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uence of disorder on electron-hole pairing in graphene bilayerD.K.E�mkin+, V.A.Kulbachinskii�, Yu. E. Lozovik+;r1)+Institute of Spectroscopy RAS, 142190 Troitsk, Moscow region, Russia�Moscow State University, Department of Physics, 119991 Moscow, RussiarMoscow Institute of Physics and Technology, 141700 Moscow, RussiaSubmitted 20 January 2011We consider disorder e�ect on electron-hole pairing in the system of two graphene monolayers separatedby dielectric barrier. The in
uence of charged impurities on temperature of phase transition is studied. Inspite of large values of mobility of charge carriers in graphene disorder can considerably reduce temperature ofelectron-hole condensation in weak-coupling regime. The quantum hydrodynamics of the system is consideredand phase sti�ness of electron-hole condensate and temperature of Berezinskii-Kosterlitz-Thouless transitionto the super
uid state are calculated.The possibility of super
uidity of spatially separatedelectrons (e) and holes (h) was predicted [1] rather longago. A set of unusual e�ects were suggested to occurin this system: persistent currents 
owing in oppositedirection in di�erent layers [1, 2], Josephson e�ect [3],increased drag e�ect [4]. Interesting coherent e�ects canalso exist in the corresponding quasi-equilibrium systemof excitons with spatially separated e and h (see [5] andreferences therein) and there is great progress in the ob-servation of coherent e�ects in the system now [6 { 8].There is also direct experimental evidence of dipoleexciton super
uidity and Josephson e�ect in electron-electron bilayer in quantum Hall regime (see [9] and ref-erences therein).Recently new two-dimensional, one atom thick, ma-terial { graphene was fabricated [10]. Mobility of chargecarriers in graphene achieves values � � 105 sm2/V sso graphene has good perspectives in nanoelectronics.Graphene has unusual electronic structure { its quasi-particles are chiral fermions with linear dispersion law[11]. Many interesting phenomena were discovered ex-perimentally in it: universal minimum of conductivity,positive magnetoresistance, anomalous quantum Hall ef-fect, etc.We consider the system consisting of two separatedby dielectric medium and independently gated graphenelayers with equal density of electrons and holes in 1stand 2nd layer accordingly [12 { 14]. Fermi circles of eand h coincide due to perfect symmetry between chargecarriers in graphene and e-h pairing can occur due toCoulomb interaction. Screening of electron-hole interac-tion and in
uence of graphene peculiarities on e-h pair-ing were investigated theoretically in [12]. In the present1)e-mail: lozovik@isan.troitsk.ru

work we consider in
uence of disorder on e-h pairingand analyze the e�ect of graphene features on macro-scopic quantum hydrodynamics of the system. Thereare two kind of disorder in graphene: 1) defects of latticethat have short-range potential of interaction; 2) chargedimpurities from substrate that have long-range poten-tial. From analysis [15] of dependence of conductivityon concentration of charge carriers in graphene in singlegraphene layer it was obtained that main contributionto damping of carriers results from charged impurities.So we consider here the second type of disorder.Hamiltonian of ideal system in weak coupling regimeis: H =Xk �ka+k ak +Xk �kb+k bk�� Xk;k0;q e2Uout(q) cos �12 cos �22 a+k+qb+k0�qbk0ak; (1)where ak and bk are annihilation operators of elec-tron and hole in e-layer and h-layer, correspondingly;�k = vF k�EF is dispersion law of quasiparticles; �1 == �k+q��k and �2 = �k0�q��k0 are scattering angles ofelectron and hole; additional factors cos(�1=2) cos(�2=2)originate from spinor form of envelope wave functionof quasiparticles in graphene; Uout(q) is potential ofscreened electron-hole interaction. Here we suppose thatelectrons and holes from di�erent valleys and with dif-ferent projection of spin are pairing independently.The interaction of charge carriers with Coulomb im-purities corresponds to additional terms in Hamiltonianof the system:He(h)int = Xi;k;k0 ei(k�k0)riZe2 cos �k;k02 ��(Uin(out)(k;k0)a+k ak0 � Uout(in)(k;k0)b+k bk0); (2)238 �¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011
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Fig.1. (a) Feynman diagrams for the self-energy of elec-trons and holes. (b) Feynman diagram for e�ective e-hinteraction. (c) Diagrammatic representation of Bethe-Salpeter equationwhere Z; ri are charge and position of i-th impurityatom. Uin and Uout are interaction potential betweentwo probe charges in the same layer and in oppositelayers, correspondingly. Additional factors cos(�k;k0=2)are also graphene feature. Screened interaction potentialUin, Uout has the form:Uin(q) = V + �V 2(1� e�2qD)1 + 2�V + �2V 2(1� e�2qD) ; (3)Uout(q) = V e�qD1 + 2�V + �2V 2(1� e�2qD) ; (4)where V (q) = 2�="q is the bare Coulomb interactionin the plane; � = 4e2�F is the static limit of density re-sponse function; �F is the density of states on Fermi sur-face. � is dielectric constant of medium that surroundsgraphene.Temperature of the phase transition to coherent statecorresponds to appearance of Cooper instability of ver-tex function. Vertex function satisfy Bethe-Salpeterequation. For determination of critical temperature weuse following approximations:1) BCS-approximation or weak coupling approxima-tion kFD � 1.2) kF � qo � a�1o , thus interaction potential e�ec-tively scatter electrons (or holes) to all states on Fermisurface in the same valley but hopping processes betweendi�erent valleys can be neglected. Here ao is distancebetween carbon atoms in graphene lattice.3) Impurities have the same charge (Z = 1) and theirconcentrations n in both layers coincide.4) 
 � EF , thus calculating self-energy and ver-tex function we can neglect diagrams with cross-sectionof impurity lines [16]. Here 
 = 
1 + 
2 is dampingof electron (or hole) on Fermi surface due to scattering

on impurities, where 
1 corresponds to the probabilityof scattering of charge carrier on impurity of the samelayer and 
2 corresponds to the probability of scatteringon impurity of the other layer:
1(2) = �nZ2e4Xk0 jUin(out)(k;k0)j2 cos2 �k;k02 �Ekk0(5)Feynman diagrams for e�ective e-h interaction andfor Bethe-Salpeter equation under described above ap-proximations represented on Fig.1b, c. Self-energy forelectrons and holes in �rst Born approximation is de-picted on Fig.2.
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2.0Fig.2. Dependence of values of damping 
1 (line 2), 
2 (line4), ~
 (line 3 ) and 
� (lines 1) on dimensionless distancekFD between graphene layers. Concentration of Coulombimpurities is n = 1010 cm�2The temperature of phase transition to coherent stateis de�ned by the equation:ln TTo = 	�12 + 
�2�T ��	�12� ; (6)where 	 is logarithmic derivative of �amma-function,To is critical temperature in the system without disor-der. Damping 
� = 
1 + 
2 + 2~
 can be interpretedas the probability of decay of Cooper pairs. Value ofdamping ~
 is:~
 = �nZ2e4Xk0 Uout(k;k0)Uin(k0;k) cos2 �kk02 �Ekk0 ;(7)and it can be interpreted as the probability of scatteringof electron and hole on impurities situated in one of thelayers. It corresponds to impurity interaction lines thatconnect electron and hole propagator lines as depictedon Fig.1b. Values of all damping are proportional to theconcentration of impurities so it is convenient to �x con-centration and consider the dependence of values 
2, 
1 ~
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240 D.K.E�mkin, V.A.Kulbachinskii, Yu. E. Lozovikonly on distance between graphene layers D. These de-pendencies are presented in Fig.2. Despite of the strongdependence of all damping on distance their combination
� smoothly decrease with increasing distance D. Thiscompensation is caused by two competition processes.If distance D decrease: 1) interaction Uout of electrons(holes) with impurities of h(e)-layer increases; 2) chargecarriers from both layers play more signi�cant role inscreening of interactions Uout; Uin decrease.Numerical solution of eq.(6) is presented in Fig.3. In�rst order of parameter 
�=To the equation has simpleanalytic solution: T = T0 � �4 
�: (8)So e-h pairing would be destroyed at 
� = 0:88To,and minimal value of critical temperature Tmino == 1:14
�. Minimal value of the disorder concen-
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g* T/ 0Fig.3. Dependence of dimensionless temperature of phasetransition to coherent state on dimensionless value ofdamping 
�. Solid line: analytic solution T = To � �4 
�;dotted line: numerical solution of Eq. (5)tration in relatively clean samples of graphene now isn � 1011 sm�2 [15], which corresponds to minimal valueof critical temperature equals Tmino = 19:8K.Disorder can destroy coherent state because impu-rity potential acts di�erently on components of Cooperpair. There are two causes: 1) e and h have di�erentcharge 2) e and h are situated in di�erent layers. It isanalogous to the in
uence of paramagnetic impurities onsuperconductivity [17].Let us consider now peculiarities of quantum hydro-dynamics of the system. Behavior of the system on spa-tial scales larger than coherence length �c = ~vF =� canbe described by order parameter �ei'. Gauge invari-ant expression for free energy (at negligible interlayertunneling) has the form:F = �S2 Z �r'(r) � e~c �Ae(r) �Ah(r)��2 dr: (9)

Here coe�cient �S is phase sti�ness, that describe sys-tem on large scales; Ae(h)(r) is value of vector potentialin e(h)-layer. The last term in brackets dramaticallychanges hydrodynamics of the system. It permits paral-lel magnetic �eld between the layers to excite persistentcurrents 
owing through layers in opposite directions:je(h) = �c �F�Ae(h) = � e~�S �r'� e~c�A� : (10)For microscopic calculation of phase sti�ness it isconvenient to rede�ne reaction functions in the fol-lowing way: 1) Response function of electric current:je(h) = � e2~2c�j�Ae(h); 2) Response function of momen-tum: Pe(h) = e2~2c�P �Ae(h): In this case values of �jand �s coincide by the de�nition.According to Kubo linear response theory we calcu-late reaction functions �j and �p. In the system withoutdisorder at T = 0K we obtain:�j = EF8� = vF4 pn; �P = n2 : (11)Here n is the concentration of electrons (holes) in a sin-gle valley and with �xed projection of spin. The samereaction functions for the system of nonchiral fermionswith quadratic dispersion law � = p2=2m�EF in bilayerformed by two quantum wells or semimetallic layers havethe form: �j = EF4� = n2m; �P = n2 : (12)Unusual electronic properties of graphene results inthe following: 1) Contrary to the case of massive fermi-ons response functions �j and �p in graphene bilayerdon't not proportional to each other. This unusual resultis the consequence of independence of velocity of chiralfermions on momentum of the quasiparticle. 2) Value�j (current is observable physical quantity) does notproportional to the concentration of charge carriers ingraphene; 3) Value �P for massive fermions and for chi-ral massless fermions coincide.Full values of reaction functions are four time greaterbecause of independent contribution of electrons andholes from di�erent valleys and di�erent projection ofspin.Two-dimensional system under consideration be-came super
uid bellow the critical temperature of Bere-zinski{Kosterlitz{Thouless (BKT) transition. TBKT isalways less than temperature obtained from mean �eldtheory To and satis�es the equation [18]:TBKT = �2 �s(TBKT): (13)�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011
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uence of disorder on electron-hole pairing in graphene bilayer 241Temperature of BKT transition depends on phase sti�-ness of one of four decoupled condensates since eachcondensate undergoes its own phase transition. In �rstorder on value To=EF solution of the equation takes theform TBKT = To(1� 4To=EF ): (14)In weak coupling regime To=�s � To=EF � 1, and dif-ference between temperatures To and TBKT is insignif-icant. Weak disorder 
��To cannot change the ratiobetween them because it reduces phase sti�ness only onvalue ��S � 
�. So relative di�erence between TBKTand To in system with disorder can be estimated as(TBKT � To)=To � To=EF and can be neglected.Conclusion. In this work we calculate temperatureof phase transition to coherent state and temperature ofBerezinski-Kosterlitz-Thouless transition to super
uidstate taking into account Coulomb impurities. The min-imal value of temperature of \clean" system in whichpairing won't be destroyed by disorder was obtain. Alsothe peculiarities of quantum hydrodynamics of the sys-tem were considered and the exotic dependance of phasesti�ness on density of charge carriers was obtained.The authors thank A.A. Sokolik for fruitful discus-sions. The work was supported by RFBR and RAS pro-grams.1. Yu.E. Lozovik and V. I. Yudson, JETP Lett. 22,274(1975); Sov. Phys. JETP 44, 389 (1976); Solid. SateCommun. 19, 391 (1976); 21, 211 (1976).2. Yu.E. Lozovik and O.V. Berman, JETP Lett. 64,573(1996); JETP 84, 1027 (1997).3. Yu.E. Lozovik and A.V. Poushnov, Phys. Lett. A 228,399 (1997).4. G. Vignale and A.H. MacDonald, Phys. Rev. Lett. 76,2786 (1996).
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