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Abstract—Charge carrier transport peculiarities stipulated by non-trivial topology of a quasi-relativistic
graphene model are investigated. It has been demonstrated that the model predicts additional topological
contributions such as Majorana-like mass-term correction to ordinary Ohmic component of current, spin-
orbital-coupling and “Zitterbewegung”-effect corrections to conductivity in space and time dispersion
regime. Phenomena of negative differential conductivity for graphene have been interpreted based on the pro-

posed approach.
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1. INTRODUCTION

Currently, the progress in the development of
quantum devices on the graphene-like material plat-
form is connected with the so-called “valleytronics
direction” utilizing the valley Hall effect (VHE). VHE
for graphene reveals itself as an appearance of an elec-
trical current in the direction orthogonal to an applied
electric field (applied bias) E in the absence of a mag-
netic field. The existence of VHE signifies that charge
transport for graphene can be topologically nontrivial.
Suggested explanations of VHE are model dependent.
The effect for monolayer graphene could be due to a
non-zero Berry curvature which is non-vanishing at
breaking inversion symmetry or(and) time reversal
symmetry. But, the gap opening which should accom-
pany such a breaking inversion symmetry has not been
confirmed experimentally. Up to now there is no con-
sistent theory of topologically nontrivial graphene
conductivity.

Graphene belongs to strongly correlated many-
body systems, where topologically non-trivial effects,
such e.g., as Majorana fermion states can manifest
themselves. Experimental signatures of graphene
Majorana states in graphene-superconductor junc-
tions without need for spin-orbital coupling (SOC)
have been established in [1].

In this paper, we investigate quantum transport of
charge carriers with vortex dynamics in a quasi-rela-
tivistic graphene model using a high-energy k x p-
Hamiltonian. The Wilson non-closed loop method

will be used to prove dichroism of the band-structure
which leads to valley Hall conductivity.

2. FUNDAMENTALS

Quasi-relativistic graphene model has been derived
(see, \cite‘%—symmetrymm} and reference therein)
as a cons nt account of the effects of relativistic
exchange interaction on the ground of truly secondary
quantized relativistic consideration of the problem
within the known Dirac—Hartree—Fock self-consis-
tent field approximation. It has been established that
the model admits a form as Majorana-like system of
equations as well as two-dimensional Dirac-like equa-
tion with an additional “Majorana-force correction”
term [2], and it reads

VF[G;g XPps — CilMBA]|W>’l;A> = ElWp,) (D
and the same equation with labels (4B, BA) exchanged
for another sublattice. Here (4B, BA) are related to
sublattices and refer to the quantities which are
obtained by similar transformations with a relativistic

exchange matrix X, e.g., for the momentum operator
pone gets pp, = Z,,pE5y; vy is the Fermi velocity.
The vector of 2D Pauli matrixes comprises of two

matrixes 6, = (0,,0,). The term Mg, = —LZBA):AB
CVp
is a Majorana-like mass term, where ¢ is the speed of

light. It turns out to be zero in the Dirac point K(K')
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and gives a very small momentum dependent correc-
tion outside of K(K'). The relativistic exchange opera-
tor for tight-binding approximation and accounting of
nearest lattice neighbors is given by as

0
X = ’ @)

so that its action on secondary quantized wave func-
tions on sublattices A(B) of the system reads

%468 L (00, 0) = j dr3 Lo (00,0)A 15

3)
x(0,~G/[3 <r,->V<r,- —DR_o (10, —0;),
N,N
ZBA)ACJEG? (r))0,0) = Z J- dr; '5(1,’4 (1|0, —0)A 4, 4)
i'=1

X (0,6, 13 Ls (5 )V (5 = R _a(£)0,—G)-

Here interaction (2x 2)-matrices A,; and A,, are
gauge fields (or components of a gauge field). Vector-
potentials for these gauge fields are introduced by the
phases o, and o, kK =1,2,3 of n(p,)-electron wave
functions y, (r) and v, .; (r) attributed to a given lat-
tice site and its three nearest neighbors (see detail in
[2]), V(r) is the three-dimensional (3D) Coulomb
potential, summation is performed on all lattice sites
and number of electrons. The introduction of these
non-abelian gauge fields was stipulated by a require-
ment of reality of eigenvalues of the Hamiltonian
operator as gauge conditions. In this case, the operator

of relativistic exchange gains an additional implicit k-
dependence upon momentum in the case of non-zero
values of gauge fields.

A global characterization of all Dirac touching with

non-abelian Zak phases ®@,,...,®, as arguments of
Wilson-loop operator for our model predict the
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homotopy group Z;, with generator /6 in the Dirac
points $ $ [2]. It is naturally to assume that such
peculiari would lead also to observable conse-
quences in charge transport in such a system.

3. NON-ABELIAN CURRENTS IN QUASI-
RELATIVISTIC GRAPHENE MODEL

Conductivity can be considered as a coefficient
linking the current density with an applied electric
field in linear regime of response. To reach the goal,
several steps should be performed. First, one has to
subject the system by an electromagnetic field, this can
be implemented by standard change to canonical

momentum p — p — € A in the Hamiltonian where A

c
is a vector-potential of the field. Then, one can find a
quasi-relativistic current of charge carriers in
graphene as:

jiSM —C ], _jl +.]1 +.]1 ’ i=1’2; (5)

2

X+GB (x )X+cg (x)
AB (6)

=V Xl ()0, ()]

2AB

Ji = e, (W Ao, (X)) =

Here x =x+ e,x={r,1},r={x,y},4,=0,e = 0; vi+x,
is the velocity operator determined by a derivative of

the Hamiltonian (1), xcﬂ(f) is the secondary quan-

tized fermion field, the terms j°, j7, j, i=x,y
describe an ohmic contribution which satisfies the
Ohm law and contributions of the polarization and
magneto-electric effects respectively. Potential energy
operator V' for interaction between the secondary

quantized fermionic field XGE(x+) with an electromag-
netic field reads

VZXL; { CUBAX EA — My (0) - ZdyBA ( ’AB_gAi)
Dy pr=0 ¢ (7)
I~d’M
1 BA (pl_AB_gAi)(p;‘B—gAj)+..}x+GB.
245 dpdp; - c c

To perform quantum-statistical averaging for
the case of non-zero temperature, we use a quan-
tum field method developed in [3]. After tedious
but simple algebra one can find the conductivity in
our model:

leZBZ
ol k) = S Tr
Qnc) ®
0'My,
x| 1= Mpum (MY' ()N () )dp,
Pz
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x| MBA@)%Z%Mv’(p)ﬂv’(p»dp,
i=l i

50 12) 1 leZB2
Oan(® k) = (1) EFTI
. (ene) (10)
X [ M) 2288, (v (), () .
opop,

for the currents jio, j[Zb, Ji* respectively. Here matrices
M, N are given by the following expressions:

v =S BUH @D = /M) = fIBEH p) — /D]y
Bz = BH(p")/h) + BH (=p")/h)
_ S(hw+ )
(hz+ H(p" )~ H'(~p"))B
Here f is the Fermi—Dirac distribution, z = w + i€,

(12)

pi =p tk, wisafrequency, | is a chemical potential,
B is an inverse temperature divided by c. Total current
J in graphene are determined by two currents of val-
leys K,K as J =Jg —Jg. Jg,Jx are orthogonal to
each others due to the homotopy group Z,, of
graphene Brillouin zone. Therefore the current
directed along an applied electrical field E = (E,,E))
can be presented as J = J. - J, +
2
D )76} + 07 )E;.
i=l1
Let us denote the first and the second terms in (52
add. Gadd

through 6 and 6% respectively: 6 = 6% + 62, 6%
and o), depends and does not depend on the Majo-
rana-like mass term M ,,. through respectively. Then,
one can determine conductivity Gl’f for topological
currents as o = 6j" + G, 6% = —o0,.

Figure 1 demonstrates the negative differential
conductivity for  the topological current
j7 = Rec?(w)U assuming the increase of the system

energy in a form i ~ U ? , where U is a bias voltage.

A total spin-orbital valley current Jyzz
o, B, —o,.B, is produced under an action of a mag-

netic field B parallel to E. One can note that J,; is
always directed orthogonally to the bias E and,

accordingly compensates the current j”. The current
in the direction of the vector E increases because of the

decrease of “topological current” of leakage j* — J,
in orthogonal to E direction signifying that a negative
magnetoresistance (NMR) appears at weak magnetic
fields parallel to electric ones.
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Fig. 1. Dependencies of topological current J on bias volt-
age U : simulation results (red solid curve) and their fitting
(blue solid curve) for negative differential conductivity
(NDC) in our quasirelativistic graphene model at tem-
perature 7= 3 K, chemical potential u =135 K; black
solid and green dashed curves present experimental data and
theoretical calculation for NDC in two graphene flakes
twisted approximately at 90° to each other at 1.8° misalign-
ment angle [4]. The bias voltage U is given in volts.

NMR is a specific feature of topological materials
and presents a phenomenon of chiral anomaly [5].

4. CONCLUSIONS
To summarize our findings, we have demonstrated

that the Z,, semimetal model as an effective con-
trolling tool due to dichroism of the band structure
offers a new class of topological gapless materials.
Device construction based on topological currents
existing in such materials would provide robust quan-
tum computing.

ACKNOWLEGMENTS

This work has been supported in parts under the project
2.1.01.1 of the State Program of Fundamental Researches of
the Republic of Belarus “Convergence” and the project
3.1.08.1 the State Program of Fundamental Researches of
the Republic of Belarus “Energetics”.

CONFLICTS OF INTEREST

Authors declare no conflict of interests in preparation of
this paper.

REFERENCES

. P.San-Jose et al., Phys. Rev. X 5, 041042 (2015).

H. Grushevskaya and G. Krylov, Symmetry 12, 261

(2020).

. L. A. Falkovsky and A. A. Varlamov, Eur. Phys. J. 56,
281 (2007).

. A. Mishchenko et al., Nat. Nanotechnol. 9, 808 (2014).

. A. C. Niemann et al., Sci. Rep. 7, 43394 (2017).

T N N

SPELL: OK




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /RUS ()
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




