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PHONON�INDUCED SUPERCONDUCTIVITY IN THEPRESENCE OF THE CHARGE�DENSITY�WAVEPSEUDOGAP. STRONG�COUPLING DESCRIPTION�Anna Cebula and Mar
in MierzejewskiInstitute of Physi
s, Silesia UniversityUniwersyte
ka 4, 40-007 Katowi
e, Polande-mail: ania�server.phys.us.edu.pl(Re
eived November 12, 2000)We have 
onsidered phonon-indu
ed super
ondu
tivity in the presen
eof the pseudogap originating from Charge�Density�Wave (CDW) ex
ita-tions within the two-dimensional latti
e. Eliashberg formalism has beenapplied and the CDW e�e
ts have been taken into a

ount with the helpof the renormalization of propagators in the Dyson equation. The CDWgap has been in
orporated in the semiphenomenologi
al way, assuming thed-wave symmetry. We have evaluated the super
ondu
ting transition tem-perature T
 as a fun
tion of doping. The in�uen
e of the normal-statepseudogap on the isotope shift exponent has also been 
onsidered.PACS numbers: 74.25.K
, 74.20.�zIn the underdoped high-temperature super
ondu
tors pseudogap behav-ior has widely been observed in experiments [1℄. It seems that the pseu-dogap is intimately linked with super
ondu
tivity. The magnitude of thepseudogap de
reases with in
reasing doping and s
ales with T
 max [2, 3℄.In parti
ular opti
al data indi
ate that the pseudogap is related to the su-per
ondu
ting gap [4℄. Whether both of this quantities originate from thesame or from di�erent me
hanisms seems to be an open problem [5℄. Thesame refers to the a
tual origin and symmetry of the pseudogap. Here, if westi
k to the 
on
ept of the same origin, d-wave symmetry 
an be a

epted.This is due to the experimental eviden
e of the dominating role of this kindof the order parameter in the super
ondu
ting state [6℄. Certainly, one of� Presented at the XXIV International S
hool of Theoreti
al Physi
s �TransportPhenomena from Quantum to Classi
al Regimes�, Ustro«, Poland, September 25�O
tober 1, 2000. (543)



544 A. Cebula, M. Mierzejewskithe possibilities is to 
onsider antiferromagneti
 spin �u
tuations whi
h leadto the 
harge�density�wave (CDW) and super
ondu
ting gaps (SC) havingdx2�y2 -wave symmetry.In the present paper we will 
onsider phonon-indu
ed super
ondu
tiv-ity within the two-dimensional latti
e. Eliashberg formalism will be appliedand the CDW e�e
ts will be taken into a

ount with the help of the renor-malization of propagators in the Dyson equation. The CDW gap will bein
orporated in the semiphenomenologi
al way, assuming the d-wave sym-metry [2, 7℄.We 
onsider the following model HamiltonianH = H0 +He�ph +Hph; (1)where H0 = Xk� �"k
+k�
k�; (2)He�ph = Xk;q gkk+q
+k+q�
k� �b+�q + bq� ; (3)Hph = Xq !qb+q bq: (4)Here, H0 represents non-intera
ting ele
trons in the se
ond quantiza-tion form. �"k = "k � �, where � stands for the 
hemi
al potential and"k = �t
(k) with 
(k) = 2(
os kxa + 
os kya) for the two-dimensional lat-ti
e. He�ph des
ribes the ele
tron�phonon intera
tion andHph stands for theHamiltonian of non-intera
ting phonons. For the sake of simpli
ity phononswill be modelled by Einstein os
illator with frequen
y !0.The self-energy 
an be derived from the matrix Dyson equation [10℄:�k(i!l) = G�10k (i!l)�G�1k (i!l); (5)where Gk(i!l) stands for the Matsubara Green's fun
tion and G0k(i!l) de-notes the unperturbed propagator; !l is the Matsubara frequen
y!l = (2l + 1)�=�, � = (kT )�1. In order to a

ount for the CDW statewe renormalize the ele
tron propagator in the Dyson equation. This 
orre-sponds to the substitutionG�10k (i!l) = � G�1CDW(i!l) 00 �G�1CDW(�i!l) � ; (6)with G�1CDW(i!l) = i!l � �"k � j�CDWj24(i!l � �"k+Q) ; (7)
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ondu
tivity : : : 545where Q = ��a ; �a �. Here, we have made use of the Balseiro�Fali
ov form ofthe quasiparti
le energies [11℄. We restri
t ourselves to the mean-�eld formof �CDW [2, 3, 7℄ and assume,�CDW = Eg(
os kxa� 
os kya): (8)The usual ansatz for �k(i!l) is of the form�k(i!l) = [1� Zk(i!l)℄ i!l�0 + �k(i!l)�1 + �k(i!l)�3: (9)�0; : : : ; �3 stand for the Pauli matri
es. Zk(i!l) denotes the wave fun
tionrenormalization fa
tor whi
h 
an be 
onsidered in the lo
al approximation.Here, �k(i!l) is a small quantity and 
an be negle
ted in numeri
al 
al-
ulations. For the 
ase of lo
al and nearest-neighbor Cooper pairs we 
anexpress the momentum dependen
e of the super
ondu
ting order parameterby �k(i!l) = �0(i!l) + 
(k)�
(i!l) + �(k)��(i!l): (10)Here, �0(i!l); �
(i!l); ��(i!l) denotes the s-wave, extended s-wave andd-wave amplitudes, respe
tively; �(k) = 2(
os kxa� 
os kya).In the 
ase of d-wave super
ondu
tivity the transition temperature isdetermined by the Eliashberg equationsZ(i!l) = 1 + 1�!l X!n � �2(l � n)2 + �2 dZ(i!n); (11)��(i!l) = 14� X!n �
 �2(l � n)2 + �2 d�2(i!n)��(i!n); (12)where we have denoteddZ(i!n) = 1N Xk !ndk(i!n) �Z(i!n)(!2n + �"2k+Q + j�CDWj2)� ; (13)d�2(i!n) = 1N Xk �2(k)dk(i!n)(!2n + �"2k+Q) (14)with d�1k (i!n) = (�"2k + !2nZ2(i!n))(!2n + �"2k+Q)� 2�"k�"k+Qj�CDWj2+j�CDWj4 + !2nj�CDWj2Z(i!n): (15)In addition one has the equation for the 
hemi
al potentialn2 = 1N Xk 2Xi=1(�1)i+1!ik � �"k+Q!1k � !2k f(!ik); (16)



546 A. Cebula, M. Mierzejewskiwhere !1;2k = 12 ��"k + �"k+Q �q(�"k � �"k+Q)2 + 4j�CDWj2� : (17)Note that when a

ounting for nearest-neighbor Cooper pairs, one obtainstwo di�erent ele
tron�phonon 
oupling fun
tions � and �
 [12℄. Generally, �and �
 depend on the o

upation number [13℄, however, in order to simplifyour model 
al
ulations, we 
onsider them as a parameters. For numeri
alpurposes we have used Kresin's method of introdu
ing an average phononfrequen
y h
i [14℄ � = h
i2�kT
 (18)whi
h 
orresponds to the frequen
y !0 of an Einstein os
illator (!0 = 0:1thas been used throughout this paper).In �gure 1 we present results for the super
ondu
ting transition temper-ature in the 
ase of d-wave symmetry. It is 
lear that the doping dependen
eof T
 in the presen
e of the CDW pseudogap better re�e
ts the experimentaldata.
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Fig.1A. Cebula, M. Mierzejewski
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Fig. 1. The super
ondu
ting transition temperature as a fun
tion of band �llingfor d-wave symmetry. We have assumed � = 3 and �
 = 1:5 for ele
tron�phonon
oupling.
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tivity : : : 547An intriguing experimental result, whi
h 
ontributes to the dis
ussionon the possible role of phonons in high-temperature super
ondu
tivity, isthe variation of the isotope shift exponent � as a fun
tion of doping [8, 9℄.We have evaluated the isotope shift exponent under assumption that kernelsin the Eliashberg equations depend on M only through the average phononfrequen
y !0 �M�1=2. Then � = !02T
 dT
d!0 : (19)Figure 2 shows the dependen
e of the isotope shift exponent on the magni-tude of the pseudogap for di�erent values of the o

upation number. Thisresults 
an be 
ompared to values presented in �gure 3. Here, we show � as afun
tion of n for di�erent values of Eg. One 
an say that the in
lusion of thepseudogap 
an 
ontribute to smaller values of �, than the BCS value of 12 .This feature remains in qualitative agreement with experimental results [8℄.
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Fig.2A. Cebula, M. Mierzejewski
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Fig. 2. The isotope shift exponent � as a fun
tion of the amplitude of the CDWorder parameter Eg for di�erent values of the o

upation number.The above results suggest that the o

urren
e of the pseudogap originat-ing from 
harge�density�waves 
an play non-negligible role when 
onsideringproperties of high-temperature super
ondu
tors with ele
tron�phonon inter-a
tion as a driving me
hanism.
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Fig.3A. Cebula, M. Mierzejewski
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Fig. 3. The isotope shift exponent � as a fun
tion of band �lling for di�erent valuesof Eg .This work has been supported by the Polish State Committee for S
ien-ti�
 Resear
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