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Abstract

© 2017 American  Physical  Society.  The  rigorous  finite-temperature  QED formalism of  the
polarization tensor is used to study the combined effect of nonzero mass gap m and chemical
potential  μ  on the Casimir  force and its  thermal  correction in  the experimentally  relevant
configuration of a Au sphere interacting with a real graphene sheet or with graphene-coated
dielectric  substrates made of  different materials.  It  is  shown that for  both a free-standing
graphene  sheet  and  for  graphene-coated  substrates  the  magnitude  of  the  Casimir  force
decreases  as  m  is  increased,  while  it  increases  as  μ  is  increased,  indicating  that  these
parameters act in opposite directions. According to our results, the impact of m and/or μ on the
Casimir force for graphene-coated plates is much smaller than for a free-standing graphene
sheet. Furthermore, computations show that the Casimir force is much stronger for graphene-
coated substrates than for a free-standing graphene sample, but the thermal correction and its
fractional weight in the total force are smaller in the former case. These results are applied to a
differential setup that was recently proposed to observe the giant thermal effect in the Casimir
force for  graphene.  We show that this  experiment remains feasible even after  taking into
account  the  influence  of  the  nonzero  mass-gap  and  chemical  potential  of  real  graphene
samples. Possible further applications of the obtained results are discussed.

http://dx.doi.org/10.1103/PhysRevB.96.115430

References

[1] P.  J.  F.  Harris,  Carbon  Nanotubes  and  Related  Structures:  New Materials  for  the  Twenty-First  Century
(Cambridge University Press, New York, 1999).

[2] Physics of Graphene, edited by H. Aoki and M. S. Dresselhaus (Springer, Cham, 2014).
[3] M. I. Katsnelson, Graphene: Carbon in Two Dimensions (Cambridge University Press, Cambridge, 2012).
[4] M. O. Goerbig, Rev. Mod. Phys. 83, 1193 (2011). RMPHAT 0034-6861 10.1103/RevModPhys.83.1193
[5] M. I. Katsnelson, K. S. Novoselov, and A. K. Geim, Nat. Phys. 2, 620 (2006). 1745-2473 10.1038/nphys384
[6] D.  Allor,  T.  D.  Cohen,  and  D.  A.  McGady,  Phys.  Rev.  D  78,  096009  (2008).  PRVDAQ  1550-7998

10.1103/PhysRevD.78.096009
[7] C. G. Beneventano, P. Giacconi, E. M. Santangelo, and R. Soldati, J. Phys. A 42, 275401 (2009). 1751-8113

10.1088/1751-8113/42/27/275401
[8] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  D  87,  125011  (2013).  PRVDAQ  1550-7998

10.1103/PhysRevD.87.125011
[9] I.  Akal,  R.  Egger,  C.  Müller,  and  S.  Villalba-Chávez,  Phys.  Rev.  D  93,  116006  (2016).  2470-0010

10.1103/PhysRevD.93.116006

http://dx.doi.org/10.1103/PhysRevB.96.115430


[10] 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

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

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

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

[14] M.  Lewkowicz  and  B.  Rosenstein,  Phys.  Rev.  Lett.  102,  106802  (2009).  PRLTAO  0031-9007
10.1103/PhysRevLett.102.106802

[15] T.  Stauber,  J.  Phys.:  Condens.  Matter  26,  123201  (2014).  JCOMEL  0953-8984  10.1088/0953-
8984/26/12/123201

[16] M. Merano, Phys. Rev. A 93, 013832 (2016). 2469-9926 10.1103/PhysRevA.93.013832
[17] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  93,  245419  (2016).  2469-9950

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

10.1103/PhysRevB.94.195405
[19] L.  A.  Falkovsky  and  S.  S.  Pershoguba,  Phys.  Rev.  B  76,  153410  (2007).  PRBMDO  1098-0121

10.1103/PhysRevB.76.153410
[20] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, and A. K. Geim,

Science 320, 1308 (2008). SCIEAS 0036-8075 10.1126/science.1156965
[21] F. H. L. Koppens, D. E. Chang, and F. J. García de Abajo, Nano Lett. 11, 3370 (2011). NALEFD 1530-6984

10.1021/nl201771h
[22] 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;
[23] 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
[24] G. L. Klimchitskaya, C. C. Korikov, and V. M. Petrov, Phys. Rev. B 92, 125419 (2015) PRBMDO 1098-0121

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

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

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

10.1103/PhysRevB.95.035425
[28] M. Bordag, G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko, Advances in the Casimir Effect (Oxford

University Press, Oxford, 2015).
[29] E. M. Lifshitz and L. P. Pitaevskii, Statistical Physics, Part II (Pergamon Press, Oxford, 1980).
[30] G. Barton, J. Phys. A: Math. Gen. 38, 2997 (2005). JPHAC5 0305-4470 10.1088/0305-4470/38/13/013
[31] M. Bordag, J. Phys. A: Math. Gen. 39, 6173 (2006). JPHAC5 0305-4470 10.1088/0305-4470/39/21/S08
[32] M. Bordag, B. Geyer, G. L. Klimchitskaya, and V. M. Mostepanenko, Phys. Rev. B 74, 205431 (2006). PRBMDO

1098-0121 10.1103/PhysRevB.74.205431
[33] M. Bordag, Phys. Rev. D 75, 065003 (2007). PRVDAQ 1550-7998 10.1103/PhysRevD.75.065003
[34] E. V. Blagov, G. L. Klimchitskaya, and V. M. Mostepanenko, Phys. Rev. B 75, 235413 (2007). PRBMDO 1098-

0121 10.1103/PhysRevB.75.235413
[35] M.  Bordag  and  N.  Khusnutdinov,  Phys.  Rev.  D  77,  085026  (2008).  PRVDAQ  1550-7998

10.1103/PhysRevD.77.085026
[36] N. R. Khusnutdinov, Phys. Rev. B 83, 115454 (2011). PRBMDO 1098-0121 10.1103/PhysRevB.83.115454
[37] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  91,  045412  (2015).  PRBMDO  1098-0121

10.1103/PhysRevB.91.045412
[38] 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
[39] 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
[40] N. M. R. Peres, Rev. Mod. Phys. 82, 2673 (2010). RMPHAT 0034-6861 10.1103/RevModPhys.82.2673
[41] J.  F.  Dobson,  A.  White,  and  A.  Rubio,  Phys.  Rev.  Lett.  96,  073201  (2006).  PRLTAO  0031-9007

10.1103/PhysRevLett.96.073201



[42] G. Gómez-Santos, Phys. Rev. B 80, 245424 (2009). PRBMDO 1098-0121 10.1103/PhysRevB.80.245424
[43] D.  Drosdof f  and  L .  M.  Woods,  Phys .  Rev.  B  82,  155459  (2010) .  PRBMDO  1098-0121

10.1103/PhysRevB.82.155459
[44] D .  Drosdof f  and  L .  M.  Woods ,  Phys .  Rev .  A  84 ,  062501  (2011) .  PLRAAN  1050-2947

10.1103/PhysRevA.84.062501
[45] B. E. Sernelius, Europhys. Lett. 95, 57003 (2011). EULEEJ 0295-5075 10.1209/0295-5075/95/57003
[46] T. E. Judd, R. G. Scott, A. M. Martin, B. Kaczmarek, and T. M. Fromhold, New J. Phys. 13, 083020 (2011).

NJOPFM 1367-2630 10.1088/1367-2630/13/8/083020
[47] J. Sarabadani, A. Naji, R. Asgari, and R. Podgornik, Phys. Rev. B 84, 155407 (2011) PRBMDO 1098-0121

10.1103/PhysRevB.84.155407;
[48] J. Sarabadani, A. Naji, R. Asgari, and R. Podgornik, Phys. Rev. B 87, 239905 (E) (2013). PRBMDO 1098-0121

10.1103/PhysRevB.87.239905
[49] D. Drosdoff, A. D. Phan, L. M. Woods, I. V. Bondarev, and J. F. Dobson, Eur. Phys. J. B 85, 365 (2012). EPJBFY

1434-6028 10.1140/epjb/e2012-30741-6
[50] Bo E. Sernelius, Phys. Rev. B 85, 195427 (2012). PRBMDO 1098-0121 10.1103/PhysRevB.85.195427
[51] A. D. Phan, L. M. Woods, D. Drosdoff, I. V. Bondarev, and N. A. Viet, Appl. Phys. Lett. 101, 113118 (2012).

APPLAB 0003-6951 10.1063/1.4752745
[52] A. D. Phan, N. A. Viet, N. A. Poklonski, L. M. Woods, and C. H. Le, Phys. Rev. B 86, 155419 (2012). PRBMDO

1098-0121 10.1103/PhysRevB.86.155419
[53] W.-K.  Tse  and  A.  H.  MacDonald,  Phys.  Rev.  Lett.  109,  236806  (2012).  PRLTAO  0031-9007

10.1103/PhysRevLett.109.236806
[54] T. Cysne, W. J. M. Kort-Kamp, D. Oliver, F. A. Pinheiro, F. S. S. Rosa, and C. Farina, Phys. Rev. A 90, 052511

(2014). PLRAAN 1050-2947 10.1103/PhysRevA.90.052511
[55] V .  B .  Svetovoy  and  G.  Pa lasantzas ,  Phys .  Rev.  Appl .  2 ,  034006  (2014) .  2331-7019

10.1103/PhysRevAppl ied.2.034006
[56] N.  Khusnutdinov,  R.  Kashapov,  and  L.  M.  Woods,  Phys.  Rev.  A  94,  012513  (2016).  2469-9926

10.1103/PhysRevA.94.012513
[57] T. P. Cysne, T. G. Rappoport, A. Ferreira, J. M. V. P. Lopes, and N. R. M. Peres, Phys. Rev. B 94, 235405 (2016).

2469-9950 10.1103/PhysRevB.94.235405
[58] L. M. Woods, D. A. R. Dalvit, A. Tkatchenko, P. Rodrigues-Lopez, A. W. Rodrigues, and R. Podgornik, Rev. Mod.

Phys. 88, 045003 (2016). RMPHAT 0034-6861 10.1103/RevModPhys.88.045003
[59] A. I. Akhiezer and V. B. Berestetskii, Quantum Electrodynamics (Interscience, New York, 1965).
[60] S. S. Schweber, An Introduction to Relativistic Quantum Field Theory (Dover, New York, 2005).
[61] 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
[62] I. V. Fialkovsky, V. N. Marachevsky, and D. V. Vassilevich, Phys. Rev. B 84, 035446 (2011). PRBMDO 1098-

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

0121 10.1103/PhysRevB.86.165429
[64] 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
[65] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  87,  075439  (2013).  PRBMDO  1098-0121

10.1103/PhysRevB.87.075439
[66] B.  Arora,  H.  Kaur,  and  B.  K.  Sahoo,  J.  Phys.  B  47,  155002  (2014).  JPAPEH 0953-4075  10.1088/0953-

4075/47/15/155002
[67] K.  Kaur,  J.  Kaur,  B.  Arora,  and  B.  K.  Sahoo,  Phys.  Rev.  B  90,  245405  (2014).  PRBMDO  1098-0121

10.1103/PhysRevB.90.245405
[68] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  89,  012516  (2014).  PLRAAN  1050-2947

10.1103/PhysRevA.89.012516
[69] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  B  89,  035407  (2014).  PRBMDO  1098-0121

10.1103/PhysRevB.89.035407
[70] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  89,  052512  (2014).  PLRAAN  1050-2947

10.1103/PhysRevA.89.052512
[71] G.  L.  Klimchitskaya  and  V.  M.  Mostepanenko,  Phys.  Rev.  A  89,  062508  (2014).  PLRAAN  1050-2947

10.1103/PhysRevA.89.062508
[72] G. L. Klimchitskaya, V. M. Mostepanenko, and B. E. Sernelius, Phys. Rev. B 89, 125407 (2014). PRBMDO 1098-

0121 10.1103/PhysRevB.89.125407



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

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

[75] G .  L .  K l imch i t skaya ,  In t .  J .  Mod .  Phys .  A  31 ,  1641026  (2016) .  IMPAEF  0217-751X
10.1142/S0217751X16410268

[76] 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

[77] M.  Bordag,  I.  Fialkovskiy,  and  D.  Vassilevich,  Phys.  Rev.  B  93,  075414  (2016)  2469-9950
10.1103/PhysRevB.93.075414;

[78] M.  Bordag,  I.  Fialkovskiy,  and  D.  Vassilevich,  Phys.  Rev.  B  95,  119905  (E)  (2017).  2469-9950
10.1103/PhysRevB.95.119905

[79] G. Bimonte, G. L.  Klimchitskaya, and V. M. Mostepanenko, Phys. Rev. A 96, 012517 (2017). 2469-9926
10.1103/PhysRevA.96.012517

[80] C. D. Fosco, F. C. Lombardo, and F. D. Mazzitelli,  Phys. Rev. D 84, 105031 (2011). PRVDAQ 1550-7998
10.1103/PhysRevD.84.105031

[81] G.  Bimonte,  T.  Emig,  R.  L.  Jaffe,  and M.  Kardar,  Europhys.  Lett.  97,  50001 (2012).  EULEEJ  0295-5075
10.1209/0295-5075/97/50001

[82] G.  Bimonte,  T.  Emig,  and  M.  Kardar,  Appl.  Phys.  Lett.  100,  074110  (2012).  APPLAB  0003-6951
10.1063/1.3686903

[83] L. P. Teo, Phys. Rev. D 88, 045019 (2013). PRVDAQ 1550-7998 10.1103/PhysRevD.88.045019
[84] M. Hartmann, G.-L. Ingold, and P. A. M. Neto, Phys. Rev. Lett.  119, 043901 (2017). PRLTAO 0031-9007

10.1103/PhysRevLett.119.043901
[85] G. Bimonte, Europhys. Lett. 118, 20002 (2017). EULEEJ 0295-5075 10.1209/0295-5075/118/20002
[86] A. Schmitt, Dense Matter in Compact Stars: A Pedagogical Introduction (Springer, Berlin, 2010).
[87] G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko, Rev. Mod. Phys. 81, 1827 (2009). RMPHAT 0034-

6861 10.1103/RevModPhys.81.1827
[88] Handbook of Optical Constants of Solids, edited by E. D. Palik (Academic Press, New York, 1985).
[89] R. S. Decca, E. Fischbach, G. L. Klimchitskaya, D. E. Krause, D. López, and V. M. Mostepanenko, Phys. Rev. D

68, 116003 (2003). 0556-2821 10.1103/PhysRevD.68.116003
[90] R. S. Decca, D. López, E. Fischbach, G. L. Klimchitskaya, D. E. Krause, and V. M. Mostepanenko, Ann. Phys.

(NY) 318, 37 (2005). APNYA6 0003-4916 10.1016/j.aop.2005.03.007
[91] R. S. Decca, D. López, E. Fischbach, G. L. Klimchitskaya, D. E. Krause, and V. M. Mostepanenko, Phys. Rev. D

75, 077101 (2007). PRVDAQ 1550-7998 10.1103/PhysRevD.75.077101
[92] R. S. Decca, D. López, E. Fischbach, G. L. Klimchitskaya, D. E. Krause, and V. M. Mostepanenko, Eur. Phys. J. C

51, 963 (2007). EPCFFB 1434-6044 10.1140/epjc/s10052-007-0346-z
[93] C.-C. Chang, A. A. Banishev, R. Castillo-Garza, G. L. Klimchitskaya, V. M. Mostepanenko, and U. Mohideen,

Phys. Rev. B 85, 165443 (2012). PRBMDO 1098-0121 10.1103/PhysRevB.85.165443
[94] A. A. Banishev, G. L. Klimchitskaya, V. M. Mostepanenko, and U. Mohideen, Phys. Rev. Lett. 110, 137401

(2013). PRLTAO 0031-9007 10.1103/PhysRevLett.110.137401
[95] A. A. Banishev, G. L. Klimchitskaya, V. M. Mostepanenko, and U. Mohideen, Phys. Rev. B 88, 155410 (2013).

PRBMDO 1098-0121 10.1103/PhysRevB.88.155410
[96] G.  B imonte,  D.  López,  and  R.  S .  Decca,  Phys.  Rev.  B  93,  184434  (2016) .  2469-9950

10.1103/PhysRevB.93.184434
[97] P.  K.  Pyatkovskiy,  J.  Phys.:  Condens.  Matter  21,  025506  (2009).  JCOMEL  0953-8984  10.1088/0953-

8984/21/2/025506
[98] 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
[99] S.  A.  Jafari,  J.  Phys.:  Condens.  Matter  24,  205802  (2012).  JCOMEL  0953-8984  10.1088/0953-

8984/24/20/205802
[100] E. M. Hajaj, O. Shtempluk, V. Kochetkov, A. Razin, and Y. E. Yaish, Phys. Rev. B 88, 045128 (2013). PRBMDO

1098-0121 10.1103/PhysRevB.88.045128
[101] 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
[102] D. B. Hough and L. R. White, Adv. Colloid Interface Sci. 14, 3 (1980). ACISB9 0001-8686 10.1016/0001-

8686(80)80006-6
[103] L. Bergström, Adv. Colloid Interface Sci. 70, 125 (1997). ACISB9 0001-8686 10.1016/S0001-8686(97)00003-1



[104] F. Chen, G. L. Klimchitskaya, V. M. Mostepanenko, and U. Mohideen, Phys. Rev. B 76, 035338 (2007). PRBMDO
1098-0121 10.1103/PhysRevB.76.035338

[105] R. S. Decca, D. López, H. B. Chan, E. Fischbach, D. E. Krause, and C. R. Jamell, Phys. Rev. Lett. 94, 240401
(2005). PRLTAO 0031-9007 10.1103/PhysRevLett.94.240401

[106] Y.-J. Chen, W. K. Tham, D. E. Krause, D. López, E. Fischbach, and R. S. Decca, Phys. Rev. Lett. 116, 221102
(2016). PRLTAO 0031-9007 10.1103/PhysRevLett.116.221102

[107] G. Bimonte, Phys. Rev. Lett. 112, 240401 (2014). PRLTAO 0031-9007 10.1103/PhysRevLett.112.240401
[108] G. Bimonte, Phys. Rev. Lett. 113, 240405 (2014). PRLTAO 0031-9007 10.1103/PhysRevLett.113.240405
[109] G. Bimonte, Phys. Rev. B 91, 205443 (2015). PRBMDO 1098-0121 10.1103/PhysRevB.91.205443
[110] G. Bimonte, G. L.  Klimchitskaya, and V. M. Mostepanenko, Phys. Rev. A 95, 052508 (2017). 2469-9926

10.1103/PhysRevA.95.052508


