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We discuss the phenomenology of superconductivity resulting from the Bose condensation of preformed
pairs coexisting with unpaired fermions. We show that this transition is more mean-field-like than the usual
Bose condensation, i.e., it is characterized by a relatively small value of the Ginzburg parameter. We consider
the Hall effect in the vortex-flow regime and in the fluctuational regime abhyveand show that in this
situation it is much less than in the transition driven entirely by Bose condensation but much larger than in
usual superconductivity. We analyze the available Hall data and conclude that this phenomenology describes
reasonably well the data in the underdoped materials of Y-Ba-Cu-O family but is not an appropriate description
of optimally doped materials or underdoped La-Sr-Cy-80163-1827)02105-X]

[. INTRODUCTION effect in the superconducting state. Our analysis of the data
shows that the usual Bose condensation is not consistent with
It is known for a long time that the excitation spectrum in the data whereas Bose condensation which happens against
underdoped high-. cuprates shows formation of a the background of the Fermi liquid might be consistent with
pseudogap at temperatufe far aboveT,; this phenomena the available Hall data in the underdoped Y-Ba-Cu-O mate-
was observed in the NMR responsesid in optics™* Re-  rials but is not consistent with the data on optimally doped
cently, photoemission experiments showed that this phenom¥-Ba-Cu-O or underdoped La-Sr-Cu-O. We emphasize how-
ena can be attributed to the electrons in the corners of thever that the data presently available are not sufficient to
Fermi surface which acquire a gap in these materials at abosake a definite conclusion, especially for the underdoped
the same temperature at which a pseudogap is observed fpaterials; we discuss the data in more detail below in the
optics and NMR. Below T, the value of the gap does not Introduction and in Sec. IV. It is not important for the fore-
change significantly with temperature, instead the electro@oing discussion what is the microscopic mechanism result-
spectral function develops coherence peaks at the gap edgd?g in the formation of the preformed pairs but for the sake
These data invite the interpretation that this gap formation i®f concreteness we shall discuss the model where these pairs
due to the pairing of electrons in the corners of the Fermare formed from the electrons in the corners of the Fermi
surface into the bosons which later Bose condensg.at surface.
The description of the superconductivity in the cuprates as a Qualitatively, the relative weakness of superconducting
Bose condensation of preformed pairs was proposed also fitctuations in highr is clear from the following arguments.
different physical contexts:® Unfortunately, all these sce- In these highly anisotropic materials the coherence length in
narios would lead to the conclusion that superconducting direction, {(T=0), is much smaller than the interlayer
transition is similar to the Bose condensation and has a widdistanced, making them almost two-dimensional supercon-
fluctuation region neaflf,. This conclusion does not agree ductors. In a purely two-dimensional superconductor Bose
with the data which show that the transition is more meancondensation would show up as Berezinskii-Kosterlitz-
field-like and that it is characterized by a small value of Thouless transition in which the superfluid density jumps
Ginzburg parameter. In this paper we show that the Bos&om pg(T.)~ps(0) to ps=0. Weak three-dimensional ef-
condensation description and mean-field nature of the supefects would only smear this transition a little. Supk(T)
conducting transition can be reconciled if Bose condensatiodependence was not observed in any cuprates; instead the
happens against the background of the Fermi liquid and prosbserved temperature dependencepefT) is mean-field-
cesses that convert bosons into the fermions on the Ferrlike in the broad temperature range even for underdoped cu-
surface are allowed. We formulate the model which defrates, for instance in YB&8u,Og pg(T)(T,—T) for
scribes this physics in Sec. Il and derive its physical properT,— T=0.05T..° Note here that critical three-dimensional
ties in Sec. Ill. Another problem of the descriptions based orbehavior of optimally doped YB&u;O; reported in Ref. 10
Bose condensation is that it leads to a large value of the Hatloes not contradict the conclusion that superconducting fluc-
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tuations are relatively weak. In this material thg(T) de-  ductivity are in fact negatively charged. In this case these
pendence remains linear hin a wide temperature rantfe  pairs give a large negative contribution to the Hall conduc-
and the mere fact that these critical fluctuations are thredvity in the vortex state belowl . which is proportional to

dimensional implies that they occur only in the vicinity of 1/B, and produce negative fluctuational Hall conductivity ob-
T, where the correlation length imdirection becomes large, served in Ref. 16. Both Hall conductivity in the vortex state
£>d. nearT. and the fluctuational conductivity above it can be

Quantitatively, the strength of superconducting fluctua-described in the framework of the time dependent Ginzburg
tions in quasi-two-dimensional systems is determined by théandau(TDGL) equation; for this equation the negative sign
superfluid densityps. The measured absolute valuespef  of the Cooper pair implies that the imaginary part of the
in cuprates turn out to be too large for the Bose condensatiorelaxation rate Iny<<O
scenario; in YBaCu,Og the in-plane penetration lengths are
A,=800 A and A,=2000 A!? Such penetration length aA oF
would lead to the Kosterlitz-Thouless transition temperature Yot T gA* @
Tkr~700 K (here and below we assume that the individual
planes constituting bilayers are strongly coupled so our estHereF is the usual Ginzburg-Landau free eneffy.
mates differ by a factor of 2 from the estimates in Ref. 7 In the framework of the usual BCS theory the sign and the
This unrealistic value indicates thag(T) must decrease by magnitude of Iny (and therefore the effective charge of the
a factor of 10 before the thermal fluctuations become imporCooper paiy is determined by the derivative of the density of
tant in agreement with linegrs(T) dependence observed in states at the Fermi surfacey/de, namely Imy~—avl/de.

Ref. 9. A related evidence of the weakness of superconducthis conclusion remains valid for any weak coupling BCS
ing fluctuations is provided by a small value of the Ginzburgtheory of superconductivity regardless of the nature of the
parameter which i§;~0.02 in this materialsee Eq.(9)]. interaction®® For the highT cupratesiv/de is controlled by

Another important argument against Bose condensation ithe proximity to a van Hove singularity and photoemission
provided by the Hall effect data ne@g. Bose condensation data show that the Fermi surface is always holelike, so that
of charged particles would lead to a huge Hall effect in thegv/de<0 and BCS theory would predict the hole sign of
superconducting state:y’=nyec/B whereny is density of Imy in contrast to the data. One can also relatéde to
bosons and a large fluctuational contribution to the Hall ef-9T./du and avoid the use of photoemission data; this would
fect aboveT.. The existing data on the underdoped materi-lead to the prediction Im~—dT./du which implies that
als show that the Hall effect in the flux flow regime is large, the hydrodynamic contribution to the Hall effect is holelike
but not as huge as follows from the Bose condensatioffior the underdoped cuprates and electronlike for the over-
model. Specifically, in 60 K material we extrapolate the datadoped cuprates in a striking contrast to the study of
obtained in the flux flow regime &t>15 K (Ref. 13 to zero  La,_,Sr,CuQ,?° which reported the opposite correlation.
temperature value,, = (4X 10°/B[T])(1/Q2 cm); this corre- We emphasize here that the sign change of the Hall effect in
sponds to the effective boson density~0.02 per in-plane the superconducting state does not itself contradict the BCS
copper atom which is too small. theory, it is only the disagreement between the sign of

A similar explanation of the pseudogap phenomena isiv/de (or dT./du) and the sign of the hydrodynamic con-
based on the spin charge separation mdtekhis model the tribution to the Hall effect which indicates that the weak
gap formation is due to the pairing of spinons which carry nocoupling BCS theory is not valid. In conventional, BCS-like
charge; such pairing does not lead to superconductivity; isuperconductors, the Hall effect might change sign if
happens only at lower temperature and is due to Bose con- dv/de has the sign opposite to the sign of the charge car-
densation of holons. This model has the same difficulty asiers which is measured by the normal state Hall effect. The
the condensation of the preformed pairs discussed abovsign of the charge carriers in the normal state is determined
there seems to be no reason to expect a narrow fluctuatidsy the topology of the Fermi surface. The sign change might
region if the transition is driven by the Bose condensation ofoccur if dv/de<0 on the electronlike Fermi surface or if
holons. dvlde>0 on the holelike Fermi surface.

A somewhat different viewpoint on this problem is pro-  Qualitatively, the notion of electronlike preformed pairs
vided by the models which interpolate between BCS likeagrees with the non-BCS behavior of the Hall effect of the
transition in Fermi liquid and ordinary Bose condensation ofsuperconductive pairs, but it is difficult to reconcile both of
preformed pairs as the interaction strength is vatféd.in  them with the small value of the Ginzburg parameter and
this framework the data discussed above would cause one toith a moderate Hall effect in the superconducting state. In
conclude that highF; cuprates are well inside the Fermi lig- this paper we resolve this dichotomy suggesting the model
uid regime and very far from the preformed pairs in contra-where preformed pairs coexist with usual fermions and show
diction to the observed gap formation aboVg in under- that in such systems the Hall effect might still be unusual but
doped cuprates. the Ginzburg parameter is small. One can justify this model

Another puzzling property of the superconducting transi-using the following qualitative arguments.
tion is the change of the Hall effect sign occurring below
T.. This sign change is preempted by the negative fluctua- Il. MODEL
tional contribution to the positive Hall effect in the normal
state!®!’ qualitatively both the sign change in the supercon- It is well established that the cuprate Fermi surface lies in
ducting phase and the fluctuational Hall effect can be exthe vicinity of the van Hove points. Moreover, it is remark-
plained if Cooper pairs which are responsible for superconable how small is the dispersion of fermions near,Q)
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to the electrons away from the “disks.” At higher tempera-

3 tures the effects of the remaining fermions can be neglected

and bosons form a normal liquid without long range order.
2 The boson-mediated Cooper pairing between remaining un-

paired electrons results in the superconductivity only at suf-
1 ficiently low temperatures.

The Hamiltonian describing this physics is
0 : : +
H= % eblby+ 2& Vpq(blcpCq—p +H.C)
-1
+2 £5Ch oCpo 3

2 p

hereX’ denotes the sum over the Brillouin zone excluding
-3 the “disk” area.

302 1 0 1 2 3 Becauseb describes fermions paired into the state with

d-wave symmetryV, , also has this symmetry and we may
FIG. 1. Sketch of the Fermi line and region of the momentumgpproximate it by

space where pseudogap pairs is formed. The Fermi line shown here

was obtained in the tight binding model with diagonal hopping V. —Va2(p2—p2 4
t'=—0.3; it is similar to the Fermi line observed in the under- p.q a”(Px py) 4)
doped BjSrL,CaCuy0g, 5 (Ref. 5. The shaded disks denote the part . .
of the momentum space where a pseudogap was observed in tR9'd Neglect ity dependence at smajj. Superconducting
experiment. We shall assume that the fermions in these regions afEansition in this model occurs & given by

paired into the bosons.

A 1 dp
points in the underdoped cuprates according to the photo- EZQ'”T_: 9= (277)4 ng D)’ ®
emission datd.lt is natural to assume that interaction be- ¢ F
tween these fermions can easily exceed their kinetic energynere integral dp is taken over the Fermi line anti~ e is
and that the interaction with momentum transfier (7, ) the upper cutoff.
is less repulsive than interaction with small momentum Depending on the parametemodel (3) describes some-
transfer. Such interaction gives fermions a gap which is dugyhat different physical situations. A>T, even at low tem-
to the pairing in the antiferromagnetic or superconductingyeratures bosons exist only as virtual states; in this case the
channels. In the weak coupling approximation th&vave  syperconducting transition is almost conventional.eAtT,
superconductive pairing dominates if thg Eermi surface is nofne density of bosons &t~ T, is significant so the supercon-
nested. In the cuprates both photoemission *datal band  gycting transition acquires some features of the Bose con-
structure C"’_“C“'a“Oﬁ% show that the Fermi surface is not gensation. We anticipate that the former case is relevant for
nested, a simpler Fermi surface which agrees with the phasptimally doped cuprates whereas the latter is more appro-
toemission data shqwn in Fig. 1. Therefore, it is reagonablgriate for the underdoped ones. Mod8) is somewhat simi-
to assume that fermions near the corners of the Fermi surfaggy to the model of disordered quasilocalized pairs coexisting
(which lie inside the disks shown in Fig) &re paired into  \yith the Fermi liquid introduced in Ref. 22; in the latter
b030n3b_Ty with charge 2 and no dispersion; this is the key model the quasilocalized pairs are assumed to form reso-
assumption of our model. So one-particle fermionic excitanances with energies that are randomly distributed around
tions acquire a gap; the soft modes appearing instead of thegge Fermi level. We do not know any experimental justifica-
fermionic excitations are spinless bosons tion for this assumption and we believe that the phase tran-
H=eb'b @ sition in_the presence of such large disorder in the energy
a~a> levels will become quite broad.
wheree is a phenomenological parameter of the model. Note The superconducting transitionBt can be described as a
that in this model the Bose condensation does not occur bé0se condensation which occurs only because bosons be-
cause bosons have no dispersior., are infinitely heavy =~ come coherent due to the exchange of fermions. Alterna-
Another assumption of the model is that interactigntrans-  tively, one might integrate out the bosons and get the ferm-
ferring electrons from the “disks,” where they are paired toion model with retarded short-range interaction. Both
the other parts of the Fermi surfatehere Fermi velocity is approaches lead to the same physical results. Here we shall
large), is weak. This assumption can be justified in theadopt the Bose formalism because it is shorter and more
spinon-holon model of charge separafiorhere this interac-  Physical in the regime whea~T so the density of bosons is
tion is suppressed by gauge field fluctuationsVIfs small ~ significant; we shall argue below that this regime is relevant
we may neglect the effects of these transfer processes on tf@ the underdoped cuprates. A the gap begins to open on
gap formation in the corners of the Fermi surface, clearly inthe remaining part of the Fermi surface,
this case the gap formation in the corners does not necessar-
ily result in the superconductivity and it does not give a gap A(p)=V(p){b). (6)
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Clearly ¢=(b) plays the role of the order parameter in this 0.25
model; its thermal fluctuations are governed by the action
S(¢) which is obtained after integrating out the fermion de-
grees of freedom: 0.2
T-T. 7ol --------
- * i — c, 0.15
S(¢) % ¢w( 'y o g TC + 8TC @ _______------":‘..'. ...........
S et
) 2ie \|? 1 . 0.1
& | VoAl [ Pem 58 [ddidt (D
Here we use imaginary time representation; we introduce 0.05
coefficients
0
7¢(3) 005 01 015 02 025
§2=—f Vavr(p)dp
0 2(87°T)%g) "P°F ’ S
_ 74(3) J 4 dp (8) FIG. 2. Dimensionless functio¥i (8) controlling the penetration
2(47°T)? Por(p)’ depth\ 3 as a function of doping assuming that other parameters are

y . . - . constants for different “disk” sizesp, where a pseudogap is
andy o 1; the Iatt?r we introduced t,o facilitate compari- formed. Dotted line corresponds pg= 0, dashed line was obtained
son with the usual time dependent Ginzburg-Landau equag, Po=0.27, and full line for py=0.4.

tion where this coefficient is determined by a particle-hole
asymmetry near the F”erml surface and is usually small. Gerl;  56und van Hove points are paired and do not contribute
erally, the coefficient” has contributions from the bare ac- i the effective action we excluded these regions from the

tion of the bosonsS,=—b*d;b—eb*b, described by the integrals over the Fermi surfa¢8). We get
Hamiltonian(2) and from the fermions that we integrated out

but the latter is always small in parameter/ ex leading to a 2 16T
simple result,y”=—1. N="5-Y(8), Gi=—=-Y(5).
Action of a generic form(7) but with different parameter et \/f t

values also describes the usual BCS type superconductivitﬁ/ ) ) ) i , )
in the Fermi liquid, Bose condensation, and interpolation bef1€re Y (9) is a dimensionless function of the doping density
tween these two regimés.The crucial difference between ¢ Which we plotin Fig. 2 fort’=—0.3 and different sizes
the interpolation scheni&and model considered here is that Of the excluded regiong,. We observe that once the re-
the latter leads to such parameters that the condensate amions near the corners of the Fermi surface are excluded the
tude, | |2=g7/ B, always remains small even far from, d_opmg dependence of the penetration Iength becomes rela-
and so the fluctuation region is narrow and the Hall effectively weak and the dependence on the size of the excluded
never becomes too large. regions become so far more |mporta.nt. Qualitatively we ex-
pect that the size of the excluded region becomes large in the
underdoped bilayered cuprates where a large pseudogap was
observed in spin responses and photoemission so that their
The gradient term in the effective acti¢n) is determined penetration length is larger than the one in the optimally
by the fermion properties. As a result the superconductingloped cuprates in agreement with the data. However, we
transition is mean-field-like and thermal fluctuations becomesannot make a quantitative comparison because we do not
large only in the narrow vicinity(;, of the transition tem- know the value ofp,.
perature; it is convenient to express it in terms of the screen- The results above do not depend on the dynamical part of

lll. RESULTS

ing length,\y. G; is given by the action(7), but it becomes important for the fluctuational
conductivity?®
(47N0)%T,
e © 1 e T
! 2
2dd = - _ ¢
V205 000 T6d h T-T," (1)

Here we define\y as the value of the physical screening
length interpolated from the vicinity of the transition tem- whered is the distance between planes. This result depends
perature to low temperatures; it is expressed through the c@nly weakly on the properties of the electrons if they form a

efficientsg, £5 and 8 of the effective actior(7) by Fermi liquid even with a large relaxation rate. Note that in
the conventional Bose condensation scenario the real part of
5 c2pd the relaxation time is abséfifeading to a much larger fluc-
0_327782925(2)' (10 tyational correction to the longitudinal conductivity. Thus, it

would be important to understand whether this universal be-
We computed the coefficientg,&5 and B for the havior (1) is indeed observed in higF; cuprates. Fluctua-
fermions with the spectrum §,= —2t(cog,+cog,) tional Hall conductivity in low field is also controlled by the
— 4t’ cop,cog,— u. Because fermions in the disks of size coefficients of the effective actiofy):'***
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e2 T, eHgé T, |2 the gauge invariant objedt [ w+i(d/dt)]. This is true in
50Xy=3wd 7”5 = (T—T ) (120 the BCS model with weak interaction where this dependence
¢ is due to the density of states dependence on the chemical
Here y" is the coefficient of the nondissipative term in the potential. However, in a general case one should distinguish
action (7); in this modely”=—1. This contribution should two sources ofT () dependence: the dependence via the
be added to the normal state Hall conductivity. As a result &nergy of pairing electrongg, and the dependence via the

sign change of the Hall effect would occur aboleat total density of particlesn. The gauge invariance indeed
requires thafl;(eg) is converted into thd (e +iw) in the
T-T, Y'Te|Y2 &, dynamical action but the dependence via the total density is
T, =213 g T 13 not modified by the frequency so generally the quadratic

term in the action is
wherel is the mean free path; here we used the usual Drude
formula, aﬂyz(nedB)(wcr)z, for the conductivity in the )
normal state. I{y"T./g|>(T./ur)? the correction tary, is s®= _g gin To(ertiwn) bobe,- (19
small and the Hall effect changes sign in the region where
the longitudinal conductivity is still close to the normal stateIn other words,n(u) dependence does not imply a non-

valuel’ gauge-invariant action; it can be reformulated in an explicitly
In the vortex state the hydrodynamic contribution to thegauge-invariant manner as a dependence sV ~?(VE).
Hall effect ig®~2° In the phenomenological modé3) the T, dependence on

5 the doping,d, is due to the interaction terny/(), so that
v _2ec H(T) [T, T. grows with doping. One possible microscopic mechanism
of this dependence is suppression of the interactoé) by

S 2=
w= g Y m e g
o ) the gauge field fluctuations discussed in Ref. 8 which be-
In the generic time-dependent Ginzburg-Landau tedfy  comes less in more doped systems.

this contribution might be different by a numerical factor
Byv=1; the physical effect taken into account by this numeri-
cal factor is an electric field generated by the moving vortex.
This effect is small and gy~1 if the length, Equations(12),(14) can be directly compared with the
Ee=4E0\20, TN~ &0\(8/m) 7, T, which sets the scale for data. Note here that fluctuational Hall conductivity and Hall
the electric field variations, is longg> &y, which seems to  conductivity in the flux flow regime are controlled by the
be an appropriate limit for cuprates. In conventionalsame dimensionless parameter’T./g); this is a general
notation$>?® TDGL dimensionless parameteu=(&z/  feature of any hydrodynamic description based on time-
&,)2<1 for these materials. dependent Ginzburg-Landau equation. Experimental verifi-
In the Bose condensation scenayib=1, at low tempera- cation that one gets the same parameter if it is extracted from
tures | ¢|? coincides with the boson density and the Hall the Hall data in the fluctuational regime aboVg or if it is
conductivity o,,=n,ec/B is huge. In the present model extracted from the data in the vortex flow regime would be a
| |2~ (T?/gt)n, is small leading to a smaller value of the very important proof of the validity of the hydrodynamic
Hall conductivity. approach. The comparison of these parameters becomes
In the conventional BCS theory the coefficieyit is de- more complicated in weakly anisotropic materials such as
termined by the dependence of the density of stat€g,), YBa,Cu;0; where the fluctuational data are further compli-
on the chemical potenti@lygcs= — (9/2) (dInT./dw)]; here it cated by the crossover between two- and three-dimensional
is controlled by the bosons mediating the interaction betweehehaviors; to avoid these problems it is better to compare the
fermions. So, in the conventional BCS thedry’T./g| is  data obtained on more anisotropic materials.
small, |y'T./g|~T./u, whereas here it is large. Formally ~ First we compare the values ofy(T./g) obtained on
we get a largdy'T./g| in the model(3) because we as- similar optimally doped materials. The extensive sty
sumed that bosons are coupled to the pairs of electrons, nthe fluctuation regime in B8r,Ca,Cu;0, shows that in the
holes which introduced a large particle-hole asymmetry. Thigegime of 2D fluctuation$o,,~0.08 1A cm atB=0.7 T.
assumption can be justified if the fermion dispersion neakJsing the valuedH.,/dT~2 T/K andd=18.5 A we obtain
van Hove points is small so that properties of the bosons aréy”T./g)~ —0.003. Unfortunately we are not aware of the
determined by the relative number of electrons and holes itdall effect data in the vortex-flow regime on this material, so
the “disk” area. Further, if the number of electrons is small, we compare this value with the other optimally doped cu-
the bosons are entirely electronlike and we get the phenonprates. It is convenient to characterize Hall conductivity data
enological model(3); if the numbers of electrons and the in the vortex-flow regime by the value of,,(0) obtained by
holes in the “disk” area are close we would need to intro-a linear extrapolation to low temperatures. For Y8a0-,
duce two types of boson&lectronlike and holelike This we use extrapolated valuer,,(0)=(2X 10°/B[T])(1/
would lead to the effective actiofV) with y"<1 and the Q cm) (Ref. 30 and dH./dT=0.02 T/K; we get
resulting Hall effect would be much smaller. (v"T./g)=—0.03. For TjBaCaCyOg we use
These results show that’ is not necessarily related to o,,(0)=(3x10%/B[T])(1/Q cm),** and dH./dT=0.01
dInT./ou as was conjectured in Ref. 19. The arguments oK/T;**33we get (y'T./g)~ —0.0016. The fit of the fluctua-
Ref. 19 were based on the gauge invariance and on the asenal Hall conductivity data obtained on the same sample
sumption thafl . dependence op implies a dependence on agrees with theoretical predictions if one chooses

ec
E.

(14

o

IV. ANALYSIS OF THE DATA
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dH.,/dT=1 T/K and (y"T./g)~ —0.0022 These data in- which is much larger than the usual valuB,er, for the
dicate that the hydrodynamic approach is likely to be validnormal metal. The sign of the thermopower is positive. Its
but do not allow one to make a definite conclusion. Theytemperature dependence is nonmonotonic, at
also show that in optimally doped materiads-g>T., so  G;T.<T—T.<T, the thermopower decreases with tempera-
the bosons may exist only as virtual states of electron pair.ture due to the temperature dependencegef gin(T/T,), at

The situation is different for underdoped bilayeredhigher temperaturesT—T.>T., the temperature depen-
cuprates. We take extrapolated valueo,,=(4 dence ofeg becomes negligible and thermopower becomes
X 10°/B)(1/Q cm) (Ref. 13 anddH./dT=0.006 T/K(Ref.  small and it increases with temperature. The sign and the
34) appropriate for 60 K YBgLuO;_,; we get value of the thermopower are in agreement with the
(¥"T./g)~—0.9 in agreement with our initial expectations experiment® but its temperature dependence at high tem-
that bosons exist as real electron pairs in these materialperatures is not. This is not very surprising because this
However, the data on the underdoped,Lé&r,CuQ, model does not describe the transport properties at high tem-
lead to a different conclusion. Here we take,, peratures which are due to a new physics associated with the
=(300B)(1/Q2 cm) (Ref. 20 and dH./dT=0.006 T/K appearance of low energy modes. The disagreement between
(Ref. 39 for the material withx=0.1; we get §"T./g) the predictions of the modé€B) and data implies that these
~—0.001. This estimate implies that bosons are unlikely tdow energy modes are responsible for the temperature depen-
exist as real pairs in underdoped,LaSr,CuQ,. We empha- dence of the thermopower at high temperatures.
size that we do not know of any data which would allow us
to check that the hydrodynamic approach remains valid for
underdoped materials.

The independent check of the validity of the hydrody- The model(3) applies to the superconductivity in the un-
namic (time dependent Ginzburg-Landadescription in the  derdoped cuprates where the gap opens afigyave expect
flux flow regime is provided by the Hall angle datathe  a more usual transition in the overdoped cuprates. The cross-
weak field region B<H,. In the framework of the effective over from underdoped to overdoped occurs in the framework
action (7) it is directly related with the same dimensionless of the model(3) if € andV is increased with doping; at large
parameter $"T./g) which we extracted from the Hall ¢ the transition can be described in terms of the virtual pair
conductivity>*° formation and becomes very similar to a usual BCS picture.

However, even in this regime the contribution of these vir-

V. CONCLUSION

Y VT tual pairs to they” coefficient in time dependent Ginzburg
tanfy = a ] =( c) i AR (16) Landau equations can be much larger than the contribution
Y'In(&e/go) g / min(£e/&o) coming from the density of states dependence near the Fermi

surface and may result in a sign change of the Hall effect. In

The datd® for the Hall angle tangent in 60 K the optimally doped cuprates, is still nonzero and we ex-
YBa,Cu;0;_, show that its value extrapolated ©0=0 is  pect a large hydrodynamic contribution to the Hall effect and
tan(fy)~1, for 90K YBaCuO; it is much smaller, large positive thermopower.
tan(y)~102, finally for x=0.1 La_,SKCuOQ, In the optimally doped cuprates and in the underdoped
tan(fy) ~10"2.%° All these values are in reasonable agree-ones above the temperature of the pseudogap formation one
ment with the above estimates for the parametgiT(/g)  expects new physical effects due to the appearance of new
and usual expectation that §a(&)~1. low energy modes. These soft modes are responsible for the

Another physical property of the phenomenologicalanomalous transport relaxation rates. Another probe of the
model (3) is anomalous thermopower in the normal state.effect of these modes in the optimally doped cuprétésere
The magnitude of this effect is very sensitive to the value ofthey are expected to exist down to the transition temperature
er/T where eg=€e—gIn(\/T) is the effective chemical po- is the fluctuational conductivity which should no longer be
tential of the pairs. We have only a rough estimate of thisgiven by universal form(11). It is important to determine
parameter based on the following arguments. The boson deexperimentally whether fluctuational conductivity agrees
sity in the phase spaceig=ng(eg/T)<1 (hereng is Bose  with a phenomenological Fermi liquid picture with large re-
facton, so eg/T=Inl/ny=1; such eg makes possible the laxation rate which gives universal forfil), if the data do
scattering of electrons with energies larger tlearesulting  not fit the universal forn{11) it means that this phenomeno-
in a large relaxation rate for these fermions. Because thikgical Fermi liquid picture is not applicable at all even for
relaxation mechanism is effective only for fermions abovethe in-plane properties.
the Fermi energy it results in a large particle-hole asymmetry A model similar to(3) but in real space also describes a
and leads to a large thermopower. Assuming that this contriphase transition of the system of superconducting grains em-
bution to the relaxation rate 44 is much larger than the bedded in the normal matrix. In this case the mikdtc
typical relation rate for the fermions with energies less tharterm corresponds to the Andreev reflection at the NS bound-

er We get Seebeck coefficient ary. In this system the Hall effect in the superconducting
state is governed by the particle hole asymmetry of the
T T grains and may change sign closeTio.
gIn(—) gln(—) In conclusion we have shown that the phenomenological
Te Te description of the superconductivity which follows from the

SO:In(nO(T))nO(T): T T ' concept of preformed pairs coexisting with electrons on
(177  some patches of the Fermi surface agrees semiquantitatively
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with available data on Hall conductivity in the fluctuation gime) and that the parameters needed for the hydrodynamic
and flux flow regime and with the small value of the Gin- description are indeed in agreement with the picture of pre-
zburg parameter for underdoped bilayeres cuprates. Howermed pairs coexisting with fermions as we conclude here
ever, in order to describe the data on optimally doped bilayusing a limited number of data.

ered cuprates or underdoped La-Sr-Cu-O one needs to Note added in proofFor the sake of completeness we
assume that the value of the chemical potential for thesg,ould like to note the work€=4°where similar models com-
pairs is large so that preformed pairs exist only as virtuahrised of fermions and Bose-like particles were considered.
states. The important necessary ingredients of this model aithough similar, the present model is different in a few
(1) the assumption that the pairs have very little dispersion ogrycial aspects which follow from the assumption that these
their own and2) their coupling to the electrons on the Fermi hosons represent pairs of fermions in the corners of the
surface is weak. The hydrodynamic contribution to the HallFermi surface. In particular, here bosons have almost no dis-
effect in this model is controlled by the pairs and has elecpersion of their own, their density is small and temperature

tronlike sign; it explains the Hall sign change observed exindependent, and their decay rate into electrons is low.
perimentally.

It is not possible to test thoroughly the predictions of the
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