a
Analogically
F.=-F.. R, =-F,. (26)

The forces (24)-(26) should be introduced in theesysof the hydrodynamic equations (3)-(8).

Suppose that the external field intensityis equal to zero. Average oy the obtained

system of quantum hydrodynamic equations taking iatcount that effective hydrodynamic
velocity is directed alongx axis. The averaging will be realized in the limit one hexagonal

crystal cell. Carry out the integration of the laftd right hand sides of the hydrodynamic equations

J§~ 3
2
calculating the integrat— jdy (see Fig. 1) and taking into account thji— j aI’Udy 0
\/_ 3a 3, 3 7, oy

2

because of system symmetry for arbitrary functi¥ncharacterizing the state of the physical
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system. We suppose therefore that by averaginghgical values, characterizing the state of the
physical system do not depend gn
As result we have the following system of equations

Dimensionless Poisson equation for the self-comsigiotentialg of the electric field:

asz=-4zﬂ{me {ﬁp—ﬂi(ﬁp(a—l))Hﬁe S (- 1))}} 27)

& m m,u? a& o0&

p

Continuity equation for the positive particles:

& JJF |2 oF m, gE |G| uZ 9%
(28)
m, ~ [} 4~ m\ ~ . (8m= 2m
-—p.E ~ +U.. sin -—|-U,sin —¢& —— =0
m, [ o0& (3&15 3} 29 5 ¢ sm}
Continuity equation for electrons:
J = Jd|H 2 2 d |H|VE 2 -
— 1 ujl+— pory U—l +—= 5 — Me T
2ol S {2 o-i ] E] 2 .

_p‘eE(%—J{lsi( tE-Z j+U~225in(8£~—2?”B:|}:O

d |~ B 2

=P, + B AT -1)+—F P, +-2 P, ¢ -

m, ~ ) T~ T (8m~= 2m
-—po E ~ +U’. sin - u.,sin —¢&—1| |-
l'nppp [ a{ y (~ j * (356 BJJ



0
268 ¢
el A2 u)-ﬁea(l—aV]—
—ﬁe(l—G)E(a—~—UllS|n(4ﬂf——j+Uzzsm 8ﬂ~ }}

¢
s +;2 E[ J( %9 +U11$ln(4ﬂ<?— ) zzsm(fmc?—?jj(;{(ﬁp(ﬁ—l))J’“
220 sn{ 22O 2 -2 | 25 ) -
A L S A

TRt 3 o0& |Uu” u;j g&

m) .o [H[(_oF 4 7\ (875 2m))= -
{mpj Eaf{ H afu“s'n( 5 jU”S'”(sa‘( 3Dp"u}}+

271 (30)
d o ~ 8~ 2m))~ ~
+E -U, -Z |+U,sin -— ulr=0
af{ Kf ( o J ? (f’ﬁf 3jjpe }}
272
273 Energy equation for the positive particles:
274
2 2
{pp (- 1)+5 p'ﬁﬁ  — 2"5}
2 U
275

m ¢ o M- o M Ve | 0F
276 +E -2—=p 0(l-0)+—2p 0’ +5—=—Lp | -—=+
m m

s ~ ~ ~ ~
277 +L2”i~ 5'):][_% +Uilsin(4—7f<‘ —Ej—ngsin(g—]ff —Z—HD—

278
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Energy equation for electrons:

~"'2

o‘[p
o5 e

- 2peuE aa _Ullsln(
o0&

(U 1)+5V

2
p.0-3

2
0

47T<?_

E{%J ﬁpl(‘g—?+ﬁilsin(3g§
HJ+6U125|n 7T j
3

%Tg +2_7Tj _3_U02 Sln(_

’_T
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e c
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u e
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2
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2T -
E+== J[Ulosm( a{+3j+6ulzsm(
2T~ IT 2n~ n

) ") 2| e +20!, cos ==
3a<( 3} 355 6) ( 10 { ) 3 {a

4”§+2_7TD2

’

12

) sin (

8~

i —?B

P.U(l-T)+3-2

|28 g2
peJ(E

0@
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|32
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289
290 3. Estimationsof the numerical parameters.

291 We need estimations for the numerical values wfedisionless parameters for solutions of

292 the hydrodynamic equations (27) - (32). In its ttinese parameters depend on choosing of the
293 independent scales physical values. Analyze thepeddent scales for the physical problem under
294  consideration.

2 the thickness of the

295 The surface electron density in graphene is abut 10°cu
296 graphene layer is equal to ~nin. Then the electron concentration consists= 10”cm™, and the
297 density for the electron speciesp, =mn, =10"°g/cm® which leads to the scale
298 p, =10‘1°g/cm3. For numerical solutions of the hydrodynamic et (27)-(32) we need
299 Cauchy conditions, obviously in the typical for ginheme conditions the estimatigm,~1 is valid
300 which can be used as the conditioncﬁf)yE . 0

301 The process of the carbon atoms polarization l¢éadisplacement of the atoms from the

302 regular chain and to the creation of the "effectipesitive particles which concentratiam, = n,.
303 Masses of these particles is about the mass of cdmbon atom m = 2[10%-. Then,

L_m,
Tm

304

; p,=mn, =2010°g/cm* and by the choosed scale for the dengitywe

305 havep,~2010".
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Going to the scales for thermal velocities for &#lees and the positive particles we have
by7=300%K:
Ko T

V,,~ = 6.4[10° cu/c, take the scal¥/,, =500°cm/s;

V,

Op

- [keT = 45[10" cu/c , take the scal¥y,, = 5010*cm/s.
\/ m
V4

The theoretical mobility in graphene reaches updfcm?/VV (5. Let us use the scale

V2 Vo,
u, =5010°cm/s. ThenN =-% =1, P=—FL=10".
uO u0

Let us estimate the parametérsandR. For this estimation we need the scgle Admit

@, = 59, wheres is a “shielding coefficient”. Naturally to take, = a = 0.142 nm (see Fig. 1)- as
a

the length scale, thea =1. In the situation of a uncertainty A, choosing let us consider two
limit cases:

1)5~1.
2
Then E =22 1000, R= %% _ 31107,
MUy M.,
2) 5=0.0001.

2
ThenE =% 01 R=5P% _ 3707,

2

mU, Mm@,
Consider the terms describing the lattice influee should estimate the coefficients (23)

using ¢, as the scale for the potentiglV = ¢O\7. Three possible cases under consideration:
1V -~¢,

We choosdJ =U},~10, F =U,~10, J =U~#5, B=U,,~+2,5,G =U’, ~+5.

In this case the coefficients of “the second or@e€’ less than the coefficients of “the first ortler

2) V << ¢, (The small influence of the lattice),
We chooseJ =U.,~0.1, F =U},~0.1,J =U},~0.05, B =U.,~0.025,G = U },~0.05.
3) V =~ ¢, (The great influence of the lattice),
We choosdJ =U;,~1000, F =U!,~1000,J =U},~500, B =U;,~250,G = U, ~500.

N
rneXOuO

Estimate parametdd = for two limit cases:

1) Ng =1, thenH~15.
2) Ni =100 thenH~1500.
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Initial conditions demand also the estimations tfee quantum electron pressure and the

pressure for the positive species. For the elegtreasure we have, = oV P, and using for the

scale estimationp, =n_k,T ~nmV.2 =pV2 ~p V2

e e oe oe'’

one obtainsp,~1. Analogically for the
positive particles p, = pVo,P,, and using p,=nk,T~nmVZ2=pVs, we have
p,~2010°p\Vys,, B,~200".

Tables 1, 2 contain the initial conditions and paeters which were not varied by the

numerical modeling.

Table 1. Initial conditions.

20 | 5,00 [ #0) [ R.O) [ 5,000 [ 92 ) | 9By o) [ 9 (q) | B ) [ %P g

0F oF | 0& | 9 Y

1 o110t | 1 1 2110° | 0 0 0 0 0

Table 2. Constant parameters .
a|L|T N| P
1|20000|1 | 10™*

Table 3 contains parameters (for the six differeases) which were varied by the numerical
modeling.

Table 3. Varied parameters.

VariantNe | £ R H U F J B G
1 0.1 | 0.003 | 15 10 10 5 2.5 5
2 0.1 | 0.003 | 15 0.1 0.1f 0.0®.025|0.05
3 0.1 | 0.003 | 15 10 10 -5 25 -5
4 1000 307 |15 |10 |10 |5 | 25| 5
5 0.1 | 0.003 | 150010 10 5 2.5 5
6 0.1 | 0.003 | 15 10001000| 500 | 250 | 500

In the present time there no the foolproof methafddhe calculations of the potential lattice
forces in graphene. In the following mathematicaldeling the strategy is taken consisting in the

vast variation of the parameters defining the etimtuof the physical system.
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4. Results of the mathematical modeling without the external eectric field.

The calculations are realized on the basemenjuditeons (27)-(32) by the initial conditions
and parameters containing in the Tables 1 — 3. M@ware ready to display the results of the
mathematical modeling realized with the help of Mafphe versions Maple 9 or more can be used).
The system of generalized hydrodynamic equatio§ {2 (32) have the great possibilities of
mathematical modeling as result of changing of Ggumonditions and parameters describing the
character features of initial perturbations whiead to the soliton formation.

The following Maple notations on figures are usedzlensity,bp, s - densityp,, u- velocity

u ( solid black line), p - pressurp, (black dashed line), q — pressupg and v - self consistent
potential @ . Explanations placed under all following figurédaple program contains Maple’s

notations — for example, the expressi@(u)(0) =0 means in the usual notatiogq:é 0) =0,

independent variable responds to? .
Important to underline that no special boundarydtiions were used for all following cases.

The aim of the numerical investigation consistthi discovery of the soliton waves as a product of
the self-organization of matter in graphene. It nethat the solution should exist only in the

restricted domain of the 1D space and the obtamigéct in the moving coordinate system

(g? =X -t ) has the constant velocify= far all parts of the object. In this case the dionud the

solution existence defines the character solitae.sThe following numerical results demonstrate
the realization of mentioned principles.

Figures 2 - 9 reflect the result of calculations Yariant 1 (Table 3) in the first and the
second approximations. In the first approximatibe terms of series (18) withy,|<1, |g,|<1
(then coefficientd) andF) were taken into account. The second approximatioriains all terms of

the series (18) withg,| < 2, |g,| < 2 (then coefficientd), F, J, B andG).
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]
12 4 | e -
10 | - -
f
l | 15000 4
£ I
|
1 !
| Pt
]| RAE | 10000
l [
{
h\ 4l ]
J.f 5000 H
Y
\ !
] /
S 2 -
-03 -0z -t 0 01 02 TERE 03 _0. i 0 02 03
t t
Fig. 2. s — the electron densipy, Fig. 3. r — the po&tparticles density,
u — velocityu (solid line). (solid line); p — the positive particles pressure
(first approximation, Variant 1). (first approximation, Variah
0,2 4
0,6 -
v, DEnCt)
0.4
0.2
03 -0z o1 o NI o 0z | 03

Fig. 4. v — potentialp (solid line).

and derivative D(v)(1).

(first approximation, Variant 1).

Fig. 5. q -egsure of the negative particles.

(first approximation, Variant 1)
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Fig. 6. s — electron density,,
u — velocityu (solid line),
(the second approximation, Variant 1).
2 !
|'|
. W |I
DY 1
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Fig. 8. v— potentiap (solid line),

and derivativeD(v)(t) .

(the second approximation, Variant 1).
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15000

10000

5000 H

Fig. 7. r — the positparticles density (solid line)

p — the positive particles pressure,

(the second approximation, Variant 1)

0,4

032

-03 -02 -0l ] 0,1 02 0,3
i

Fig. @ — the negative particles pressure.

(the second approximation, Variant 1).

From figures 2 - 9 follow that the size of the ¢eghasoliton is about 05 wherea=0.142

nm. The domain size occupied by the polarized pasitivarge is about 0.02%see Figs. 3, 7). But

the negative charge distributes over the entirgosotomain (Figs. 2, 6), but the negative charge
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density increases to the edges of the soliton. éfber the soliton structure reminds the 1D atom
with the positive nuclei and the negative shell.

The self-consistent potentid is practically constant in the soliton boundarigsgs. 4, 8).

The small grows of the positive particles pressexests in thex direction. This effect can be
connected with the hydrodynamic movement alangnd “the reconstruction” of the polarized
particles in the soliton front.

Comparing the figures 2 — 5 and 6 — 9 we conclindé the calculation results in the first
and the second approximation do not vary signitigaiseemingly significant difference of figures
2 and 6 on the edges of the domain has not thegathysense because corresponds to the regions
where u # const . Then the restriction of two successive approxiomat is justified. Along with it
the question about the convergence of the senes lopen because the first and the second
approximations include only the restricted quantity terms of the infinite series with the
coefficients known with the small accuracy.

Figures 10 - 15 show the results of calculatiorspoading to Variant 3 (Table 3). In the
first approximation Variant 3 is identical to Vamtal (coefficientsJ =B=G = 0§ and only the
results of the second approximation are delivefdukse calculations are more complicated in the

numerical realization and all curves are imageassply, (Figures 10 — 15).

a0

509

30 4
20 4

) . ‘_y ]

-0,3 -0,2 -0,1 0 0,1 0.2 0.3 -0,3 -0,2 -0,1 X 0.1 0.2 0.3

Fig. 10. u — velocity . Fig. 11. sleatron densityp, ,

(the second approximation, Variant 3). (the second approximation, Variant 3)
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20000
22000

15000 4
26000

24000

r 10000
| 22000 -
000 —
-0',3'-0',2'-6,1'0'n,'1'n,'2'n,'3' — 7T
4 -03 -0,z —D‘:l a 01 02 0.3
Fig. 12. r — the positive particles density. Fig. 13. p — the positive particles puees
(the second approximation, Variant 3). (the second approximation, Variant 3).
YRRV 03 -0 -0 0 0,1 0,2 03
t 1
Fig. 14. v — potentidl . Fig. 15. g — theyave particles pressure.
(the second approximation, Variant 3). (the second approximation, Variant

In the comparison with Variant 1 the calculatiamd/ariant 3 are realized for the case with

opposite signs in front of the coefficients of set@rder. In this case the distortion of the lédes

of soliton is observed because 5y< 0 the velocityu is not constant. Then this kind of potential

for lattice is not favorable for creation of thegost-conducting structures.

Variant 2 (Table 3) correspond to diminishing bé tlattice potential in 100 times by the

same practically self-consistent potential, (sgars 16 — 23).
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]‘R 1 1, p 10000
\'I 30
|
Y
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N
N /
\\M s
-03 -02 -01 = 0 01 02 0 03 -0z 01 0 o 02 03
t t
Fig. 16. s — electron densif, ,, Fig. 17. r — the pbatparticles density,
u — velocityu (solid line). o(&l line); p — the positive particles pressure
e first approximation, Variant 2). e first approximation, Variant 2).
the first t \ t2 the first t \% t2
0,8 o
0,6
¥, DEHD
0.4
0,2 1
03 -0z <01 0 IR ;,'3 01 0z 03

Fig. 18. v — potentiafp (solid line),

D(v)(t),(the first approximation, Variant 2).

Fig. 19—ghe negative particles pressure.

(the first approximation, Variant 2).
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Fig. 20. s — electron densi. , Fig. 21. r — the pioe particles density,

u — velocityu (solid line). (solid line); p —the positive particles pressure

(the second approximation, Variant 2). (the second approximation, Variant 2

0.8

0.6

. DE()

0.4

0.2

T ——F— —F — T T T T T 1

—
-03 -0,2 -0,1 0 0,1 0,2 03

Fig. 22. v — potentiafp (solid line),
D(V)(1).

(the second approximation, Variant 2).

Fig. 23. ghetnegative particles pressure.

(the second approxim@atiVariant 2).

From comparison of figures 2 - 9 and 16 - 23 follinat numerical diminishing of the lattice
potential (by the practically the same value of sle#f-consistent potential) does not influence on
soliton size. But at the same time the solitons ghe more symmetrical forms. Therefore namely

the self-consistent potential plays the basic iokke soliton formation.
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Let us analyze now the influence Hf - parameter, practically the influence of the non-

locality parameter. Figures 24 — 31 (Variant 5yespond to increasing of the parameterin 100

times in comparison with Variant 1.

!I 20 4
| 12
|
| 16
|
l 14 o
!l 12 4
| 2,11 10 -
1
| 2
|
| 7
1\ ]
N i
e 2 A !
— g
06 | -04  -02 0 02 04 0%
t
Fig. 24. s — electron densify.,,
u — velocityu (solid line).
(the first approximation, Variant 5).
0,8 4
0,6
¥, D)
0,44
0,2 1
T T T T _ LT T —1 T == _FI __lﬁf T T 1
-0,2 -BE T 04 -0.2 0 0.2 0,4 0,6 02

Fig. 26. v — potentiaf (solid line);

D(v)(t), (the first approximation, Variant 5).
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T T T T J L T T T
-0 -04 032 0 0.2 04 06

Fig. 25. r — the pogtparticles density,

(sbline); p — the positive particles pressure
(dashed lineR(p)(t) - dotted line.
(the first approxtion, Variant 5).
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Fig. 27. ghe negative particles pressure.
(solid line), D(q)(1),
(the fiegtproximation, Variant 5)
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Fig. 28. s — electron densify., ,

u — velocityu (solid line).

(the second approximation, Variant 5)

20+

// T
20000 A
Ve
&
/
s
S 15000
s
4
|
| tp
| 10000
|
[
|
| 5000 H
1 T T T T T T 'J L_' T T T T 1
02 -02 -0 -04 -02 O 0z 04 06 08

Fig. 29. r — thesitive particles density,

(solid line); p — the positive particles pressure

(the second approximation, Variant 5).
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Fig. 30. v — potentiaf (solid line);

Fig. 31—he negative particles pressure

D(v)(1), (the second approximation, Variant 5)(solid line), D(q)(t), (the second approximation,
Variant 5).

The comparison of figures 2 - 5 and 24 - 27 inisdhat in the first approximation the very
significant increasing in of thiel value in 100 times leads to increasing of the @olgize only in
two times without significant changing of the swofitstructure. The comparison of calculations (see
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figures 6 and 28) in the second approximation ledsonclusion that the region (where the
velocity U is constant) has practically the same size.

Consider now the calculations responding to Vara(Table 3). Increasing ih0* times of
the scaleg, denotes increasing the self consistent potentidlthe lattice potential introduced in
the process of the mathematical modeling. This tem@s to the drastic diminishing of the soliton
size. Figures 32 - 35 demonstrate that in the Gaioms of the first approximation the soliton size

is ~10™a = 14210 **cm and exceeds the nuclei size only in several timke. positive kernel of

the soliton decreasing in the less degree and aesupw the half of the soliton size. It is no
surprise because the low boundary of this kerzel isi the character size of the nuclei. Application
of the second approximation for the lattice potrftinction in the mathematical modeling leads to

the significant soliton deformation but the samii@o size (see figures 36-39).

25 4
20

s,u 154

" Cooboos 0 oodoos 0 0,00010

t

-0,00010 “0,00005 0 0,00003 000010 -0,00010
1

Fig. 32. s — electron densif. , Fig. 33. r — the pogtparticles density,

u — velocityu (solid line). sqfid line); p — the positive particles pressure

(the first approximation, Variant 4). (the first approximation, Variant 4).
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505 Fig. 34. v — potentiaf (solid line). Fig. 35. ghe negative particles pressure.
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509 Fig. 36. s — electron densiy., Fig. 37. r — thasitive particles density,
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Fig. 38. v — potentiafp (solid line). Fig..39— the negative particles pressure.
(the second approximation, Variant 4) (the second approximation, Variént

The drastic increasing of the periodic potentiathe crystal lattice (in hundred times, see
figures 40 — 48) in comparison with the self-cotesis potential also leads to diminishing of the
soliton size. For the case Variant 6, Table 3sf#e consists only- 107a. But this increasing does
not lead to the relative increasing of the solitarnel and to the mentioned above the soliton
deformation in the second approximation (see figud® — 48). Figure 41 demonstrate the

extremely high accuracy of the soliton stabilitiye tvelocity fluctuation inside the soliton is only

~107"%0.
254
1,0000000000000004 —
20
s 154
0,290000000000000F
10 p
5] 1
0,2R00000200005000 -
-opw0 | -oos o ogos 0010 “ob0s -oood4 -oboz | 0 000z 0004 0006
t
Fig. 40. s — electron densif. , Fitl. u — velocityu .
(the first approximation, Variant 6). (the first approximation, Variant 6).
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Fig. 42. r — the positive particles density,
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(solid line); p — the positive particles pressure

(the first approximation, Variant 6).
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Fig. 44. g — the negative particles pressure.
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(the first approximation, Variant 6)..
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Fig. 43. v — potential.

(the first approximation, Varig)t
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Fig. 45. s — electron densdy,

u — velocity (solid line).
(the second appration, Variant 6).
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Fig. 46. r — the positive particles density. Fig. 47. v — potential.
(solid line); p — the positive particles (the second approximation, Varidnt

pressure, (the second approximation, Variant 6).
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Fig. 48. g — the negative particles pressure.

(the second approximation, Variant 6).

5. Results of the mathematical modeling with the external electric field.

Let us consider now the results of the mathemlateadeling with taking into account the
intensity of the external electric field which dasst depend ory . In this case the solution of the
hydrodynamic system (3) — (8) should be found. A#igeraging and in the moving coordinate

system it leads to the following equations writi@nthe first approximation (compare with the
system (27) — (32)):
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Dimensionless Poisson equation for the self-comsistlectric field:
9° m|~ mH 9 (=~ -~ H 0 /= (-
7 _m{ 72 - A S @)

08?2 m m, 3% 0&

p

Continuity equation for the positive particles:

%[ﬁp(l—ﬁ)]+ m, {%i[ﬁp(ﬁ—l)z]}+ﬂi{%{ﬁi 5, -

m, € |0 o€ m, o€ |07 | U} 0F o0

m, — 0 ~ . (4m= m\ =
-—p El -———<+U ,;sin ——¢§ -— |+E =0
mppp ( o (355 3) Om

Continuity equation for electrons:
J ., 2 |H d[=/~ .\ 2 |H|VS d -
—= 1_U +—= ;T = e - +—= -5 e—_._ e_
Glot-a 2 2o 4 n 2 .

0
2 |H| d (. -
p 0
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Energy equation for the positive particles:

—ﬂi{%@i(ﬁpa)} y {H Ve 2 (5, a)}+
)

(36)

0 Ve Vo m - _( 0§ ~ .(471—- j ~ )
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Hug( Oepe Oppp{ mej ( )
Two classes of parameters were used by the matleadnaiodeling — parameters and scales

which were not changed during calculations andedhparameters indicated in Table 4.
Parameters, scales and Cauchy conditions whicbcemenon for modeling with the external

field:

M —510°, the scales 0, =10"g/cm®,  u,=500°m/s, V, =5010°cm/s,

p

V,, =5010° cny's, x, =a = 0.1420m, ¢, =10~ = 34[10°CGSE, .
a

Dimensionless paramete® =3[107°, E=0.1, H =15 (by Ng=1). Admit that for the lattice

U~V 40~ Vigy~ 9, and choosdJiO =10, U~11 =10.

Cauchy conditionsj,(0)=1, 5,(0)=200°, B,(0)=1, p,(0)=2m0", F(0)=1, ‘Z‘:; (0)=0,

00,
a<t()

0.

Table 4. Varied parameters in calculations withakernal electric field.

VariantNe EO a_¢~’ (0) & (0) O'f)~e (0)
0¢ 0¢ 0¢

1 0 0 0 0

7.0 10 10 0 0

7.1 10 10 10 -1

8.0 100 100 0

8.1 100 100 10 0

9.0 10000 10000 | O 0

9.1 10000 10000 | 10 -1
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The external intensity of the electric field is then as

E, = L E, :10“‘£2 E, = 238CGSE, E, = 71400° Y E,. It means that even b, =1 we are
0 a m
dealing with the rather strong fields. But nameitpisg external fields can exert the influence an th

soliton structures compared with the Coulomb forgeshe lattice. For example in [20] the
influence of the external electric field in grapkenp to 10’ - 10°V/m. The valuesEO are

indicated in Table 4, variants 9.0 and 9.1 resporttie extremely strong external field.

Table 4 contains in the first line the remindeowtbthe first variant of calculations
reflected on figures 2 — 5. These data (in the radsef the external fieldl,:‘:O =0) are convenient
for the following result comparison. The variantcalculations in Table 4 are grouped on principle

of the EO increasing. In more details: figures 49 — 58 cgpoad to EO =10, figures 59 — 68

correspond td§0 =100, figures 69 — 80 correspond E’b =10000.
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Fig. 49. r — the positive particles density, Fig. 50. u — velocity . (Variant 7.0).
(solid line); p — the positive particles pressure.

(Variant 7.0).
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622 (Variant 7.0).
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628 D(V)(t), (Variant 7.0).
629

630



631
632

633
634

635
636
637

638
639

640

641
642
643

36

p - dashed line
] —
-

20000,

-~ 4
-
o
-
—
—_
-
-
- 15000 1
-
"
ey
Lt I
P 10000 1
5000 H
T T T T T T T
-0z -04 -04 -0.2 ] 02 -1

Fig. 54. r — the positive particles density,
(solid line); p — the positive particles pressure.
(Variant 7.1).
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Fig. 55. u — velocity . (Variant7.1).

0.2

Fig. 56. g — the negative particles pressurerig. 57. s — electron densify,, (Variant 7.1).

(Variant 7.1).



37

¥ - solid line
e — HT——
-
-~
%
é
w, DE¥ICH
4 4
m

-1 0.2
644 . - - -
645 Fig. 58. v — potentiap (solid line);
646 D(V)(t), (Variant 7.1).
647
648
649
- dashed line N
L
20000 A
/
e
e 0,9999959999 -
//
- 15000 -
-~
e
- 7 0,200000000:5
P B 1000
~
-
-
pd 0,0595950507 |
- 5000 H
-
0,9999959994 -
A P T T
650 t t
651 Fig. 59. r — the positive particles density, Fig. 60. u — velocity . (Variant 8.0).

652 (solid line); p — the positive particles pressure.
653 (Variant 8.0).
654



38

655
656 Fig. 61. g — the negative particles pressurerig. 62. s — electron densif,, (Variant 8.0).

657 (Variant 8.0).
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Fig. 64. r — the positive particles density,

(solid line); p — the positive particles pressure.

(Variant 8.1).

Fig. 65. u — velocity . (Variant 8.1).

Fig. 66. g — the negative particles pressurer-ig.

(Variant 8.1).
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67. s — electron densify,, (Variant 8.1).
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Fig. 69. r — the positive particles density,

(solid line); p — the positive particles pressure.

(Variant 9.0).

Fig. 70. u — velocity . (Variant 9.0).
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689 (Variant 9.0).
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Fig. 74. p — the positive particles pressure.

(Variant 9.1).
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Fig. 76. r — the positive particles density,
(Variant 9.1).

Fig. 77. u — velocity . (Variant9.1).
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Fig. 78. q — the negative particles pressurerig. 79. s — electron densify,, (Variant 9.1).

(Variant 9.1).
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20000
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Fig. 80. v — potentia (solid line);
D(V)(t), (Variant 9.1).

Consider now the character features of the sokteslution and the change of the charge
distribution in solitons with growing of the extadrfield intensity:
1. The character soliton size is defined by the arbareu = 1 It means that all part of the
soliton wave are moving without destruction. Theesf this area is practically independent

on the choose of the numerical method of calculatio
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2. Figures 75 — 77 demonstrate the typical situatidrewthe area of possible numerical
calculations for a physical variable does not cidi@cwith areau =1 where the soliton
regime exists.

3. In the area of the soliton existence the conditiba 1 is fulfilled with the high accuracy
defined practically by accuracy of the choosed micakmethod (see Figs. 50, 55, 60, 65,
70, 77).

4. As a rule for the choosed topology of the eledlietd the size of the soliton existence is
growing with increasing of the electric field intaty.

5. Under the influence of the external electric fithé captured electron cloud is displacing in
the opposite direction (of the negative varialﬁe. The soliton kernel is loosing its
symmetry.

6. The redistribution of the self-consistent effectisigarge creates the self-consistence field
with the opposite (to the external field) directi¢see Figs. 53, 58, 63, 68, 73, 80).

7. The quantum pressure of the positive particle asvgrg with theg? increase. On the whole

the specific features of the, q pressures are defined by the process of the solito

formation.

Conclusion

The origin of the charge density waves (CDW) israglstanding problem relevant to
a number of important issues in condensed mattgsiphy Mathematical modeling of the CDW
expansion as well as the problem of the high teatpes superconduction can be solved only on the
basement of the nonlocal quantum hydrodynamicsantiqular on the basement of the Alexeev
non-local quantum hydrodynamics. It is known thet Schrodinger — Madelung quantum physics
leads to the destruction of the wave packets andncé be used for the solution of this kind of
problems. The appearance in mathematics the sadhirions is the rare and remarkable effect. As
we see the soliton’s appearance in the generalBgettodynamics created by Alexeev is an
“ordinary” oft-recurring fact. The realized here tm@amatical modeling CDW expansion support
established in [1, 3] mechanism of the relay (“&edta”) motion of the soliton’ system (“lattice ion
— electron™) which is realizing by the absence bémical bonds. Important to underline that the

soliton mechanism of CDW expansion in graphene @thdr substances likBlbSe, ) takes place

in the extremely large diapason of physical paransetBut CDW existence belongs to effects
convoying the high temperature superconductivity. nheans that the high temperature

superconductivity can be explained in the framthefnon-local soliton quantum hydrodynamics.
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