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Abstract

© 2017 American Physical Society. The complete theory of electrical conductivity of graphene
at  arbitrary  temperature  is  developed  with  taking  into  account  mass-gap  parameter  and
chemical potential. Both the in-plane and out-of-plane conductivities of graphene are expressed
via the components of  the polarization tensor in  (2+1)-dimensional  space-time analytically
continued  to  the  real  frequency  axis.  Simple  analytic  expressions  for  both  the  real  and
imaginary parts of the conductivity of graphene are obtained at zero and nonzero temperature.
They demonstrate an interesting interplay depending on the values of mass gap and chemical
potential.  In the local  limit,  several  results obtained earlier using various approximate and
phenomenological  approaches  are  reproduced,  refined,  and  generalized.  The  numerical
computations  of  both  the  real  and  imaginary  parts  of  the  conductivity  of  graphene  are
performed to illustrate the obtained results. The analytic expressions for the conductivity of
graphene obtained in this paper can serve as a guide in the comparison between different
theoretical approaches and between experiment and theory.

http://dx.doi.org/10.1103/PhysRevB.96.235432

References

[1] Physics of Graphene, edited by H. Aoki and M. S. Dresselhaus (Springer, Cham, 2014).
[2] M. I. Katsnelson, Graphene: Carbon in Two Dimensions (Cambridge University Press, Cambridge, UK, 2012).
[3] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, Rev. Mod. Phys. 81, 109 (2009).

RMPHAT 0034-6861 10.1103/RevModPhys.81.109
[4] S. Das Sarma, S. Adam, E. H. Hwang, and E. Rossi, Rev. Mod. Phys. 83, 407 (2011). RMPHAT 0034-6861

10.1103/RevModPhys.83.407
[5] K. Ziegler, Phys. Rev. Lett. 97, 266802 (2006). PRLTAO 0031-9007 10.1103/PhysRevLett.97.266802
[6] K. Ziegler, Phys. Rev. B 75, 233407 (2007). PRBMDO 1098-0121 10.1103/PhysRevB.75.233407
[7] M.  Lewkowicz  and  B.  Rosenstein,  Phys.  Rev.  Lett.  102,  106802  (2009).  PRLTAO  0031-9007

10.1103/PhysRevLett.102.106802
[8] A. W. W. Ludwig, M. P. A. Fisher, R. Shankar, and G. Grinstein, Phys. Rev. B 50, 7526 (1994). PRBMDO 0163-

1829 10.1103/PhysRevB.50.7526
[9] T. Ando, Y. Zheng, and H. Suzuura, J. Phys. Soc. Jpn. 71, 1318 (2002). JUPSAU 0031-9015 10.1143/JPSJ.71.1318

[10] L. A. Falkovsky and A. A. Varlamov, Eur. Phys. J. B 56, 281 (2007). EPJBFY 1434-6028 10.1140/epjb/e2007-
00142-3

[11] T.  Stauber,  N.  M.  R.  Peres,  and  A.  K.  Geim,  Phys.  Rev.  B  78,  085432  (2008).  PRBMDO  1098-0121
10.1103/PhysRevB.78.085432

http://dx.doi.org/10.1103/PhysRevB.96.235432


[12] T. Stauber, J. Phys.: Condens. Matter 26, 123201 (2014). JCOMEL 0953-8984 10.1088/0953-8984/26/12/123201
[13] M. Merano, Phys. Rev. A 93, 013832 (2016). 2469-9926 10.1103/PhysRevA.93.013832
[14] V.  P.  Gusynin  and  S.  G.  Sharapov,  Phys.  Rev.  B  73,  245411  (2006).  PRBMDO  1098-0121

10.1103/PhysRevB.73.245411
[15] M. I. Katsnelson, Eur. Phys. J. B 51, 157 (2006). EPJBFY 1434-6028 10.1140/epjb/e2006-00203-1
[16] N. M. R. Peres, F.  Guinea, and A. H. Castro Neto, Phys. Rev. B 73, 125411 (2006).  PRBMDO 1098-0121

10.1103/PhysRevB.73.125411
[17] V. P. Gusynin, S. G. Sharapov, and J. P. Carbotte, Phys. Rev. Lett. 98, 157402 (2007). PRLTAO 0031-9007

10.1103/PhysRevLett.98.157402
[18] M.  Trushin  and  J .  Schl iemann,  Phys.  Rev.  Lett .  99,  216602  (2007).  PRLTAO  0031-9007

10.1103/PhysRevLett.99.216602
[19] L.  A.  Falkovsky  and  S.  S.  Pershoguba,  Phys.  Rev.  B  76,  153410  (2007).  PRBMDO  1098-0121

10.1103/PhysRevB.76.153410
[20] M.  Auslender  and  M.  I .  Katsnelson,  Phys.  Rev.  B  76,  235425  (2007).  PRBMDO  1098-0121

10.1103/PhysRevB.76.235425
[21] V.  P.  Gusynin  and  S.  G.  Sharapov,  J.  Phys.:  Condens.  Matter  19,  026222  (2007).  JCOMEL  0953-8984

10.1088/0953-8984/19/2/026222
[22] V. P. Gusynin, S. G. Sharapov, and J. P. Carbotte, Int. J. Mod. Phys. B 21, 4611 (2007). IJPBEV 0217-9792

10.1142/S0217979207038022
[23] N.  M.  R.  Peres  and  T.  Stauber,  Int .  J .  Mod.  Phys.  B  22,  2529  (2008).  I JPBEV  0217-9792

10.1142/S0217979208039794
[24] T.  G.  Pedersen,  A.-P.  Jauho,  and  K.  Pedersen,  Phys.  Rev.  B  79,  113406  (2009).  PRBMDO  1098-0121

10.1103/PhysRevB.79.113406
[25] A .  Qa iumzadeh  and  R.  Asgar i ,  Phys .  Rev.  B  79,  075414  (2009) .  PRBMDO  1098-0121

10.1103/PhysRevB.79.075414
[26] P.  K.  Pyatkovsky,  J.  Phys.:  Condens.  Matter  21,  025506  (2009).  JCOMEL  0953-8984  10.1088/0953-

8984/21/2/025506
[27] J. J. Palacios, Phys. Rev. B 82, 165439 (2010). PRBMDO 1098-0121 10.1103/PhysRevB.82.165439
[28] N. M. R. Peres, Rev. Mod. Phys. 82, 2673 (2010). RMPHAT 0034-6861 10.1103/RevModPhys.82.2673
[29] L .  Mor icon i  and  D.  N iemeyer ,  Phys .  Rev .  B  84 ,  193401  (2011) .  PRBMDO  1098-0121

10.1103/PhysRevB.84.193401
[30] A .  Scho lz  and  J .  Sch l iemann,  Phys .  Rev .  B  83 ,  235409  (2011) .  PRBMDO  1098-0121

10.1103/PhysRevB.83.235409
[31] P. V. Buividovich, E. V. Luschevskaya, O. V. Pavlovsky, M. I. Polikarpov, and M. V. Ulybyshev, Phys. Rev. B 86,

045107 (2012). PRBMDO 1098-0121 10.1103/PhysRevB.86.045107
[32] Á. Bácsi and A. Virosztek, Phys. Rev. B 87, 125425 (2013). PRBMDO 1098-0121 10.1103/PhysRevB.87.125425
[33] C.  A.  Dartora  and  G.  G.  Cabrera,  Phys.  Rev.  B  87,  165416  (2013).  PRBMDO  1098-0121

10.1103/PhysRevB.87.165416
[34] T. Louvet, P. Delplace, A. A. Fedorenko, and D. Carpentier, Phys. Rev. B 92, 155116 (2015). PRBMDO 1098-

0121 10.1103/PhysRevB.92.155116
[35] D. K.  Patel,  A.  C.  Sharma, and S.  S.  Z.  Ashraf,  Phys.  Status Solidi  252, 282 (2015).  PSSBBD 0370-1972

10.1002/pssb.201451040
[36] L.  Rani  and  N.  Singh,  J.  Phys.:  Condens.  Matter  29,  255602  (2017).  JCOMEL  0953-8984  10.1088/1361-

648X/aa6ebf
[37] V.  P.  Gusynin,  S.  G.  Sharapov,  and J.  P.  Carbotte,  New J.  Phys.  11,  095013 (2009).  NJOPFM 1367-2630

10.1088/1367-2630/11/9/095013
[38] S. A. Jafari, J. Phys.: Condens. Matter 24, 205802 (2012). JCOMEL 0953-8984 10.1088/0953-8984/24/20/205802
[39] E. V. Gorbar, V. P. Gusynin, V. A. Miransky, and I. A. Shovkovy, Phys. Rev. B 66, 045108 (2002). PRBMDO 0163-

1829 10.1103/PhysRevB.66.045108
[40] M. Bordag, I. V. Fialkovsky, D. M. Gitman, and D. V. Vassilevich, Phys. Rev. B 80, 245406 (2009). PRBMDO

1098-0121 10.1103/PhysRevB.80.245406
[41] I. V. Fialkovsky, V. N. Marachevsky, and D. V. Vassilevich, Phys. Rev. B 84, 035446 (2011). PRBMDO 1098-0121

10.1103/PhysRevB.84.035446
[42] M. Bordag, G. L. Klimchitskaya, and V. M. Mostepanenko, Phys. Rev. B 86, 165429 (2012). PRBMDO 1098-0121

10.1103/PhysRevB.86.165429
[43] M. Chaichian, G. L. Klimchitskaya, V. M. Mostepanenko, and A. Tureanu, Phys. Rev. A 86, 012515 (2012).

PLRAAN 1050-2947 10.1103/PhysRevA.86.012515



[44] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  87,  075439  (2013).  PRBMDO  1098-0121
10.1103/PhysRevB.87.075439

[45] B.  Arora,  H.  Kaur,  and  B.  K.  Sahoo,  J.  Phys.  B  47,  155002  (2014).  JPAPEH  0953-4075  10.1088/0953-
4075/47/15/155002

[46] K.  Kaur,  J.  Kaur,  B.  Arora,  and  B.  K.  Sahoo,  Phys.  Rev.  B  90,  245405  (2014).  PRBMDO  1098-0121
10.1103/PhysRevB.90.245405

[47] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  89,  012516  (2014).  PLRAAN  1050-2947
10.1103/PhysRevA.89.012516

[48] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  89,  035407  (2014).  PRBMDO  1098-0121
10.1103/PhysRevB.89.035407

[49] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  89,  052512  (2014).  PLRAAN  1050-2947
10.1103/PhysRevA.89.052512

[50] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  89,  062508  (2014).  PLRAAN  1050-2947
10.1103/PhysRevA.89.062508

[51] G. L. Klimchitskaya, V. M. Mostepanenko, and B. E. Sernelius, Phys. Rev. B 89, 125407 (2014). PRBMDO 1098-
0121 10.1103/PhysRevB.89.125407

[52] G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko, Phys. Rev. B 89, 115419 (2014). PRBMDO 1098-
0121 10.1103/PhysRevB.89.115419

[53] M. Bordag, G. L. Klimchitskaya, V. M. Mostepanenko, and V. M. Petrov, Phys. Rev. D 91, 045037 (2015) PRVDAQ
1550-7998 10.1103/PhysRevD.91.045037;

[54] M. Bordag, G. L. Klimchitskaya, V. M. Mostepanenko, and V. M. Petrov, Phys. Rev. D 93, 089907 (E) (2016).
2470-0010 10.1103/PhysRevD.93.089907

[55] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  91,  174501  (2015).  PRBMDO  1098-0121
10.1103/PhysRevB.91.174501

[56] G. L. Klimchitskaya, Int. J. Mod. Phys. A 31, 1641026 (2016). IMPAEF 0217-751X 10.1142/S0217751X16410268
[57] V. B. Bezerra, G. L. Klimchitskaya, V. M. Mostepanenko, and C. Romero, Phys. Rev. A 94, 042501 (2016). 2469-

9926 10.1103/PhysRevA.94.042501
[58] G.  Bimonte,  G.  L.  Klimchitskaya,  and V.  M.  Mostepanenko,  Phys.  Rev.  A 96,  012517 (2017).  2469-9926

10.1103/PhysRevA.96.012517
[59] G. L. Klimchitskaya, C. C. Korikov, and V. M. Petrov, Phys. Rev. B 92, 125419 (2015) PRBMDO 1098-0121

10.1103/PhysRevB.92.125419;
[60] G.  L.  Klimchitskaya,  C.  C.  Korikov,  and  V.  M.  Petrov,  Phys.  Rev.  B  93,  159906  (E)  (2016).  2469-9950

10.1103/PhysRevB.93.159906
[61] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  93,  052106  (2016).  2469-9926

10.1103/PhysRevA.93.052106
[62] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  95,  035425  (2017).  2469-9950

10.1103/PhysRevB.95.035425
[63] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  93,  245419  (2016).  2469-9950

10.1103/PhysRevB.93.245419
[64] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  94,  195405  (2016).  2469-9950

10.1103/PhysRevB.94.195405
[65] M.  Bordag,  I.  Fialkovskiy,  and  D.  Vassilevich,  Phys.  Rev.  B  93,  075414  (2016)  2469-9950

10.1103/PhysRevB.93.075414;
[66] M.  Bordag,  I.  Fialkovskiy,  and  D.  Vassilevich,  Phys.  Rev.  B  95,  119905  (E)  (2017).  2469-9950

10.1103/PhysRevB.95.119905
[67] A. I. Akhiezer and V. B. Berestetskii, Quantum Electrodynamics (Interscience, New York, 1965).
[68] S. S. Schweber, An Introduction to Relativistic Quantum Field Theory (Dover, New York, 2005).
[69] B. E. Sernelius, Phys. Rev. B 85, 195427 (2012). PRBMDO 1098-0121 10.1103/PhysRevB.85.195427
[70] B.  E.  Sernelius,  J.  Phys.:  Condens.  Matter  27,  214017  (2015).  JCOMEL  0953-8984  10.1088/0953-

8984/27/21/214017
[71] A. Schmitt, Dense Matter in Compact Stars: A Pedagogical Introduction (Springer, Berlin, 2010).
[72] S. Ryu, C. Mudry, A. Furusaki, and A. W. W. Ludwig, Phys. Rev. B 75, 205344 (2007). PRBMDO 1098-0121

10.1103/PhysRevB.75.205344
[73] K. F. Mak, M. Y. Sfeir, Y. Wu, C. H. Lui, J. A. Misewich, and T. F. Heinz, Phys. Rev. Lett. 101, 196405 (2008).

PRLTAO 0031-9007 10.1103/PhysRevLett.101.196405
[74] L. A. Falkovsky, J. Phys.: Conf. Ser. 129, 012004 (2008). 1742-6596 10.1088/1742-6596/129/1/012004



[75] A. A. Banishev, H. Wen, J. Xu, R. K. Kawakami, G. L. Klimchitskaya, V. M. Mostepanenko, and U. Mohideen, Phys.
Rev. B 87, 205433 (2013). PRBMDO 1098-0121 10.1103/PhysRevB.87.205433


