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Abstract

We have employed the Dirac's massless quasi-particles together with the Kubo's formalism of the linear response to study the
spin transport properties by electrons in the graphene monolayer. We have calculated the electric conductivity and verified
the behavior of the AC and DC currents of this system, which is a relativistic electron plasma. Our results show a
superconductor behavior for the electron transport with the AC conductivity tending to infinity in the limit @ — 0. This
superconductor behavior for the electron transport in the graphene is similar to one recently obtained theoretically for the spin
transport in the quantum frustrated Heisenberg antiferromagnet in the honeycomb lattice, verifying so a similarity between
these two different kinds of transport what can generate futures applications in the modern electronic.
Copyright © 2017 VBRI Press.
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Introduction

Graphene is an allotropic form of carbon which is
recently researched. It has semiconductor properties with
low-lying excitations obeying the massless Dirac’s
equation [1]. The interplay between the antiferromagnetic
and Kekule valence bond solid ordering in the zero
energy levels of neutral monolayer and bilayer graphene
has been studied in [2]. On the other hand,
understanding of the dynamics of many interacting
particles is a formidable task in physics. For electronic
transport in the matter, the force of interactions can lead to
a breakdown of Fermi liquid paradigm of the coherent
quasi-particles scattering amplitude by the impurities of
the lattice. In such situations, the complex microscopic
dynamics can be coarse-grained to a hydrodynamics
description of momentum, energy, and charge transport
on long length and time scales [3, 4].

The spin transport has received much attention in the
actuality due its connection with the spintronics. In this
field, the generation and detection of spin polarized
currents have been studied extensively with the aim to
use the spin degree of freedom to improve the electronic
devices [5]. Within this filed, the spin transport in
graphene has been thearetically studied in the literature using
the Boltzmann’s equation formalism [6, 7]. In general,
the graphene is an interesting material for spintronics,
showing long spin relaxation lengths even at room
temperature. For the future of spintronic devices, it is
important to understand the behavior of the spins and the
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limitations for spin transport in structures where the
dimensions are smaller than the spin relaxation length
[8]. The electron spin lifetime in carbon materials is
expected to be large because of the very abundance of
the spinless nuclear isotopes 12C and the small size of
spin orbit coupling. This leads to propose the graphene
as an optimal material to store quantum information in
the spin of the electrons confined. However, most of the
experiments show that the spin lifetimes are in the range
of nanoseconds, much shorter than expected from these
considerations, which lies at the heart of the design of
devices where graphene is used as a passive component
to carry spin currents.

Above liquid helium temperatures, the electronic
properties of graphene are intrinsic, being governed by
thermal excitations only. This gives a way how close can
one approach the Dirac point in graphene
experimentally, where the Dirac point can be
approached within 1 meV, a limit currently set by the
remaining charge in homogeneity [9].

One standard formalism in the literature to study the
transport (spin transport and electron transport) is the
Kubo formalism of the linear response theory. This
formalism has been employed to study the spin transport
in magnetic materials [10-18]. Moreover, we have that
the electron transport in zigzag graphene nanoribbons
with upright standing carbon chains has been
investigated using first-principles calculations. Being the
calculated results showing a significant odd-even
dependence [19].
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From an experimental point of view, we also have an
intense research about the spin transport by electrons in
graphene and the quantum Hall effect for spins. [19-23].
The spin injection and transport in monolayer
graphene can be investigated also using nonlocal
magnetoresistance measurements (MR) [24].

The aim of this paper is to study the spin transport by
electrons in graphene monolayer using the Dirac
fermion formalism. The graphene consists in a fermionic
system with a relativistic Dirac spectrum where the
energy vanishes linearly at isolated points in the Brillouin
zone. Dirac’s fermions are provided by numerous new
experimental realizations. These include d-wave
superconductors and topological insulators [25].

This work is divided in the following way. In section
2, we discuss about the model, in section 3 we discuss
about the Kubo’s formalism of transport, in section
4 we discuss about the similarity between the
electron conductivity of the graphene with the spin
transport in quantum frustrated two-dimensional
Heisenberg antiferromagnet in the hexagonal lattice and
in the section 5 we present our conclusions and final
remarks.

The model

The model of relativistic free-fermionic particles of the
graphene in D = 1+1 dimension is described by the
following Hamiltonian density [26]

H = v [ d%ap;(x)ics’ (), (1)

where, 1 (x) with a=1,2 denote a two component Fermi

field in D=1+1 and D=2+1 space dimensions and v is the
Fermi's velocity. We have considered unities where v =1
and h = 1. The interaction term has the form up to the

irrelevant additive constant
H = —2]y [ d?x(p(e)p(x))?, )

which is the interaction term of the (1+1) dimensional
Gross-Neveu-model. ,
Assuming that electrons in graphene are non-
interacting, the standard band theory calculations on a
honeycomb lattice in two spatial dimensions with nearest-
neighbor hopping give two species of Dirac fermions with
single-particle spectrum in the relativistic form [3].

w(k) ~ v |k| 3)
where, in the massless (gapless) limit, the spectrum is

linear, hence, time and space scale the same way T ~ L,
as required by relativistic invariance [26]. There are

local interactions such as (llJ_Yp_llJ)Z and (Y W), where
P = LbJr yO. The action of the free Dirac’s field is

§ =[xy a(x)iv" Ipgp(x) 4)

where, vy are the 4 X 4 Dirac’s matrix.1 is the unit
2 x 2 matrix, and ¢ are the components of Pauli’s
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matrix where the Dirac y-matrix, Y0, y1 and y5 satisfy the
algebra

{vyp.yv} =2guv, v5=1iyovl. (&)

guv is the Minkowski’s metric tensor. In the theory of
free massless Dirac’s fermions there are a fixed point in
the renormalization group [26].

Kubo formalism of transport

Weuse the low energy approach Dirac’s fermion [5, 25]
to determine the regular part ofthe electron conductivity
(AC conductivity) or continuum conductivity. An
electron current appears ifthere is an electric field bythe

Ohm’ Law J = oE In a similar way a spin current

appears as a response of a magnetic field JS = o VB,

through the system, where it plays the role of a chemical
potential for spins. If one connect a low dimensional
magnet with two bulk ferromagnetic, they can act as
reservoirs for spins [21, 22]. Then, one has a flow of
spin current if there is a difference, AB, between the

magnetic fields at the two ends of the sample. In the

Kubo formalism [8, 10, 27, 28] the conductivity is

given by:

. (E)+ARw)
glw) = lim ————
(@) ‘l}’l_,,;, i(w+id™)

. (6)

Where, (K) is the kinetic energy and A(q, o) is the
current-current correlation function defined as

Ak, w) == [P0k )] (—k ))e~ " dt . 7

The current operator for graphene }(E t) is given by

J =yypy. (8)

The real part of o(w), 0,((0), can be written in a standard
form as [28]

6 (0)=00(w)+c' “E(w), )

where, o(Q(w) is the DC contribution, given by
60(w) = DSS(w). DS is the Drude’s weight

DS = a(K) + A’ (k = 0,0 — 0)] (10)

oy(w) represents the ballistic transport where we define
ballistic transport as transport where the mean free path
of the excitations is limited by the sample size.

c'°8(w) is the continuum contribution to the
conductivity or AC current. Therefore, when
Ds > 0 we have an ideal conductor; Ds=0 and

o'®8(w)>0 means that the system is a

conventional conductor and Ds=0 and ¢'®8(w)
= 0 means that the system is a insulator.
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Fig. 1. A sheet of carbon atoms, graphene monolayer, with
the carbon atoms in a honeycomb lattice.

Results
Discussion of the results

Using the Green’s function method at finite temperature
[28], we obtain the Green’s function for the model Eq. (1)
as

T d2k vl

o7 (w) = (gug)® LEL Wm—kf{wk)x

[1—fla)]é(w —2w,,) (11)

where f(ok) = 1/(eP® + 1) is the Fermi-Dirac
distribution.

In Fig.2, we show the behavior of 6™%(®) with ®. We
have getting a behavior of the AC conductivity
tending to infinite when @ — 0, since the system is
gapless. we have obtained therefore a superconductor
electron transport for the electric current in the DC limit.
We have found that this behavior is similar to one recently
obtained for some quantum frustrated two-dimensional
spin systems described by the two-dimensional
Heisenberg antiferromagnet in the honeycomb lattice
[29].

[e)]

Fig. 2. Behavior of the AC conductivity for the value of
T = 1.0J. Since the conductivity tends to infinity at o— 0,
we have an ideal conductor in DC limit.
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This behavior for the spin current in magnetic spin
systems is a consequence of absence of gap in the
excitation spectrum. Since the Dira’s fermion model of the
graphene does not present gap in the spectrum, thus we
will not have electrons to form one electric current for all
values of . In the same way happens in the frustrated
antiferromagnet in the hexagonal (honeycomb) lattice.
Moreover, if there is no scattering mechanism, it is
expected that the conductivity tobedivergent. The reason
is that the spin-spin scattering is not treated properly in
the mean field approach. In Fig. 3 we show the Drude’s
weight behavior. Since we have obtained DS > 0 for
T > 0, we will have an ideal electron transport or a
superconductor for T > 0. At T =0, we have DS — 0 as

showed in Fig. 3 and 6"®8(w) = 0, Therefore, we must
have an insulator behavior in this limit of T . The
behavior of the Drude’s weight DS(T ) > 0 is showed in
the Fig. 3. Due the mean field approach used, we have
that the results for small T are accurate however, for large
T values, we must have only a qualitative description.

1

Fig. 3. Behavior of the Drude’s weight, DS (T), in function of
T. Since we have DS (T) > 0 for T > 0, hence we have a
superconductor behavior for T > 0.

Relation with the spin transport in the quantum
antiferromagnet in the honeycomb lattice

The model is defined as
H=JY (S35 +5!S] +RS{ST)
[

(12)

+J, 5 (SI8] +87S] + RSISH+ DI (STY
[ H

We consider the integer spin, S =1 [30].
The spin current operator:

3 =200, S (SISL, +SYSE )+ 2L Y (SIS 4578 )
ke E

iex

The spin current correlation function:
- P T ;
A k@)= — | {J (k1),d, (-5 0 Sy
Sk wi{ (k.1).d,(-k.0))

The Kubo formula :

. {K)+A (ko)
O (@) = lim -
E=t {7
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Fig. 4. The spin current in zig-zag in the two-dimensional
antiferromagnet in the hexagonal lattice.

The Mean Field Schwinger boson formalism

In this formalism we choose the basis:
)= = @)=1-1) )= 7= (e]-1)  [2)= -0}

Where |77 are the eigenstates of S7

The spin operators are written via a set of three boson
operators

ta, (a=x,,z)
[xy=clvy =0y =)

where | v) is the vacuum state. We also have the
constraint condition

t et it =1

We write the spin operators in terms of the bosons ¢

st e il vt ) S =il ) 8T = il s 00n)

To study the disordered phases we introduce other two
bosonic operators u and d with the constraint

wudTd w1, =]

S = ﬁ({jd %R'e‘:) S = v’?(ﬁf‘z: S r_:::} ST=uturdd
The Schwinger’s boson formalism is a mean field
approximation that becomes accurate in the N — oo limit.

We assume that the t, bosons are condensed
(Bose-Einstein Condensation):

{t.)= <f;>= f

In Fig. 5, we present the behavior of ¢"%9{w) with w.
Due to the hexagonal crystal lattice, we must have a spin
current in zig-zag over the material as depicted in Fig. 3.
Since the system is gapless we have obtained a behavior
of the AC spin conductivity tending to infinity when
®»—0, that corresponds to the DC limit. Hence, we obtain
a superconductor behavior for the spin transport in the DC
limit. This behavior is similar to ones recently obtained
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for the two-dimensional ferroquadrupolar model [31] and
for the triangular lattice, being a characteristics [32] of
spin systems without gap in the excitation spectrum.

(¥
=]

T O N I |

4

G_.,_:g( ®) 10

(7]

A B A O

Fig. 5. The spin conductivity in the two-dimensional antiferromagnet in
the hexagonal lattice.

Conclusion

In summary, we have verified a similarity between the
transport properties at two different quantum models. The
Dirac’s fermion model of the graphene monolayer, which
is a quantum paramagnet and the quantum two-
dimensional antiferromagnet in the honeycomb lattice.
We have obtained theoretically that the behavior of the
electric conductivity of the graphene and the spin
conductivity ofthe anisotropic two-dimensional frustrated
Heisenberg antiferromagnet in the hexagonal lattice are
the same. Experimental results for the spin transport in
antiferromagnets in the hexagonal lattice can give a
support to our theoretical results. In both cases, the AC
conductivity t tends to infinite in the DC limit (o — 0).
However, more specific experimental results for the spin
transport in quantum frustrated spin systems are
necessary within this statement to support the claim.

Acknowledgements

This work was supported by the Brazilian agencies FAPEMIG
and CEFETMG.

References

1. Castro Neto, A. H., Guinea, F., Peres, N. M. R,
Novoselov, K. S., Geim, A. K.;Rev. Modern Phys., 2009,
81,109.

DOI: 10.1103/RevModPhys.81.109

2.  Lee, J., Sachdev, S.; Phys. Rev. Letters, 2015, 114,
226801.

DOI:_10.1103/PhysRevLett.114.226801

3. Crossno, J., Shi, J. K., Wang, Ke, Liu, X., Harzheim, A.,
Lucas, A., Sachdev, S., Kim, P., Taniguchi, T.,Watanabe,
K., Ohki, T. A., Fong, K. C.; Science, 2016, 351, 1058.
DOI: 10.1126/science.aad0343

4.  Lucas, A., Crossno, J., Fong, K. C., Kim, P., Sachdev, S.;
Phys. Rev. B, 2016, 93, 075426.

DOI: 10.1103/PhysRevB.93.075426

5. Ganzhorn, K., Klingler, S., Wimmer, T., Geprégs, S., Gross, R.,
Huebl H., Goennenwein, S. T. B.; Appl. Phys. Lett., 2016, 109,
022405.

DOI: 10.1063/1.4958893

6. Sentef, M., Kollar, M., Kampf A. P; arXiv:1203.2216v1

2012.

286



Research Article 2017, 8(3), 283-287

7. Muller, M., Nguyen, H. C.; New J. Physics, 2011, 13,
035009.
DOI: 10.1088/1367-2630/13/3/035009

8. Guimardes, M. H. D., Van den Berg, J. J., Vera-Marun, I. J.,
Zomer, P.J., Van Wees, B.J.; Phys. Rev. B, 2014, 90, 235428.
DOI: 10.1103/PhysRevB.90.235428

9.  Mayorov, A. S., Elias, D. C., Mukhin, I. S., Morozov, S. V.,
Ponomarenko, L. A., Novoselov, K. S., Geim, A. K., Gorbachev,
R. V. Nano Lett., 2012, 12, 4629.

10. Sentef, M., Kollar, M., Kampf, A.P.; Phys. Rev. B, 2007,
75,214403.
DOI: 10.1103/PhysRevB.75.214403

11. Tiwari, A.; Iyer, P. K.; Kumar, V.; Swart, H; In the
Advanced Magnetic and Optical Materials, John Wiley &
Sons, USA, 2016.

12 Pires, A.S.T., Lima, L. S.; Phys. Rev. B, 2009,79,
64401.
DOI:_10.1103/PhysRevB.79.064401

13. Pires, A.S. T., Lima, L. S.; J. Phys.: Condens. Matter,
2009, 21, 245502.
DOI:_10.1088/0953-8984/21/24/245502

14. Pires, A. S. T., Lima, L. S.; J. Magn.Magn. Mater., 2010,
322, 668.
DOL: 10.1016/j.jmmm.2009.10.037

15. Lima, L. S., Pires, A. S. T.; Eur. Phys. J. B, 2009, 70, 335.
DOI: 10.1140/epjb/e2009-00230-4

16. Lima, L. S.; Phys. Status Solidi B, 2012, 249, 1613.

17. Chen, Z., Datta, T., Yao, D. X.; Eur. Phys. J. B, 2013,
86, 63.
DOI: 10.1140/epjb/e2012-30708-7

18. Lima, L. S. Pires, A. S. T., Costa, B. V.; J. Magn. Magn.
Mater., 2014, 371, 89.
DOI: 10.1016/j.jmmm.2014.07.020

19. Sonin, E. B.; Adv. Phys., 2010, 59, 181.
DOI: 10.1080/00018731003739943

20. Chumak, A. V., Vasyuchka, V. 1., Serga, A. A.,
Hillebrands, B.; Nature Phys., 2015, 11,453.
DOTI: 10.1038/nphys3347

21. Lauer, V., Bozhko, D. A., Bracher, T., Pirro, P.,
Vasyuchka, V. L., Serga, A. A., Jungfleisch, M. B,
Agrawal, M., Kobljanskyj, Yu. V., Melkov, G. A., Dubs,
B. Hillebrands, C., Chumak, A. V.; Appl. Phys. Lett.,
2016, 108,012402.
DOI: 10.1063/1.4939268

22. Meier, F., Loss, D.; Phys. Rev. Lett., 2003, 90, 167204.
DOI: 10.1103/PhysRevLett.90.167204

23. Kobljanskyj, Y. V., Melkov, G. A., Serga, A. A., Slavin,
A. N., Hillebrands B.,; Phys. Rev. Applied, 2015,
4,014014.
DOI: 10.1103/PhysRevApplied.4.014014

24. Han, W., McCreary, K. M., Pi, K., Wang, W. H,, Li, Y., Wen, H.,
Chen, J. R., Kawakami, R. K. ; Journal of Magnetism and
Magnetic Mater., 2012, 324, 369.

25. Sachdev, S.; Quantum Phase Transitions, Second Edition,
Cambridge University Press, 2011.
ISBN: 978-0-521-51468-2

26. Fradkin, E.; Field Theories of Condensed Matter Physics,
second edition, Cambridge, U.K., 2013.
ISBN: 9780521764445

27. Kubo, R., Toda, M., Hashitsume, N.; Statistical Physics II,
Springer-Verlag, New York, 1985.
ISBN: 978-3-642-58244-8

28. Mahan, G. D., Many Particles Physics, Plenum, New
York, 1990.
ISBN: 978-1-4613-1469-1

29. Lima, L. S.; Solid State Commun., 2016, 237, 19.
DOI: 10.1016/].85¢.2016.03.023

30. Papanicolaou, N.; Nuclear Phys. B, 1988, 305, 367.
DOI: 10.1016/0550-3213(88)90073-9

31. Lima, L. S.; Solid State Commun., 2016, 228, 6.
DOI: 10.1016/j.8s¢.2015.11.023

32. Lima, L. S.; Solid State Commun., 2016, 239, 5.
DOI: 10.1016/j.55¢.2016.04.005

Copyright © 2017 VBRI Press

VBRI Press

Conmitiment to Excallencs.

Journal .

S’ Publish =~

Advanced your article in this journal
WICICTELIENIE CIE R 1. onced Materials Loters s an offcial international
Journal of International Association of Advanced Materials
(IAAM, www.iaamonline.ory) published monthly by
VBRI Press AB from Sweden_ The journal is intended ta
provide high-quality peer-review articles in the fascinating
field of d i inthe
area of structure, synthesis and processing,
characterisation, advanced-state properties and
® applications of materials. All published articles are
indexed in various databases and are available download
for free. The manuscript management system is
completely elestronic and has fast and fair peer-review
process. The journal includes review arlicle, research
article, notes, letter to editor and short cammunications.

Copyright © 2017 VBRI Pross AB, Swodon www.vbripress.com/aml

Advanced Materials Letters

287



