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Theory of the longitudinal and Hall conductivities of the cuprate superconductors
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We establish the applicability to transport phenomena in the cuprate superconductors of a nearly antiferro-
magnetic Fermi liguidNAFL) description of the magnetic interaction between planar quasiparticles by using
it to obtain the doping- and temperature-dependent resistivity and Hall conductivity seen experimentally in the
normal state. Following a perturbative calculation of the anisotrégscone goes around the Fermi surface
quasiparticle lifetimes which are the hallmark of a NAFL, we obtain simple approximate expressions for the
longitudinal, o, and Hall,a,, conductivities which reflect the magnetic crossovers seen experimentally as
one varies the doping level and temperature. We present a simple phenomenological model for the variation in
the mean free path around the Fermi surface and use this to extract from experimenis and o,
quasiparticle lifetimes in the hdstrongly coupled quasipartigleand cold (weakly coupled quasipartigle
regions of the Fermi surface which are consistent with the perturbation theory estimates. We improve upon the
latter by carrying out direct numeric&honvariational solutions of the Boltzmann equation for representative
members of the YBsCu;0g. , and La_,Sr,CuO, systems, with results for transport properties in quantita-
tive agreement with experiment. Using the same numerical approach we study the influence of CuO chains on
the a-b plane anisotropy and find results in agreement with experimental findings in,(MB®sg.
[S0163-182607)04413-5

[. INTRODUCTION separate relaxation rates. In fact this is the only common
scheme among the competing theories for the explanation of
The peculiar normal state properties of high-temperatur¢he anomalous transport in HTS materials.
superconductorHTS’s) have been extensively studied over  We begin with a brief review of the theoretical proposals.
the past decade in the expectation that their understandirgnderson, who drew attention to the problem of explaining
will likely reveal the mechanism of superconductivity. Yet the unusual magnetotransport in the normal stateys pro-
no consensus has emerged as to their physical origin. Indeepigosed a scenario based on a NFL ground state. In his sce-
it is striking that so much work has been done on understandiario the two rates observed in experiment are attributed to
ing a variety of complicated experimental situations, whilescattering of two distinct many-body excitatiospinonsand
rather basic measurements, such as the dc transport, are madons The existence of these excitations is well established
well understood. So far it has been clearly establiSlzedi  in one-dimensionallD) Luttinger liquids and Anderson has
well documented in the literatu#e that practically all nor-  put forth a nontrivial generalization of this concept to the
mal state properties in these materials are anomalous withuasi-two-dimensional system found in cuprate supercon-
respect to the behavior of standard Landau Fermi liquidsluctors. Strictly speaking one can talk about a NFL in any
(FL's). This, in turn, poses the question of whether Landawsystem at or near half-filling, which has an interaction suffi-
FL theory is applicable to HTS'S.A variety of proposals ciently strong to produce the Mkinstability, but the validity
based on non-Fermi-liquid® (NFL) or marginal FL(Ref. 9  of this approach at large doping levels is somewhat question-
theories have emerged which have had considerable succesle. In the Anderson scenario both spinons and holons con-
in explaining a number of specific experimental results.tribute to the resistivity, but it is often tacitly assumed that
However, at present no single theory has been able to athe scattering of holons dominates, while only spinons,
count forall the anomalies found in the normal state prop-which effectively commute with the magnetic fieBd appear
erties of the cuprates. in the temperature variation of the Hall angle. Although
In this paper we focus on the planar resistivity and thecommonly used to analyze experiments, this proposal has yet
Hall effect, which have drawn particular attention in the HTSto be verified by an explicit calculation of the transport
community, due to their arguably “contradictory” coefficients:?
behavior'® The temperature dependences of the Hall angle Coleman et al!® have developed a phenomenological
0y and the longitudinal resistivity,, are so vastly different transport theory based on the assumption that the dominant
that the Hall coefficienRR, in practically all cuprates is a scattering in cuprates is mediated by an interaction which
strong function of temperature, especially near optimal dopdistinguishes quasiparticle wave functions with respect to
ing. This phenomenon by itself is rarely observed in ordinarytheir charge conjugation symmetry. Such interactions are ab-
FL's.! It is also found that all HTS’s near optimal doping sent in ordinary FL's and hence this can be regarded as a
havep,, proportional to the temperatufiein a wide region NFL model, although in this case there is no spin-charge
of interest. Hence it appears that transport properties in theeparation and hence the model is more correctly categorized
presence of a magnetic field as well as in its absence requiis anunusualFL. In this model quasiparticles with different
two separate scattering mechanisms and, presumably, twgymmetry have vastly different scattering rates, which in turn
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have different temperature dependences, ultimately leadingured transport properties are those for quasiparticles near
to the correct behavior of all transport coefficients. Althoughand far away from these singularities. Although the model
the origin of the unusual interaction has not been identifiedcan produce a temperature-dependent Hall coefficient
this is the only model to date which appears to be consisterR,=p,,, it is unclear whether it can simultaneously account
with recent experimental results on optical reflectivity. for the anomalous behavior of the resistivity.

The anomalous Hall effect can also be understood in We next consider models based on spin-fluctuation scat-
terms of the bipolaron theory, developed by Alexandrov,tering. One of the first contributions has been provided by
Bratkovsky, and Mott® Anomalous behavior in their model Carrington and collaboratdiwho used a phenomenological
arises from Anderson localization of bipolarons: At low tem- model of the spin fluctuations and a realistic FS and calcu-
peratures bipolarons in a random potential lose their mobillated a number of transport coefficients in cuprates. They
ity, producing an enhanced value Ry, . At sufficiently high  assumed that large parts of the FS have an anomalous, linear-
temperature, larger than the random potential binding enin-T scattering rate, while smaller parts have a Fermi-liquid,
ergy, the mobility is recovered, ari|, saturates, as seen in quadratic-inT scattering rate. Although the anomalous qua-
experiment. The bipolaron model is also consistent with esiparticle scattering rate, assumed to be due to spin fluctua-
number of photoemission experiments. tions, has been taken as an input to the theory, they obtained

A variety of FL-based models have also been utilized toa remarkable agreement not only with the Hall effect, but
explain the anomalous transport in cuprates. Clearly, in ordewith the thermoelectric power as well. This work motivated
to account for experiments, one must introducetth@scat- a number of authors to explore more particular choices of
tering rates without violating the FL ground state. This isspin-fluctuation spectra and their relationship with
done either by introducing a certain anisotropy of scatteringransport:'=23
or by assuming a different mechanism of scattering in the Trugmar* calculated the band structure renormalization
presence of a magnetic field. Initially, the anomalous Hallin the presence of strong antiferromagnéAé&) fluctuations
effect was attributed to the well-known skew scatteringwithin the context of the-t’-J model and obtained a single-
present in many materials with strong spin-orbit coupfifig; particle band structure which has the form of a precursor to a
the anomalous temperature variationggf, arises from an- spin-density-wave([SDW) state. In this case one finds flat
isotropic scattering of conduction electrons by local mag-egions in the band, somewhat similar to those mentioned
netic moments. This approach naturally produces the obabove, which are characterized by an energy scale which is
served temperature dependence pf,, provided the much smaller than the fermionic bandwidth. In essence the
resistivity is assumed linear ifi. However, one runs into Size of the Fermi energy is effectively reduced to an energy
problems for systems with doping levels for which the resis{2<<t, and hence, just as in ordinary FL's, the resistivity
tivity is not proportional to temperature. Moreover, skew deviates from its usual? dependence, while the Hall coef-
scattering should saturate with increasing magnetic field, duficient is temperature dependent. However, we note that this
to the complete polarization of localized moments. Suchanomalous temperature dependence of the Hall effect is pri-
saturation has not been observed, although some discrepanaarily due to the strong anisotropy of scattering rates and
from the linear-inB Hall resistivity does occur in extremely densities of states in different regions of the Brillouin zone.
high pulsed fields’ Similar models were also provided by Kiet al?®> and by

Levin and Quadéf focused on a very important sub- Dagottoet al*
group, the bilayer cuprates. In their approach the anomalous Lercher and Wheatléy also studied a spin-fluctuation
behavior of the Hall effect is due to the multiband structuremodel of magnetotransport in the cuprates. They concluded
of bilayer cuprates. Their main assumption is that one of théhat the behavior of several quantities of interest is signifi-
bands is very close to the Fermi level and responsible for theantly altered depending on whether or not one incorporates
anomalous resistivity, while the other is responsible for theumklapp processes. At high temperatures they find a highly
Hall angle. The former is thermally activated at higher tem-T-dependent Hall coefficient, with a resistivity approxi-
peratures in underdoped materials so that the model can eriately linear inT. As in the above cases, their calculation is
plain qualitatively the behavior of resistivity in the under- based on the anisotropy of scattering rates in different re-
doped bilayers. Although their approach appears reasonablgions of the Brillouin zone, although here the anisotropy
the striking similarity between the experimental results onoriginates in the specific structure of the effective interaction.
single-layer and bilayer materials, which we discuss in Sec. The nearly antiferromagnetic Fermi liquitlAFL) model
IV, indicates that this approach may have to be revised befor transport in the cuprates resembles the model studied by
fore it possesses general applicability. Lercher and Wheatley, as well as the earlier Hubbard model

Another class of models is based on anisotropic scattecalculations of the resistivity by Bulut, Scalapino, and
ing, which can arise from either anomalous band structure iWhite?” with one important difference: the choice of the
the cuprates or spin-fluctuation scattering. Nevaisall®  effective interaction. Although in both cases the effective
have proposed a model based on an anomalously large deguasiparticle interactioW ¢, assumed to be of magnetic ori-
sity of states near the Fermi surfa@s) for quasiparticles in  gin, is a strong function of momentum transfer and is highly
the vicinity of the so-called Van Hove singularities: Angle- peaked near the antiferromagnetic wave ve€@orLercher
resolved photoemission spectroscqyRPES experiments and Wheatley calculat¥¢4 using a random phase approxi-
in a number of samples show extended flat band featuremation (RPA) formalism with a local restoring force, while
neark=(,0) and symmetry-related points in the Brillouin in the NAFL model one takes the momentum and frequency
zone, which give rise to highly anomalous quasipatrticle scatdependence of the interaction to be that of the spin-spin re-
tering. The two scattering rates necessary to explain the meaponse function which provides a quantitative account of the
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NMR experiment$® as discussed in the next section. While  Guided in part by perturbation theory results and our phe-
a RPA formalism can provide insight into the physical origin nomenological model, we then carry out direct numerical
of the spin fluctuations, it neglects changes in the effectivesolutions of the BE for representative members of the 123
interaction brought about by the spin-fermion vertex correcand 214 systems, and for a highly simplified model of a
tions, which lead to a sequence of crossovers in the lowsystem, such as YB&u,Og (124), in which the presence of
frequency magnetic behavior in the normal sfitéhus itis ~ chains brings about considerable planar anisotropy. For all
not capable of accounting for the rich morphology of thethree cases considered, good agreement is found between
magnetic properties seen in NMR experimengsmorphol- ~ theory and experiment. _
ogy which we shall see is reflected in transport experiments, | '€ Paper is organized as follows: In the next section we
Calculations of the resistivity of YB#Cus;O- using a provide the necessary background on the signatures of the
NAFL model were carried out by Monthoux and Piriés, NAFL model in NMR experiments and define the relevant

who found, in a strong-couplingEliashberg calculation crossover temperatures. In Sec. Il we analyze the properties

which incorporated vertex corrections, that a good quantita® NAFL'S using a simple perturbative approach. In Sec. IV

tive account of experiment could be obtained using a spine 'éview experimental results found for the 123, 214, and
fluctuation spectrum taken from NMR experiments and Loverdoped Tl systgms, and call attention tp .the regularities
coupling constant which yielded a superconducting transitiod®" 1ack thereof which p,(T) andp,,(T) exhibit as a func-

at 90 K. This work provided an important bridge between thelion of doping and temperature. We then present our phe-
anomalous normal state properties and the superconductiffgmenological analysis af,, and oy, in terms of a highly
transition. There remained the important question of whethefiSotropic mean free path and use this analysis to extract
a NAFL model could also account for the anomalous Hallffom experiment the quasiparticle lifetimes in the hot and
effect. The present authors addressed this question HiP!d regimes. In Sec. V, we present numerical calculations
using standard Boltzmann transport theory to calculatd®’ @ realistic set of band and spin-fluctuation parameters,
both the resistivityp,, and the Hall conductivityo,, of and compare our results tq experiment. Finally, in Sec. VI
YBa,Cu;0,.2 A direct (nonvariational numerical solution W& summarize our conclusions.

of the Boltzmann equatiofBE) showed that the highly an-

isotropic quasiparticle scattering at different regions of the |l BACKGROUND ON PHYSICAL PROPERTIES

Fermi surfacebrought about by the highly anisotropic mag- OF NAFL's

netic quasiparticle interaction which characterizes a NAFL In the NAFL description of the normal state properties of

C.OU|d give rise qualitatively, and in some cases quantitag, superconducting cuprates it is the magnetic interaction
tively, to Fhe_ _measured anomglpus temper_atu_re dependenggtween planar quasiparticles which is responsible for the
of th_e resistivity and Hall coefficient while yielding the qua- anomalous spin and charge behavior. The magnetic proper-
dratic temperature dependence of the_ HaII_aﬁ@?é.The ties of the system are specified by a dynamical spin-spin
present paper extends these calculations in a number 0 sponse function of fermionic originy(q, ), which near a

\k/)vaysd First, W? dusg pertu(;b?tlon th(:ory to g:alcula;:]e, for. eak atQ;, in the vicinity of the commensurate wave vector
road range of doping and temperature regimes, the anis 5= (m,7), takes the form

tropic quasiparticle scattering rates around the Fermi surface;
we then use these results to calculate the longitudinal and XQ
Hall conductivities. Our perturbation theory approach not X(q,w)=2 15 (0—0 2 ool A2
only makes explicit the difference in quasiparticle behavior ! (@-Q)%¢ ~lwlog—w

at hot spotgthose regions of the FS for which the magnetic Here xq,> xo is the magnitude of the static spin susceptibil-

intera@c’gion is anomalously largexnd in cold regions(?he _ ity at a (possibly incommensurate wave vect@; nearQ,
remaining parts of the Sbut enables one to examine in . is yhe antiferromagnetic correlation lengthy specifies the
detail the changes in quasiparticle I|fe§|mes In pOth reg'O.nsfow-frequency relaxational modepin fluctuation, brought
brought about by bpth the crossovers in the spln—fluctuatlorébout by the near approach to antiferromagnetism, And
spectra measured in NMR experiments and the changes W), for the possible presence of a spin gap at large ener-

FS shape measured in experiments using angle-resolved p'@'es. We have assumed a system of units in which the lattice

toem.issio.n te_chn_iques. On taking th(_a relevant averages pacinga=1. The quasiparticle spectrum is assumed to take
guasiparticle lifetimes for the longitudinal and Hall conduc—the tight-binding form

tivities, we are then able to obtain simple approximate ex-

()

pressions for these quantities as a function of doping and €= — 2t(coK,+ cok,) — 4t cok,cok,
temperature which are in good agreement with experiment.
The substantial anisotropy of quasiparticle mean free —2t"[ cog 2k,) +cog2k,)], ()

paths found in the perturbation theory approach led us 10, /
. S heret, t’,
develop a phenomenological model for the variation in mean,
free path as one goes around the FS and to use this to extrqchI
from experiments omr,, and oy, the behavior of the quasi-
part_icle lifetimesr,o; and 7.4 @S ONe varies temperature and Ver( 0, @) =9%x(q, ). (3)
doping level for the YBaCu3Og, 4 (123, La,_,Sr,CuO, ) )
(214), and Tl-doped systems. Again, good agreement i$Or & given system the parameteys, £, and wg which
found between the perturbation theory estimates and the exieterminey(q,») are taken from fits to NMR and inelastic
perimental results. neutron scatteringINS) experiments, while the effective

andt” are the appropriate hopping integrals,
ile the effective magnetic interaction between the planar
asiparticles is specified by
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TABLE I. Crossovers temperatures and spin fluctuation param-

eters for representative cuprates.

Te T, Ter (K)
La; ¢Srg,Cu0, 33 50 =500
La, gsSro 1:CUO, 39 85 325
La, gSrg,CuO, 30 75 120
La, 7651 24CUO, 25 35 100
YBa,Cu30¢ 63 60 180 =600
YBa,Cu,Og 80 210 475
YBa,Cu;0; 90 110 150

and far away from hot spots is in general very different. We
shall return to this point in the following section.

Barzykin and PinegBP) have utilized Eq.(1) in their
analysié® of the NMR results in HTS’s. Because their work,
subsequently extended to an analysis of INS res@isp-
vides an important insight into the morphology of the mag-

coupling constang is assumed to be momentum indepen_netic spectrum in these materials, we briefly review their
dent for the wave vector neg; . As discussed by Chubukov main conclusions. BP find that for underdoped systems low-
et al,?® in principle the effective interaction, E¢), can be  frequency magnetic behavior possesses three distinct tem-
derived microscopically starting with, e.g., a one-band Hub-perature regimes, with a crossoverTgt from nonuniversal
bard model, but for a number of reasons it has not yet beemean-field(MF) behavior with dynamical exponert=2 to
possible to carry through such a derivation. z=1 pseudoscalindPS behavior. FOrT=T,,, wg~ 1/&2,
Since in practice the effective damping of the magneticand the PrOdUCt)(instwséZ:wo is independent of tem-
excit.ations is large, the term proportional & in the de-' perature, while betweef, andT, , it is ¢ which is in-
nominator of Eq(1) can be neglected, so that we may write dependent of temperature. NMR experiments show that

aboveT,,, in the MF regimew¢ and &2 scale linearly with
(4 T,ie., wg=A+BT, while betweenT, andT,, the PS re-
gime, it is wg and £~ which scale linearly withT, albeit
where we have introduced the scale facigrwhich relates With @ somewhat different slope and intercept.qf than that
Xo, to &, found abover,. At T, the temperature-dependent uniform
: susceptibility xo(T) possesses a maximum, whife-2, as
XQ.=a§2, (58 has now been verified experimentally for YB2u;Og g,
' YBa,Cu,Og, and La_,Sr,CuO, compounds? Below
B T, , in the pseudogafPG) regime,¢ becomes independent
wq=wsrt wo(4~ Q)% (BB of temperature whilang, after exhibiting a minimum near
and T, , rapidly increases as Tl/as T decreases toward,. In
addition to the change in the magnetic fluctuation spectrum,
wo= wei?, (5¢0  the PSregime is characterized by a strong temperature varia-
) tion of the quasiparticle band structure, resulting in a FS
In the next section we shall for the most part assume that thg,,o|ytion2° This evolution has nontrivial consequences for
spm-fluctua’gon spectrum possesses only a single pea.k e transport, as discussed in the next section.
Q; we consider, in Sec. V, the effects of incommensuration From a magnetic perspective, the so-called optimally

on the transport properties. d
o ) . oped systemge.g., YBaCu30¢.93 and La; gsSrg 1CUO,)
The gffectwe ]n.teractlorveﬁ, Eq. (?’)' has an .opwo_us are a special case of the underdoped systems, in whids
property: For sufficiently large correlation lengths it is highly mparatively cl T As mav b nin Table T
peaked for momentum transfers in the vicinity of the antifer-cOMParatively close 1d .. As may be see able Ler
varies rapidly with doping, and approachEsas the system

romagnetic wave vecto®. The importance of this fact is ; : .
hard to overestimate: If the FS of the system of fermions@PProaches the overdoped regime, while, which varies

defined by the quasiparticle dispersié®), is such that it 'elatively weakly with doping, possesses a shallow maxi-
intersects the magnetic Brillouin zor# (see Fig. 1, then ~ Mum (~200 K in the 123 system;-100 K in the 214 sys-
quasiparticles in the vicinity of these intersection points ont€m as one varies the hole content in the planes.

the FS, often referred to as hot sp&tsare much more From this same magnetic perspective, overdoped cuprates
strongly scattered by the spin fluctuations than those whiclre defined as those for whidh,<T.. For these systems,
are on other parts of the FS. This is the main source of th#éhen, since<2, the antiferromagnetic correlations are com-
anisotropy of quasiparticle behavior in this model, since theparatively weak andy(T) is at most weakly temperature
temperature variation of the quasiparticle scattering rates atependent, whilewge &2 follows the linear-inT behavior

FIG. 1. A model of a Fermi surface in cuprat@slid line) and
the magnetic Brillouin zone boundafglashed ling The intercepts
of two lines marks the regions of the FS near,Q), which can be
connected by the wave vect@: . These regions are most strongly
scattered into each othgsee Eq(1)].

axwqo

Xx(Q,0)=

wq—lw
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found in the underdoped systems abdlg. Examples of and solve the integral oves’ analytically fork near the FS
overdoped systems are tfie~40 K Tl 2212 system and (e~0) using
La,_,Sr,CuQ, for x=0.2.

As we shall see, the crossovers seen in the low-frequency —X ™ (="
magnetic behavior possess to a remarkable extent their f dXﬂ(—X)QZ+X2f(X)=E+7TE Q+nr
charge counterparts in magnetotransport and optical experi-

ments. T hl1 2 10
20 * )’ (10
Ill. PERTURBATION THEORY APPROACH
where
In this section we estimate the transport coefficients in
NAFL’s using a simple perturbation theory. We calculate the 1 (x+1 X
scattering rates for quasiparticles near the FS, assuming the h(x)= E[ ‘/’( T) ¢ 5) , 1D

effective interactioVo, Eq. (3), and then use these to cal-
culate the longitudinal and Hall conductivities. We discusswhich has the following limiting behavior:
the behavior of these quantities in the relevant doping and
temperature regimes. T
Within the Boltzmann-Bloch formalism the relaxation h(1+x)~In2—=x, x-0, (12
rate for a particle near the FS is generally giveri‘by

1 [ d% , h(x)~5 —=, x—. (13
T—k_fWM(k,k )(1— Dy [DY), (6) 2x+1

where®, is the quasiparticle distribution function displace- Thus the integral in Eq10) can be approximated by

ment obtained by solving the linearized Boltzmann equation.
. . : a1 1
To second order in the coupling constant the scattering rate _(__ ) (14
between pointk andk’ is given by 210 Q+w
M(k,k')=2g2Imy(k—k' e’ — e)[n(e’ — )+ (€], and the scattering rate, E), is given by
@ 1 ag?w, = ,
wheree=e(k), €' =e(k’), andn(e) andf(e) are the Bose P L JKMk K, (195

and Fermi distribution functions, respectively. Note that Eq.
(7) is obtained by summing the Matsubara frequencies andhere
assuming a retarded scattering potenfidlo lifetime effects
are included. One can, of course, easily add the self-energy ~ T2
corrections to the bare band spectreg but the lifetime M(k,k")= N oge (@t aT) (16)

. . . L ki (g +77T)
effects are considerably harder to include and in principle
should be obtained self-consistently. In the relaxation time\ote that in a typical FL one has an identical expression;
approximation one replaceby, the quasiparticle distribu- however,w, . is large, temperature independent, and only
tion displacement, by (T)(v-n), wheree is a function of  weakly dependent ok,k’. Then forT<w,, the scattering
temperature, independent kf The assumption thap does  rate has the usudl? temperature dependence which ceases
not vary greatly in the Brillouin zone is most certainly in- only whenT~ wy - In a realistic metal, however, this en-
valid for HTS's’* given the strong momentum dependenceergy scale can be considerably reduced for cettaitue to
of the effective interactioVes;, Eq. (3). However, it is still  the presence of band singularities at these points. In a NAFL,
quite reasonable, as long as the temperature dependence@jwever,w, . is a strong function of momentum transfer
¢ is the same in each of the hot spots, which is almost; i.e., wy ' has a minimum fog=Q. Thus, the scattering

always the case. Since the inclusion of i) produces only  rateM is maximized for pointk andk’ on the FS such that
a geometricfactor (vertex correctiofy which is large mostly =k—k'=0Q.

for small momentum transfer, and no additional temperatureé \we now calculate the scattering rate for a quasiparticle
dependence, we can approximate the relaxation rate by th&or the FS as a function af and Ak. where Ak is the

;cattering rate, which, in the second-order Born approximagistance to a nearby hot spot along the FS. For the commen-
tion, reads surate case and a large FS the hot spots are usually distrib-

o uted along the FS in such a way that one can write, for

i:f K MK @ Kk—K'=Q that k—k'—Q)?~(Ak)%+(Ak')2 where Ak

i (2m= " andAk’ are the displacements &fandk’ from the nearby

) ) _ _ hot spots(see Fig. 1 (the adjoint hot spots correspond to
One can make a change of variables in the integral in&gq. Ak,Ak’ =0). This basically means that there is no strong
nesting atg~Q, and the FS and its shadow FS, obtained by

f 42k J' q ,f ds' translating the FS by, intercept at a high angl® ~ /2.

- € , (9) L
V]| Then one easily finds
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T A\ Jogt og(AK)?2  Vogt 7T+ wg(AK)?2)’

(17)
where we have assumed that the integration dierin Eq.
(16) can be extended to infinity. Equatioh?) can be rewrit-
ten as

1 ag?TVo, 1 1 I

o 4v:Qy
< ang?T? Vo,

1/1 (Arb. units)

(18

where
Q= Vol 1+ (£AK) N wsf 1+ (EAK) ]+ 7T

X {Vod 1+ (£AK)?]+ Voo 1+ (£Ak)?]+ 7T},
(19

Note that this result is easily generalized to arbitr@nyby
replacingAk with (AK)sin(Q).

Before proceeding with the transport coefficients it is in-
structive to calculate the scattering rates for different values
of Ak. Equation(19) suggests that there are primarily two

1/t (Arb. units)

regions of interest: We call a region of momektaot if - -
0
0 1 2 3 4 5
Ak=1/¢, (20 T (100K)
and we call a region cold if
Ak=1/¢. (21) FIG. 2. Scattering rates, in arbitrary units, as a functiof ah

the mean-fieldz=2 regime, for several values afk, the displace-
Clearly the relaxation times in these two regions are differment of the wave vectdk from a hot spot. In both plots we have

ent. In the hot region one has assumedvg=0.2T, wo=600 K. The curves correspond (tp to
bottom) Ak=0, 0.1, 0.25, 0.5, 1, and 2. Paria) shows the case of

Q= \/w_sf\/wspL T ( \/w_Ser Vogt+ 7T). (22 a quitelarge FS, Akn.=2, and panelb) that of a typical small

The fits to NMR experiments of Barzykin and Pifféshow 0Ne, Akma=0-5.

that in all HTS’s one can assume for practically all temperathe temperature dependence«a$ and w,. In thez=2 MF

tures of interest that, to a good approximation, regime wy= wy&2= const andwy=A+ BT, and therefore it
- 23 is easy to verify{see Eq(19)] that the behavior of the scat-
OsfST L (23 tering rate for anyAk can be obtained from th&k=0 case

by replacingA in wg with A+ wo(AK)2. In other words,
every point on the FS has a similar shape aof, 1/the hot
1 ag®T¢ region is enlarged with increasing temperature, as can be
(24) verified from Eq.(21).
) o ) ] In thez=1 PS regime the situation is somewhat different,
On the other hand, in the limg>1, in the cold region one yue to the temperature dependencewgf wo~ 1/T. First,
has from Eq. (24) it is clear that the scattering rate due to spin-
fluctuation scattering is roughly temperature independent in
Q= Voo AK)*V 7T + wo(Ak)? the hot region. The scattering rate in E@6), valid for

X[ Vwo(AK)Z+ 7T+ wo(AK)2]. (25  éAk<y7T/ws;, is applicable in this case as well. Finally, far

away from hot spots, Eq27), the scattering rate is propor-

Here we distinguish two different cases, depending on thgonal to T3. Note that the conditiomy(Ak)?> 7T is satis-
value ofAk, yielding fied for significant portions of the FS at very low tempera-
tures. The scattering rates as functions of temperature for
several different values dfk, in the MF and PS regimes, are

and hence in the hot region we have

Tk 4y =

1 ag’T

— s 2
T 4ve(AK)’ T wo(AK)% 29 given in Figs. 2a) and 3a).
In the PG case the situation is even more complicated and
1 amg®T? 2 somewhat unclear, due to the FS evolution mentioned in Sec.
7 8ui(AK) 3w’ mT<wo(AK) @7 |1, Here Ak does not correspond to a fixed point on the FS,

since the FS itself migrates with decreasing temperature.

Obviously, the scattering rates depend on the particulaNevertheless, provided that the FS is still relatively large, the
temperature regime for the magnetic fluctuations, througlscattering rates are nominally the same as in the PS case,
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The low-field longitudinal and Hall conductivities are cal-

14:' A N LI culated according to
12f —_—
~ i @ — E ) , [0
"2 10F, / - Oy= —2€ E (Vi m)“ 7y (?_ ) (29)
.: L — - : k €
= 84 e ]
"d E / 7 d _,—'_: 3 afo
2 6f / Ve P 7 axy=—2e2 (vk«ner)vka'V(vKnrk)(a—),
~ i Ve .- 1 k €
Sy T i >
/ e -]
2t s LT - - g wheren andn;, are unity vectors perpendicular to the ap-
(| P S R S L L i plied electrical fieldE andB is the applied transverse mag-
1 4 [ e e netic field.
r ] We start with the resistivity. At relatively low tempera-
. 12F (b) ] turesT<Eg, whereEg is the Fermi energy, one can perform
Z 10F 1 the change of variable®) and integrate ovee. Assuming
g 5 that the FS is fourfold symmetrigetragonal symmetyy the
g 8r conductivity is given by
< 6 / -7 ] 2
~— - ] e
4 =——| dk . 30
£ o4 / Pl [UUSSSLILE : Txx 4772st TVt (30
4 - h
2 i PP e — =] Assuming that the Fermi velocity does not vary appreciably
A T e around the FS, we find that the conductivity is roughly pro-
0 1 2 3 5 portional to the average of the scattering tiifi®) around
T (100K) ‘ the FS. From Eq18) it is clear that the main contribution to

the conductivity comes from the cold regions of the FS
FIG. 3. Scattering rates, in arbitrary units, as a functiomahi ~ Wherery is the largest, while the hot spotAk~0) contrib-
the pseudoscaling=1 regime, for several values dfk, the dis-  Ute relatively little. On averaging E419) we obtain, at low
placement of the wave vectérfrom a hot spot. In both plots we temperatures, a simple analytic result
have assumedy=0.2T, wy=1000 K/T and the curves correspond

to (top to bottom Ak=0, 0.1, 0.25, 0.5, 1, and 2. Par(@) shows _ agzv-r T2 1
the case of darge FS, Ak,,= 2, and panelb) that of a small one, Pxx™~ ve To+T (Akmax)z (31)
AKpax=0.5.

up to the logarithmic corrections of order d/=T). Here

. . . T, is a crossover temperature given b
since w0=wsf§§~1fr, where £.~const is the correlation 0 P g y

length atT. and wg~ 1/T. However, the scattering rate at a To~ wo( AKra) 227 = (£AK ) 20 27, (32)
particular point in the Brillouin zone is nontrivial and we do
not present it here. whereAk . is the distance between a cold spdéfined as

So far we have neglected the fact that in deriving @)  those points on the FS which are maximally distant from a
the integral oveAk’ was performed from € %,). Thisis  hot spo} and the nearest hot spot. As is evident from Eq.
quite reasonable provided that the system is far from the P@32), T, depends on both the underlying spin dynamics,
regime. However, as mentioned in Sec. Il, as the temperatuf@rough & and wg;, and on the quasiparticle band structure.
is lowered towardT, the quasiparticle spectral weight is As may be seen in Fig. 1, the size of thé,,, is related to
removed from the hot spots due to strong spin-fermion verthe departure of the FS from the magnetic Brillouin zone
tex corrections and af~T, the system actually starts to boundary. For this FS and any large FS, such as is found by
lose parts of the FS. Hence, one must assume a finite limit ARPES measurements for YB@u;O; and related com-
integration overAk’, yielding a somewhat more cumber- pounds,AKm,~1. On the other hand, for a small doping
some form of Eq(17) which we do not quote here. How- level or in the presence of substantive incommensuration
ever, it is straightforward to show that although this does notwhich increases the number of hot spots and acts to reduce
affect the cold regions very much, the scattering rate in théignificantly the distance between hot and cold spaise
hot region is considerably modified, as shown in Fige) 2 finds Akq,,=<0.3.
and 3b). Although somewhat surprising, this result is natural  The energy scal&, is a central quantity in our theory of
in view of the FS modulation: The hot spots migrate with charge dynamics. AbovE,, it is independent of temperature,
decreasing temperature and the effective size of the FS ighile belowT, it depends on temperature through the varia-
reduced, thereby reducing the scattering of quasiparticles ition of bothw andé, as well as temperature dependence of
the magnetic channel. More importantly, since the FS isAk,,.. Numerically, it can be as low as 1 meV in under-
small—i.e., Ak« is very small—the scattering is anomalous doped materials, for whichA K, is very small, so that for
around most of the FS, as can easily be verified from Eqgsuch systems a linear-ifi-resistivity can persist down to
(19). We return to this point shortly. very low temperatures. On the other haifig,can be as high
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fluctuation damping® As a result, the FS appears to get
closer to the magnetic Brillouin zone boundary—i.e., the ef-
fective size of the FS decreases—with decreasing tempera-
ture. Hence when calculating transport coefficients one
should assume thatk,,,, acquires a temperature depen-
dence, the precise form of which is not well known at
present. BelowT, one finds thatw, retains its 1T overall
temperature dependence although it changes its séope:
comes constant, while increases a3 ~1. Whether one
gets a crossover &k, in the PG regime will then depend
sensitively on the interplay betweerk,,(T) andw(T). If
a crossover tg,, T2/ T, occurs, the resistivity will then
decrease faster thalf, due to the temperature dependence
of To.

FIG. 4. The FS as a function of Coupling Constgﬁn a NAFL. Let us examine the crossover in the V|C|n|ty-hf in more
The figure shows only one quarter of the Brillouin zone. The curvegjetail. The above-mentioned ES evolution usually closes
are obtgined using the same formalism and the same values of Sp&hannels for scattering as the temperature is lowered below
flugtuatlon and banq parameters as |n.Ref. 35. The dash-dotteq-, . New hot spots are developed and a smaller portion of
solid, and dashed lines correspond to increasing valueg @fs o "coic noueold At the same timesg is strongly tempera-
shown in Ref. 29, these curves also correspond to high, |ntermed1[-ure dependent in both PS and PGO regimes. Assuming that

ate, and low temperatures, respectively. Note that the effect of th L :
interaction is to move the FS towards the magnetic Brillouin zone_?>T°(T) aboveT, the reduction in size of the cold region

boundary(here depicted by the dotted lineHence the interaction implies that a Ia(ge part of the FS has a scattering ra’ge such
effectively reducesk, . as those shown in Fig. 3 for small valuesA, where 1f is

roughly independent of . At a certain temperaturg,, the
as 50 meV in the overdoped materials with large FS’s, yield+S is effectively so small that the quasiparticles around most
ing a FL-like resistivity up to relatively high temperatures. of the FS exhibit precisely thegalmost constant ifT) scat-

It is evident from Eq.(31) that in the absence of any tering rates; the resistivity thus acquires a finite negative cur-
evolution of the Fermi surface with temperatupe, will be  vature, i.e.,d?p,,/dT><0. A signature of this should be
linear in temperature as long @ss appreciably greater than seen in theT variation of the scattering rate at a hot spot
To. As noted above, in the MF regime&g, is independent of Ak~0. In the next section we shall see that this is indeed the
temperature, while in the PS regime it increases agase. Itis important to realize that this can occur only when
&(~1M) as T decreases. 1Ak, and &(T,) are small  wq is strongly temperature dependent; hefiGe is never
enough, therTy<T, , and the resistivity will be linear-in- larger thanT,,, where wy=const, although in principle it
T down toT, . The exact condition for this extended linear can be comparable 6. A rapid temperature dependence
in T behavior readsAkma) 24(T, )<(T,/c), wherec isthe ~ Of w, eventually leads to a Fermi-liquid-like behavior at
pseudoscaling spin velocitywgé. Under these circum- T<T, , regardless of the precise size of the FS. Note that
stances, any change m, at T, will be marginal, since it perturbation theory is only marginally applicable in the PG
can only arise from changes in thet region contribution to  regime, since one must include the strong vertex corrections
pxx- The linearity inT continues abovd@,, until T~wy, an  at or near hot spots, although the fact that the conductivity is
experimentally almost unreachable temperature. Moreovegdominated by regions away from hot spots, where the above
we have assumed that the only relevant scattering is in theorrections are not as pronounced, allows us to make this
magnetic channel. Strictly speaking, in addition to the conqualitative argument. We note that the present theory is
tribution proportional toy defined above one must add the somewhat equivalent to the work of Levin and Quader,
FL contribution yg , present in all FL's, to the effective although in their case the scattering channels which open up
interactionV. The latter is likely to dominate at these tem- at T, are attributed to the multiband structure in bilayer cu-
peratures. Without this term af>w, one then has,, prates and the proximity of one of the bands to the Fermi
« T2, providedwg<T. On the other hand, from Eq19) it  level.

is readily shown that ifog~const, thenp,,=T?. We shall Overdoped materials exhibit onlg=2 scaling and in
return to this point when discussing overdoped samples. generalwg and £ show very littleT dependence. Quite gen-
What happens al, ? As mentioned in Sec. I, in the erally in overdoped samplesiy=A+BT displays a much

vicinity of T, the quasiparticle band structure begins to acJarger value ofA, associated with the strong fermionic damp-
quire a considerable temperature dependence, implying a ABg of the spin fluctuations, found at high doping levels.
evolution as well. Recently, Chubukov, Morr, and Hence, even at a hot spahk=0) the scattering rate 4/ is
Shakhnovicf® studied the FS evolution as a function of the only weakly anomalous, i.e., 4/~ T or evenT?2. Therefore
coupling strengtly at T=0 and found that with increasing in the overdoped samples one encounters a crossover from
spin-fermion interaction the FS acquires features of a prequadratic-inT behavior of the resistivity to linear-if- be-
formed spin-density-wave state, as depicted in Fig. 4. Alterhavior aboveT, even though the amount of the anomaly in
natively one can shof¥ that a similar evolution occurs at the hot regions is weak. However, there are extreme cases,
fixed g, but as a function of temperature, associated with asuch as the overdoped samples of 2%4:0.25), where the
relatively strong temperature dependence of the spinanomalous behavior is so weak that the resistivity is never
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TABLE II. The transport coefficients in various temperature re-many systems away from the PG regime one finds

gimes. cot®,~T?, due to the relatively large value of the second
crossover temperaturg,.

Txy Pxx Pxy coy Our discussion of the resistivity in underdoped cuprates is
T<T, To/T 2T, const  TT, ﬁasny extended to,,: In the MF regimeT, is constant and
To<T<2mT, To/T3 T /T TAT, ence

2
T>27T, 1T T const T nyNT—sy (359
cot®,~T?, (35b)

linear inT. Moreover, in overdoped materials both the large
values ofwg and the small values @f imply that the anisot- o~ 1T (350

ropy of scattering rates in overdoped materials is seriously i '

reduced [see Eg. (19)], producing only a weakly for temperatures well belowwg(Akma)?. At somewhat
temperature-dependent Hall coefficient. higher temperatures the second crossoveroiy is ap-

We now turn to the Hall effect. Here the situation is, in proached so that both,, and co®, deviate from this be-
principle, a lot trickier, since the Hall coefficient is a non- havior. In the PS regimerxyocTolT3, decreases faster than
trivial function of temperature, due to the strong anisotropyl/T 3, since T, decreases with temperature. AS ap-
of the mean free path;= v, as readily observed from the proachesT one findScrxy~T‘3 even in this regime. Note
definition of o, [Eq. (29)]. However, in practice complica- that in this case the Hall coefficient varies faster thah. 1/
tions occur only if” has a very peculiar periodicity &sgoes  Finally, due to the variation of 4, the second crossover can
around the FS. For the FS’s seen in ARPES measuremernit® approached, in which capg, becomes only weakly tem-
on a number of samples near optimal doping one can safelgerature dependent. We emphasize once more that in both
assume MF and PS regimes the results depend a great deal on details

of the band structure. Moreover, the presence of impurities
e’B ’ makes a nontrivial effect on all of the quantities of interest.
nyzmﬁsdk/ ) (33 As before the PG regime is even more complex due to the
very rapidly varyingwy and the FS evolution, which alters

where we have performed an integration ogén Eq. (29) in AKpmax- Although it is not clear what the temperature depen-
the usual manner. Again, assuming thatdoes not vary dence ofTy is in this case, due to the fact that at present one
appreciably around the FS, one concludes thatis roughly does not know the temperature variation of the band struc-
proportional to the average of . Clearly, the leading con- ture in detail, we can still make certain arguments. Near
tribution to this quantity comes from the regions of the FS+ the value ofT, changes rapidly and one can easily switch
where Ak~ Ak, (cold regiong; the hot regions contribute between Se"e“'?" regimes, due to the sensitivity of the Hall
very little. On averaging-2 over Ak [Eq. (19)], we make the effect to the variation in the band structure. For example, one
same approximations askbefore i@<7T a,ndAk§>1 in can jymp from the 'firs(I'ow-T) regime t0 the third, without
the cold regions of interest Thé re;ult foy, is again cum- noticing a substantial difference in, e.g., the Hall coefficient,
: y

bersome. but can be simplified by expandima T in T since in both cases the quantity is roughly constant, while
leading t(,) a relatively simgle forml)J/Ia P & " oy and oy, both experience nontrivial changes. Finally, at

very low temperatures one fings, approximately constant

&Bv? (Ak )3 and co®,, varying faster thari?.

Ty~ s 4f . ﬂf (3TS+6T0T+TZ/\/§), (34) The NAFL model suggests a very complex morphology
Yo defgtmt T of the transport coefficients in HTS'’s. We explore the extent

: , . , ) , to which this morphology is experimentally supported in the
whereT) is defined in Eq(32). Equation(34) is valid over oyt section.

an extended temperature range. Clearly, through the varia-
tions in Ty andAk,,,y. it leads to a rather complex morphol-
ogy of the Hall effect.

Our result, Eq(34), suggests that there are three tempera- In this section we review briefly the in-plane normal state
ture regimes for the Hall effect in NAFL's: In the low- transport properties of the cuprate superconductors, with par-
temperature regimexyochlT4 and in the high-temperature ticular attention to the extent to which the doping and tem-
regime ng‘x 1/T2, while at the intermediate temperatures perature dependence of the planar resistipityand the Hall
o> To/T. The exact values of the crossover temperaturesonductivity o, reflect the magnetic crossovers discussed in
depend greatly on the details of the band structure. In wha$ec. Il and the perturbation theoretic estimates of scattering
follows we shall assume, for the purpose of simplicity, thatrates given in Sec. Ill. We then use a phenomenological
the crossover between the low- and intermediate-temperaturaodel which incorporates the expected highly anisotropic
regimes occurs at, and that the crossover between inter- quasiparticle mean free path to deduce from experiments the
mediate and high temperatures occurs affg, whereT, detailed behavior of the quasiparticle scattering rates in both
given by Eq.(32), is the crossover temperature observed inthe hot and cold regions of the Fermi surface. We focus on
the resistivity; the estimate of other quantities, such as théhe results obtained for the bilayer 123 systéofi which
Hall coefficient, is then rather convenient. Our results for theYBa,Cu,0Og5, whose behavior corresponds closely to that
transport coefficients are given in Table Il. Note that forfound in YBa,CuzOgeg, is an “honorary” membey, the

IV. ANALYSIS OF TRANSPORT MEASUREMENTS



55

THEORY OF THE LONGITUDINAL AND HALL ... 8585

single-layer Lg_,Sr,CuQ, (214) system, and, as represen- 19
tative of overdoped materials, the 15-K single-layer Tl 2201 AR . @ ]
A a) -

LA B B B B

T
>

material.
It is often stated that optimally doped materials, such as F fay
Laj ggSrg 1:Cu0, and YB&Cuz04 93, POSSESS a resistivity
which is linear inT over a wide temperature region which
extends down td.. However, close examination of single- T
crystal data shows that dsapproached, , departures from
linearity occur in these materials, departures which are in
fact characteristic of all underdoped materials, but which be-
come more pronounced as one reduces the doping level be-
low the optimum level. Quite generally,, in underdoped
cuprates exhibits a drofbelow linear behavigrat a tem-
perature, T}, , which for many systems is not far from the
temperaturd, at which the low-frequency magnetic behav-
ior crosses over from the PS to the PG regime. On the other
hand, in overdoped materialg,, displays an upturrifrom
linear behavior with decreasingl, an upturn which we at-
tribute to the comparatively weak anomalous scattering in
the vicinity of the hot spots we have discussed in Sec. Ill.
Thus one encounters qualitatively different departures from
linearity, depending on whether one is describing a system
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which is overdoped or underdopéasing the magnetic clas-
sification proposed by Barzykin and PineSome of the ex-
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perimental results which have led us to this conclusion are
given in Fig. 5. We note that the transport results presented
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in Fig. 5@ provide additional support for the assignment,
based on analysis of NMR datd,of “optimally doped” FIG. 5. The measured resistivity as a function of temperature,
YBa,Cu30¢.9, material to the underdoped sector. showing the deviation from linearity il in underdoped, over-
To what extent does the crossoveigtcorrespond to the doped, and optimally doped cuprates. Pa@glshows the results
magnetic crossover &, ? As may be seen in Fig.(& and from Refs. 44, 45, and 46, obtained {top to bottom 15-K Tl
Fig. 6, for YBa,Cuz0O; and YBaCu3Ogg3and 124, within - 2201, YBaCuzO,, and YB&CuzO0663 compounds. The dashed
the present experimental uncertainties, the two crossovdine is a guide to the eye and the arrow marks the crossover from
temperatures agree. However, the perturbation theory analyseudoscaling to pseudogap behavioT atin the underdoped and
sis of Sec. Il suggests that this need not be the case ifPtimally doped materials. Pangl) shows Lg_,Sr,Cu0O, at three
general, since if the FS is sufficiently far from the magneticdoping levelstop to bottom x=0.22, 0.15, and 0.1(Ref. 36. The
Brillouin zone boundaryT", can be considerably higher than 9Uantity plotted if p,,(T) = pol/aT, wherep, and « are obtained
T, ; this appears to be the case for the underdoped membe% fitting the highT, linear part of the resistivity.
of the 214 family[see Fig. ®) for La; ¢Sry;CuO, and
Table 1. On the other hand, to our knowledge there are noover; i.e., T, has not been observed. Moreover, in some
samples for whichT’, is appreciably lower thaif, . overdoped materials, such as1gSr,CuO, at the doping
We have called attention, in Sec. Ill, to the possibility of level x=0.3, the resistivity is never linear iT; i.e.,
a crossover to almost Fermi-liquid-like behavior fog,.  p~T%? over the entirel range®®
This occurs whem <Ty(T) [see Eq(32)]. This crossover is The morphology of the resistivity is still more complex in
found in most, if not all, underdoped materials, at sufficientlymaterials with CuO chains. As may be seen in Fig. 8, where
low temperatures, wherg,, displays a finite positive curva- we show howp,, and p;, deviate from linearity in the 124
ture above linearityp,,= py(0)+ BT®, with b larger than 1.  compound, chains lead to both a different magnitude and a
Indeed, as may be seen in Fig. 7, reasonable fits to the datifferent temperature dependence fgr, and py;, (see Ref.
may be obtained withh~2. Note that herep,,(0) is the 37). Qualitatively similar results are found for optimally
actual residual resistivity, due presumably to disorder in aloped 1238 although the level of-b plane anisotropy is
sample. considerably less prominent. On comparing Figs. 5 and 8 it
In the overdoped materials one also observes a crossoveray be seen that the temperature dependence,ofand
from p=p,(0)+ BT? to linear-inT behavior at higher tem- py,;, in 124 resembles that found in the underdoped and over-
peratures, as already illustrated by the Tl 2201 result in Figdoped cuprates, respectively. A detailed explanation of this
5(a). We emphasize once again that the physics of this crosatnique behavior in terms of NAFL theory is given in Sec. V.
over is different than in underdoped materials, as it arises We consider next the Hall effect in a transverse magnetic
from the fact that the anomaly of scattering at hot spots idield. In ordinary FL’s one finds a Hall conductivity which is
rather weak in these compounds, rather than in th@&oughly proportional to the square of the longitudinal con-
pseudogap effects found in the underdoped cuprates. It @uctivity (o,~ o40yy), @and as a consequence the Hall re-
important to notice, however, that there is no second crosssistivity p,,= oy /(0xTyy— TyyTyx) =~ 0yl TyTyy IS Only
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FIG. 6. The resistivityp,,, for current running along the FIG. 8. The reduced resistivity[p.a(T)—pol/aT in

crystallographic axis, as a function 8f in YBa,Cu,0g material  yBa,Cu,04 (Ref. 37 a and p, are determined as in Fig. 5. The
(Ref. 37. The quantity plotted i$paa(T) —~ ppsl/apsT, Wherepps  pottom (top) set of data Showp,a, (ppp), Wherepa, (ppy) is ob-
and aps are obtained by fittingps+ apsT in the PS temperature  ajined with current running alore (b) crystallographic directions.
regime (200 K<T<500 K; see Table)l The arrows mark the |nset: p,. and py, in YBa,Cu,Og material. Note that, at higher
crossovers al, andT., and the dashed line is guide to the eye. T, Paa~3Pob-

Note thatp,, retains its linearity inT aboveT . and that the change
in slope atT, is so minor that it is dificult to detect with the naked

eye derlying physical origin of the measured anomalous Hall ef-

fect behavior.

weakly temperature dependent. However, this is not the case Since pyy typically vanesilzmlearly withT fo.r T>To, oy

in HTS's®® where typically the Hall resistivity decreases MYSt decrease faster thahn = in order to bring about the
sharply with increasing temperature. As discussed in the Int_empe_rature-dependent beha_vlor_Fm‘. Examination of the .
troduction, it has been suggestéd the context of the reso- experimental data presented in Figs. 9 and 10 shows that this

nating valence bon@RVB) ground statgthat the scattering s indeefirfgefcaie T}t hri]ghltgzr)’n perdattzjiis, Wheyas s|_e|en fo
processes which involvg,, andp,, are intrinsically differ- vary as or both the 123 an systems. However,
ent, and that the cotangent of the Hall angle experiment also shows deviations from this high-temperature

cot®,=p,,/pyy, is universal and proportional ¥ (Ref. 10. behavior in many systems. From E@®@4) it is clear that if

Much of the experimentally available data focus on the Haquejs |_t|emperatL1_re ri]ndi%ende.ntxy ihoyld ind(;,-]ed vary as
coefficient Ry=p,,/B, where B is the applied magnetic - However, in the regime this Is not the case, since

field, although the above proposal has led a number of aulo™ /T and hence the result in Fig. 9 is to some extent in

thors to plot coB,,. However, we find that an examination of contradiction with our result. However, the ins%t4of Fig. 9
the behavior ofo,(T), a quantity more directly related to shows clearly that, in YBgCu3Og.63, 0xy ObeysT ™ quite
theoretical calculations, provides more insight into the un-
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FIG. 9. The inverse Hall conductivity as a function of tempera-
FIG. 7. p4(T) in underdoped cuprates at low temperatures. Theture in 123 and YBgaCu,Og compounds. The data correspond to
three sets of data are shifted by 1 for clarity and corresporitbpp  the measured results obtained {op to bottom YBa,Cu,Og,
to bottom) YBa,Cu;Oges, YBa,Cu,Og, and La ¢SrgCuO, YBa,Cuz0¢ 43, and YBaCu;0; (Refs. 37, 45, and 46Note that
(Refs. 36, 37, and 46 The dashed lines are guides to the eye. Theat sufficiently high temperature all curves satisfy quite well.
quantity plotted i p,(T) — px(0)1/ BT2, wherep,,(0) andg are Inset: the result for YBaCu3Og 63, Showing thatzrxyocT’4 at low
obtained by fittingp,,= py«(0)+ BT? at low T. T.



55 THEORY OF THE LONGITUDINAL AND HALL ... 8587

1 l 1 1 |1+acoq46)
: 4 A0 7l 1ta | (39
L XXX g “ hot
~ R x X —
g 081 XXXXXX ) ; where the anisotropy parametarvaries between 0 and 1
a L 2000 - (a=1 for a highly anisotropic scattering rate aae-0 for
= 06 2 ] weak anisotropy and /o, is the MFP at a hot spot on the
S [ M 1 FS. Note that, in general, both and /,; are functions of
~ 04 N T temperature.  For  simplicity we shall assume
o I ' ] a=(1-nr)/(1+r), where r=/1ol/ coi=7(0)I/(ml4).
= 02 5 This particular choice may not be the most suitable for an
effective interaction which is sharply peaked@t since for
. long correlation lengths, as one moves away from a hot spot,

1/ decays faster witl# than is assumed here. However, if
the effective interaction(l) has incommensurate peaks in
momentum space, then the anomalously scatténet] re-

FIG. 10. The inverse Hall conductivity for the 214 compound. gions are large, ¥/ is a slower function o), and Eq.(36) is
The data are taken from Ref. 36 and correspond to doping levelguite reasonable approximation. Therefore, one should con-
(top to the bottomx=0.10, 0.15, and 0.22. The curves show large sider /', and/ .4 here in a broader sense, recognizing that
positive intercepts, suggesting a considerable amount of disorderder certain circumstances it may not be possible to identify
and/or a smaller FS in this system. them with the results quoted in the previous section.
Starting from the expression&8) and (29) for o, and

well up to temperature§~ 200 K, where the first deviations xy» &t T<t one can perform a change of variables and
from T~ behavior occur. In fact, only well above this tem- INtégrate overe. The result foroyy is

perature does,, become proportional td 3, in agreement 2k

with our predictions. One can observe similar deviations at Uxx:ﬁf d6/cosé, (37
other doping levels in this system. Note also tharT*?’ &

is obtained also well aboveT,, for T~ 1/T (see Table where/=7(6)k;/m(6) andé is the angle between the elec-
I1). We draw two important conclusions. First,, has a trical field andk(#). On using the parametrizatid86), we
crossover fromT~# to T~2 behavior, the details of which find

depend not only on whether one is abdvg but also on the

temperature regimes considered. Second, and more impor- NEThor_Ne€  Teoa\" (39
tantly, the “disagreement” in the experimental data in Fig. 9 mhot\/_ Meold

and its inset shows clearly that one should not use simple-
minded power law fits, as is often done in the literature, bu
more complex formulas like Eq34), which include all nec-
essary crossovers. In addition, we note that one must be very e3B d

careful when fitting to the Hall effect data, since impurities axyz(ﬁ) f da/’cosﬂ(@/sina), (39
play an important role, and their presence can lead to large

positive intercepts of ,, as a function off®, such as that which leads to

seen in Fig. 10. Moreover, as mentioned above, the chain

heren=k?/27r. In similar fashion the Hall conductivity is
ound to be

3

contribution in various materials is nontrivial and may ob- R e’B /2 1+r —o..eB/, 1+r (40)
. . . Xy 2 /hot2r§72 XX “ hot or

scure a crossover in the in-plane Hall effect. Finally, we ™

remind the reader that E34) is obtained in the limit g ati0ns(38) and (40) may be combined to yield simple
wx<T. This limit is not well satisfied in highly overdoped expressions for the Hall coefficient and Hall angle:
materials where a somewhat different sequence of crossovers

may occur. oy 1 1+r
Further insight into the role played by anisotropic quasi- Ry~ ’;3— (41
particle scattering may be obtained using a phenomenologi- "XX en 2\/—

cal model for the variation in the mean free path as one goegnq
around the FS. For simplicity, we consider a representative
FS and anisotropic quasiparticle behavior which exhibits a Txx Mot 2r
fourfold symmetry. We assume a cylindrical FS with ap- COWn= == By 141" (42)

. . . . . Xy hot
proximately constank;, but with an anisotropic effective
massm, . We parametrize the mean free pgiiFP) by as- Note that the above expressions depend only on the two
suming that there are hot regions on the FS at 90° wittiemperature-dependent parameterand /. These two
respect to each other, and choose as a representative FS tHggntities can be directly probed by measurmg the Hall co-
depicted in Fig. 1. In the extended zone scheme this FS igfficient(41) and the resistivity,~ o, , sinceRy depends
approximately a large distorted circle, centered aroundnly onr and the producp,,Ry yields /-
(7r,7), with hot spots neak= *(,0) and k= =(0,m7). In the case of high anisotropy, i.€s<1, the above quan-
Then the MFP around the FS is given by tities take an especially simple form
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1 Teold! Meold

1/t (Arb. units)

Ri=2ne N ool Mot 49 sE ;
0(; 50 ) 100 150 200 250 3;)0
cotg, = T (46) T (K)
where w. is the cold cyclotron frequency.wc=eB/Mcq. FIG. 11. Thehot (top) and cold (bottom) scattering rates in

Our result, Eq.(46) for the Hall angle, provides a natural yg, cy.0, 4 in dimensionless units, obtained by fitting the re-
gxplanaﬂ_on of why the.superconductlng cuprates Wlth_a Vaits of Itoet al. (Ref. 46 for p,, andp,,, shown in the previous
“_et)_/ of dlffere_nt behaviors fop,,(T) often d|§p|ay aquite  figures, to the phenomenological formul@8) and (41) (see text
similar behavior of cad,,. Note that Eq.(43) is exact for  The rates closely resemble the calculated scattering rates shown in
anyr. It is clearly consistent with our conclusion in Sec. Ill Fig. 3. The arrow marks the crossoverTat.
that the linear-int resistivity in NAFL's is due to a fine
balance between cold and hot regions. In addition, with thgnat in underdoped materials, and used the measured values
hglp of Eq.(27) one easily verifies that E¢44) is consistent Ry. The results are similar to those found for
W'tg Egs.(3D) and|5(34)38 42) 1o ded o YBa,CuzOg¢s, although in the measured temperature re-
ne can use EqY38)-(42) to deduce the temperature gime (T<300 K) the scattering rate at the hot spot does not

dependence ofn/ 7)not and (M/7)coiq from the experimen- g it “saturate. However, we find that, & increases,
tally measuredb, r‘;"_ndpxy' ((‘j)nly one undeter:_m;]nt_ad param-- m7) ..q becomes approximately proportional T8 in this
eter enters |rt1)t0 t LS proge ure, namelyl,lw f'c in rs]omﬁ-_ ,material; on extrapolating this behavior afi(7)coq and the
cases can I'e' o gme _ exp.erlr;:.enta y rom tde o '9Nexperimentally obtained resistivity, we find the same behav-
temperature limit ofRy, since in this case—~1, and the " ot (/7). ~  albeit with a somewhat higher value of
Hall coefficient is temperature independent. The quantity.r ~250 K

_ . . L :
R.=Ry(T—~x=) is well defined for many overdoped Finally in Fig. 14 we show the scattering rates in the cold

materials®® but has been determined for only a few under- , _ ; .
doped materials. Whenever experimental data are not avai ind hot regions for YBgLu;O-: Here the scattering rate in

. ) X he hot region is once more seen to saturate, but at a much
able we make the best estimate Ry : For example, in the lower temperature corresponding T ~120—130 K. Both
214 family we extrapolat®,(T) to T=T and for the 124 P P 9 )

material we assum®,, comparable to the result found for this value and that found in 124 and YR&U;0.¢g are very

YBa,CusO, s (Ref. 39, which has comparable magnetic close toT, , found by Barzykin and Pines for these materials
2LU3V06 63 - 99, i i di ;
properties. However, it is important to stress that as long agsee Table )L Although it is not easy to verify directly in
one has the correct order of magnitude Ry, qualitatively

the results are virtually the same. ‘
1.2 e e e e

We proceed to extract quasiparticle scattering rates by 3]
fitting Egs. (38)—(41) to the transport measurements consid- r 50°
ered above. Figure 11 shows the scattering rates for 1 . o° B
YBa,CuOg g3 in the cold and hot regions of the R# the o8l Ooo _-
same dimensionless unit@as a function of temperature. 9 r Ooo ]
Clearly in the hot region the scattering rate is much larger; it PS 060 o0° ]
is approximately linear inT for T<T ~200 K, and be- - Oooo ]
comes weaklyl dependent at higher temperatures. As noted 0.4 % -
above, for this systemT,~T,. At the same time I M T ]

0.2f ]
(m/7)¢oiq barely reflects the crossover Bf as may be seen : T ]
in Fig. 12, although clearly both scattering rates are affected ol L T
as the system approaches the PG regime. Note that these o 1 2 8 4 3 6 7 8
scattering rates closely resemble those shown in Fig. 3. In T (10" K%)

particular, the crossover to a constant scattering rate of

(M/7)pgt is strikingly similar to the calculated one for kG, 12, The scattering rate in the cold regions of

Ak~0, shown in Fig. 3. YBa,Cu;0¢ g 0btained from experimental results of kb al. (Ref.
The results for the 124 compound are given in Fig. 13,46). Note that, to within an additive constant, this scattering rate is

where we have takep,,, which does not include chain the same as that found in our perturbation theoretic calculations.

contribution and exhibits an in-plane resistivity resemblingThe arrow marks the crossover B} , discussed in the text.
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FIG. 13. The hot(top) and cold(bottom scattering rates for ‘é r
YBa,Cu,Og obtained from the experimental results of Bucher ?0-06 - 5
et al. (Ref. 37). There scattering rates resemble closely those found o 1
in YBa,Cu;0445, as might be expected from the similarities in L0.04 L -
their magnetic behavior. The arrow marks the crossovér, at [ L ]
=0.02[ .
NMR experiments, because both, and T, are close tdl . i ]
for YBa,Cu304, this result provides a further indication of ol CEOOOGEaoR, ]

the presence of the PG phase even in optimally doped 123 0 50 100 T1(512) 200 250 300

materials.

A similar analysis can be performed in single-CuO-layer
materials: Two panels of Fig. 15 show the scattering rates at F|G. 15. The hottop) and cold(bottom scattering rates for two
doping levelsx=0.10,x=0.15 in 214 compound. Much like 214 compounds obtained from the experimental results of Hwang
YBa,Cu304 gg, ONe observes the saturation of the scatteringt al. (Ref. 3§. The top (bottom) panel shows the results for
rate in the hot region and it is only for a particular anisotropyx=0.10 (x=0.15) doping level. In the bottom panel the crossover
level that the resistivity in the optimally doped 214 materialtemperatureT,, is clearly observed in %, as expected in the
is approximately linear il below T', . In fact, as pointed NAFL model.

out in Ref. 36, a crossover in resistivity exists even in this . . i
material, but is so minor that one usually assumes phat _ Finally we consider the oyerdoped single-layer materials:
«T at all temperatures. As mentioned before, in the 2147igure 16 shows the scattering rates for the overdoped 15-K
family T'. is considerably larger tha, . Tl 2201 compound. First, one immediately notices that the

* anisotropy of scattering is not nearly as pronounced as in

previous graphs. Note that in this cd@gis very well known

25 e and thus one can consider this reduced anisotropy in scatter-
i ] ing rates quantitatively as well. We remark that both scatter-
~ 20F M ]
2z i ]
=) [ ] A200:— g ﬂ
£ 10l T, T, ] 8 :
~ r ] = i
e | 5 150 3
— 5 - I ..O
: M §100— E
Lo | MR S S S

ob.. . B
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T (K)
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FIG. 14. The hot(top) and cold (bottom scattering rates for 250 300
YBa,Cu3;0- obtained from the experimental results of Riteal.
(Ref. 45. Note that 1#,,; shows a crossover from thek= 0 result
in Fig. 3 to the same result in Fig. 2, which should occur near FIG. 16. The hottop) and cold(bottonm) scattering rates for a
T, marked in the figure by an arrow.7}{; weakly increases with  15-K 2201 TI compound obtained from the experimental results of
temperature fol <T, (see Fig. 2 T, is the crossover temperature Mackenzieet al. (Ref. 44. Note that the anisotropy of scattering is
equivalent to those shown in Figs. 11 and 13. Note that,d/is considerably reduced in overdoped materials, due to the smaller
approximately quadratic in temperature, in agreement with our pereorrelation length and the strong fermionic damping, manifested in
turbation theory calculations. a larger value ofv; (see text
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ing rates have nearly as stroiigdependence as in the pre- 05
vious cases, over the entiferange. Moreover, the scattering - oA '
rates shown here again closely resemble the calculated result 04F B« {012
for larger Ak in Fig. 2. - F P, >~ ‘006;5 E
E o3l | Tmeammadoos D ]
V. NUMERICAL RESULTS o] FoE Jo04 8
[ F 10.02
In the previous sections we have established the relation- g/x 0.2 [ 156200250 300 350 400 ©
ship between the crossovers in the magnetic spectrum of cu- % TX)
prates and their transport properties analytically. However, it 010 b
is unclear whether such an analysis, based on back-of-the- 1
envelope calculations, can account for the experimental re- T T T T P T T
sults quantitatively. In this section we present our numerical 0 50 100 150 200 250 300 350 400
results for the transport coefficients in NAFL's: We show T (K)

that for spin-fluctuation and band parameters chosen from
NMR, INS, and ARPES measurements, the NAFL model
indeed reproduces experimentally obtained results. We com- FIG. 17. A comparison of our calculated result fgg(T) with
pare our results to experiments performed on several conib® experimental result of Carringte al. (Ref. 20. The coupling
pounds of interest, examine the sensitivity of our results tgonstantg~0.48 eV has been adjusted to yield the best fit. Note
the input parameters of the theory, and address several inflat in this caseT,, Eq. (32), is of order 20 K and hence one
portant questions regarding realistic materials, including th@PServes a very small negative intercept of the resistivit?0
stronga-b plane anisotropy observed in a number of biIayer"."Q cm, as seen in e.xperlment.. Inset:.the Hall re5|st|V|ty as a func-
compounds. tion of temperature in comparison with experiment for the same
The method used to obtain the results presented here h& stem.
already been discussed elsewRemnd hence we only re-
view it briefly. We study the transport in NAFL'’s by solving
the Boltzmann equatioiiBE) numerically. We obtain the
displacement of the quasiparticiéermionic) distribution
function

creasing temperature, it displayed a far weaker temperature
dependence than that seen experimentally. Our results thus
resembled those found for overdoped cuprates, rather than an
optimally doped sample.

On the basis of the analysis presented in Sec. Ill, we can
of (k)) identify several potential causes for these discrepancies.

fo(k)— f(k)=¢>k( (47)  First, the actual value aby= wspE? in optimally doped 123

J€ is <60 meV rather than the larger value,=76 meV,
as a function of momentut, temperature, and frequency on adopted in these calculations. Second, the spin fluctuation
a fine mesh of points in the Brillouin zone, using a standarcsPectrum was assumed to possess a commensurate peak,
relaxation method. The transport coefficients are then obfather than the four incommensurate peaks which a recent

tained from analysis of NMR and INS results suggests might provide a
better fit to experiments on the systéfiThird, the doping
_ dfg level was taken to ba~0.25%, while the local density ap-
J=e§k) ¢ka<a—E), (48 proximation(LDA) calculations of bonding and antibonding

in bilayer materials discussed below suggest a considerably

wherev= V¢, . We assume that the interaction present in thdower doping level might be more appropriate. Each of these
collision integral in the BE is given by Eql). The numeri- effects acts to bring about either a lower valueTgf an
cal method can be described as follows: We start from ancrease in the linear-ifi-regime ofp,,, and/or an increased
reasonable choice @b, , which we then use to calculate the temperature dependence Rf,. To explore their combined
collision integral, which in turn provides for a new value of influence, we carry out a numerical solution of the BE for a
®,. The iteration procedure is stopped when the differenceepresentative “standard” 123 material for whick=20%,
between two subsequent valuesipf is smaller than a given wo=60 meV, andws(K)=60+0.6T (K); the band spec-
tolerance. trum was assumed to ke=0.2 eV, t'=—0.3%, which is

In our earlier numerical work®3! we demonstrated the slightly different from the unrenormalized LDA spectrifh,
viability of a NAFL description of transport in the cuprates. while the incommensurate peaks in the spin spectrum are
By using spin-fluctuation spectra seen in NMR experimentsassumed to lie along the diagonals, &®;=Q
we were able to obtain both qualitative and quantitative+ (0.1, +0.17), as proposed by Zhet al*?
agreement with the analysis presented in Sec. Ill and Sec. In Fig. 17 we compare our calculated resistivity as a func-
IV. However, for the band parameters, doping level, andion of temperature with the experimental results obtained
spin-fluctuation spectrum we assumed that, for optimallyfor optimally doped YBaCu;O-. The coupling constary,
doped YBgCu30+, the crossover temperatufg was high  which sets the scale for the magnitude of the resistivity, has
compared to that seen experimentally, whilg, exhibited been adjusted tg=0.48 eV, in order to obtain the best fit.
FL behavior up to temperatures200 K. Becausély was  Clearly, the calculated result agrees very well with the data
large, on extrapolating our linear-i+esults forp,, to zero  down to temperatures only slightly abo¥e. Note that the
temperature, we found a large negative intercept. Moreovegxtrapolated value op,, at T=0 is now quite small, as is
although the calculated Hall coefficient decreased with inseen in the experiment. On the other hand, the Hall coeffi-
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cient, shown in the inset of the figure, is strongly temperature
dependent, with a relative decrease which is approximately
the same as that seen experimentally in the temperature in- 0.3 ~
terval 150—400 K, although the exact shapeRqfis not the g
same. However, as mentioned above, a better knowledge of ’g 0.25 g
the band structure, including the chain contribution, and of é}) 0.2
the effective interactioV; for g away fromQ; might well = :
remove this problem. Moreover, a quick look at E45), as — 0.15 .
well as Egs.(31) and (34), indicates that the FS reduction " 0.1F
(i.e., decreasinghk,,.,), with the approaching PG phase at 2

0.35 g

T

XX

low temperatures, should provide for an additional tempera- 0.05

ture dependence oRy. Our calculatedR,, saturates at [ ) N T T T
higherT, to a somewhat higher value than that seen experi- 100 150 200 250 300 350 400
mentally, implying that a different value of the doping level T (K)

should be used; nevertheless, our choice of parameters would

seem quite reasonablsee Eq.(41)]. Another reason for a £, 18, The sensitivity o,,(T) with respect to the band and
discrepancy in the shape B, lies in the fact that we have  jncommensuration parameters. The solid line shows the same
calculated this quantity assuming a tetragonal lattice, rathelgxx(T) as in Fig. 17 withg=1 eV. The dashed and dotted lines
than the orthorhombic one found in YB@usO;. Recent  showp,,(T) at an=30% doping level and zero incommensuration
measurement$ on twinned and detwinned crystals of this (AQ=0), respectively.
material show a considerable difference Ry, indicating
the importance of including tha-b plane anisotropy in the ration. Figure 18 demonstrates quite clearly that the behavior
calculation. We return to this point at the end of this sectionof the resistivity is sensitive to the choice of band parameters
The doping level used in this calculation is somewhatand leads us to conclude that self-consistent calculations
low. If one assumes that every oxygen atom doped into thevhich take into account changes in the quasiparticle interac-
123 system extracts a single hole from CuO planes, the dopion should be used in comparing with experim&h®n the
ing level of the optimally doped 123§); should be some- other hand, assuming that the magnéband parameters
what highern~23%. On the other hand, simple arguments,are well known, our model can be used to put constraints on
based on LDA calculations, suggest that in bilayer materialsthe allowed bandmagneti¢ parameter values.
such as 123 compounds, there are two bands, bonding and Next we examine the dependence pf, and oy, on
antibonding, separated by twice the hopping matrix elemeng = A+ BT. In Fig. 19 we plot the resistivity as a function
between the CuO layers; (see Refs. 40 and #2If one  of temperature for four different values @ and B: We
assumes thdt, is weakly momentum dependent, one findsshow the cases where=20 K andB=0.2, the case where
that the top(antibonding band is more heavily doped, while A=0.6 andB is the same, the case wheBeis 0.6 andA is
the bottom(bonding band should be close to half filling, the same, and the case whesg=60+0.6T. The band pa-
regardless of the oxygen contéAtSince the interaction be- rameters are set to= 250 meV,t' = —0.4%, and the doping
tween quasiparticles is much weaker in the metallic state ofvel isn=15%; the coupling constant is setde=1 eV. In

cuprates than it is in the insulating state, the nearly half-filledagreemem with our analysis in Sec. lll, a large valughpf
bonding band has a larger valuewgfand should provide the

dominant contribution to the conductivity in the bilayésge

Eqg. (31)]. Hence the doping level chosen hemes 20%, may 1200 e e e
be quite reasonable for 123 and 124 compounds. i
To study the effect of doping on the resistivity at fixed 1000 L
spin fluctuation spectra we have calculaied(T) for the —_ C1
same values of the spin and band parameters as in our “stan- & 8001
dard model,” but with the chemical potential adjusted to é}) 600:
yield ann=30% doping level, and compared it to the above =, [100
case in Fig. 18. Clearlyy,, ceases to be linear if at lower % 400 L
temperatures, while continuing to exhibit typical FL behav- <&

ior asT—0. In the same figure we also show the influence of 200
incommensuration, by plotting,,(T) for the same represen-

TTT T T

tative set of parameters as above, but with a commensurate {1 SN T T P P T N s
spin-fluctuation spectrum. Although the commensurate result 0 50 100 150 200 250 300 350 400
has a slope at higher temperatures which is remarkably simi- T (K)

lar to the incommensurat@epresentativeone (due to the

fact thatp,, is independent oty, aboveT, [see Eq(31)]), FIG. 19. The sensitivity op,,(T) with respect to the changes in

we again observe FL-like behavior at lower temperatures. IRpin-fluctuation parameters. The curves correspondo to bot-
both cases the explanation is simple: Enlarglig,,, leads  tom) wy=20+0.2T (K), 60+0.2T (K), 20+0.6T (K), and

to an increase ify; this can be achieved either by increasing 60+ 0.6T (K), respectively. All other parameters are assumed the
the doping level, which increases the size of the FS, or byame as in Fig. 18. Insat;(T) for the input parameters defined in
removing the extra hot spots brought about by incommensuthe figure.
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g 025 periment(Ref. 39. The solid(dashedlline corresponds to the result
a 62 depicted by the soliddashed line in Fig. 2ab).
g Yer . . :
=015 E well, as shown in the inset of the figure, although due to the
o large value ofT, the Hall resistivity may be only weakly
0.1 . temperature dependent.
0.05 & ] We turn now to thez=1 PS regime. As indicated in Sec.
S T D e I, the resistivity is linear inT for T>T, regardless of

0100 150 200 250 300 350 400 whether or nofly is temperature dependent. However, since
&~1/T in this regime, the conditiogAk<1 is satisfied over
most of the FS at relatively low temperatures. In this case the
resistivity due to spin-fluctuation scattering tends to a con-
£-1=0.1+ T/1000(K), w50 meV,g=1 eV, andn—15%. The stant, sinceT>277T0: To further explore thg PS regime, we
solid, dashed, and d’ott;d lines corr’esponeHB/tzo.z, 0.3, and solve the BE numerically for a representative member of the

0.4, respectively. The effective interaction is assumed to have in2-1-4 system ¢=w£=50 meV, £ 1=0.1+T/1000 K,
commensurate peaks &+ (+AQ,0) andQ+(0,=AQ), where g=1 eV, n=15%, t=250 meVj and several values df
AQ=0.25r. The three curves show a vast difference in the cross{—t'/t=0.2, 0.3, and 0.4, respectivglyOur results are
over temperaturd o(T). (b) p,,(T) in comparison with experiment shown in Fig. 20a). In all of the cases displayed there we
(Ref. 36. The solid line corresponds t6=—0.3, with g adjusted  have assumed that the effective interaction has incommensu-
to yield the same slope as seen experimentally. The dashed linate peaks aQ;=Q-+(*+AQ,0) and Q+(0,=AQ), with
corresponds td’=—0.2%, with the FL scattering includetsee ~ AQ=0.25z, in order to be consistent with neutron scattering
text). experiments performed in 214 materials at sufficiently high
doping levels? Fort’=—0.4t the FS is relatively large, as
corresponding to an enhanced damping of spin fluctuationg; the corresponding,(T). As a result one observes a cross-
due to Spin-fermion interaCtionS, shifts the reSiStiVity dOWn;Over to linear-inT resistivity atT~200 K from the lowT
it leads to a higher value dfy in Eq. (31) and only margin-  Fermi-liquid-like behavior. Fot’ = —0.2t the FS is always
ally anomalous scattering rates even in hot regions of the F&jose to the Brillouin zone boundary and hence the effective
in agreement with the result presented in Flg 16. Akmax is small, Akmax,vo_l. Hence the condition
On the contrary, increasing the value Bfonly changes T=27T,(T) is satisfied forT~1000 K, and the resistivity
the slope of the resistivity curves shown in Fig. 19, but doegjeviates from linearity already at=150. Obviously, in the
not much affect the behavior with respect to the origin. ThiSintermediate case,, T over an extended temperature
is to be expected, since according to Etp) the termBTin  range. We conclude that the resistivity is very sensitive to
wst _acts in__conjunction with the #T term in  changes in band parameters, especially whgfis a strong
\/7TT+ wsf[1+(Ak)2§2] to bring about linear-irF resistiv- function of temperature.
ity. However, since in all experimentally studied samples The parameters used in Fig.(@Dare close to those found
B<, the effective value oo~ wo(AKmed?/2(m+B) dif-  for La, gSr, 1£CUO, material in the PS regim@32In Fig.
fers only slightly from that quoted in Eq32). As noted in  20(b) we comparep,,(T), obtained fort’=—0.33 (solid
Sec. lll, for practically all cuprateBT is never large enough |ine), to experiment. The coupling constant has been adjusted
to produce thd*Z behavior of the resistivity discussed there, to yield the same slope as the experimental curve. Obviously
which is found atT ~ wo(Akma) 2, provided the FS is large even in this case the calculated resistivity exhibits the fea-
enough. Hence, the crossoverTat, where a curvature re- tures shown in Fig. 2@), but the fit is quite good, especially
sembling T¥? is found in many underdoped samples atkeeping in mind the fact that the experimental result is sub-
T=T, , has to be attributed to a small value/k ., result- ject to disorder. On the other hand, when one compares
ing from the FS evolution. Finally we note that the Hall cot®, in these two casesolid line in Fig. 2}, the fit, al-
conductivities for all of the above cases obey @ law quite  though remaining reasonable, is not as good. The curvature

FIG. 20. (8) py(T) in the PG regime: the parameters used are
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FIG. 22. A model FS for a system with stroagb plane anisot- FIG. 23. The resistivities along andb crystallographic direc-

ropy. The anisotropy parameter is assumed tabe®.5 [see Eq. tions as a function of temperature for the system with the FS de-
(49)], and the doping level in~15%. picted in Fig. 22, using the spin-fluctuation parameters appropriate

to YBa,Cu,Og system. Note that there is not only a large quanti-

of the calculated resufand lack thereof in the experimental tative difference, but a qualitative difference as well, as is seen in
resuly implies that the cold regions of the FS are too small in€Xperiment. Th_e anisotropy of th_e _dl_s_trlbutlon of the hot regions
the calculation, whence d®f,~TLS, rather than ther2, be-  '62ds to the anisotropy of the resistivities.

havior frequently seen, although some samples of this mate-

rial have the smaller exponent in €t found here. How- we only use the present model in order to qualitatively ex-
ever, even for a small value df, the addition of a Fermi plain the physics in the above material.

liquid term xg = xo(T)/[1—i 7w/T'(T)], to the effective in- In Fig. 23 we show the resistivities for the current running
teraction, makes the resistivity appear linearTinup to  alongx andy directions for the band depicted by the FS in
higher temperatures and the agreement with experiment fqrig. 22. We assume thaiy(K)=20+0.2T, which is close
the Hall effect much better, as shown by the dashed line iRg (, found in 124 materials. However, we retain the 2

Figs. 20 and 21. In both cases we have usedcaling regime in order to make the comparison with previ-
['(T)=(0.5-T/2500) eV andy,(T)=1+0.4T/100 states/ s results easier. Clearly, not only are the magnitudes of the

ev, the vaflgesh_ obtained fron(wj the ﬁtjd_ o NMR 4 resistivities different, but their temperature dependence
Peq;t:remer;f -tr IS '3 as_expt?ctteh ’ S'Tge adading ?tﬁergs'is also different; indeed our results fpg, andp,, resemble
quic term atects predominantly Ihe cold regions ot the My, 56 found in the 124 material. The lower cufyg,(T)]

and its effect is similar to that of the strong band renormal- . L NI
o . . appears to have a considerable negative intercept, indicating
ization present in the PS regime.

We next consider the issue of tlaeb plane anisotropy. a large value OTTO’_ as in overdoped materials. _The upper
Although found in practically all cuprates, this anisotropy is CUTVe Pyy(T) exhibits a crossover al~300 K, similar to
especially pronounced in materials with CuO chains, leadinghat observed experimentally & in underdoped cuprates.
to quite different transport results along different crystallo- This quite different behavior arises from the modified posi-
graphic directions. In principle, these are two reasons for afions of the hot spots: As may be seen on examining the FS
anisotropic resistivity: The chains can form a conductingshown in Fig. 22, the hot spots are now located at points
band, or the chain bands hybridize with oxygen bands i(1,==) and (m—1,0) and symmetry-related points on the
CuO plane, producing an anisotropic quasiparticle effectivé=S; i.e., they are asymmetric with respect to the inversion of
mass. Since the chains in, e.g., Y0, are very close the x andy axes and cannot be obtained by drawing the
to the CuO planes and the oxygprorbitals are rather large, usual magnetic Brillouin zone boundary. For current running
we believe that the latter effect must dominate. In order taalong thex direction, a large segment of the FS, roughly
simulate its effect on the in-plane resistivity we consider aalong the (ly) direction, can be displaced in transpétie
2D band with aniSOtrOpiC hOppIng integrals: We alter the firStverteX functionvx is |arge at thesé( Vectors and, more

term in Eq.(2) to read importantly, these segments of the FS are far from the hot
spot at (1= ), so that it is necessary to balance the hot and
—2t(cok,+acoky). (49 cold regions, to arrive at @y, which is linear inT. For

current running along thg direction, the vertex is small

In Eq. (49) the anisotropy parameterlies between 0 and 1; almost everywhere on the fSee Eq(48)] and the hot spots
obviously,a=1 in tetragonal systems. A FS for an aniso- Sit in the middle of the region of the FS wherg is the
tropic system witha=0.55 and the doping levei=10% is  largest, further reducing the conductivity in this case. Effec-
shown in Fig. 22. Although this shape of the FS is somewhatively the FS appears to be small, producing the anomalous
incompatible with that observed in, e.g., the 124 material(nonlinear with negative curvaturg,,(T) seen in the figure.
one must keep in mind that strictly speaking a single-bandNote that the Hall conductivity is proportional 3, as
model, such as that considered here, is an oversimplificatiorgeen in Fig. 24. We also note that our result égx, is the
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belief that in all cupratep,,>T andp,,*1/T over the entire
temperature regime. A close examination of the available
experimental data shows that theiversalityof the tempera-
ture behavior of bothp,, and p,, is quite marginal over
larger temperature regions; i.e., only extremely clean, opti-
mally doped samples of 123 shagw~ po+ aT with pg~0
and co®,~T?2. In fact even these materials show small de-
viations from this behavior at low temperatures; e.g., opti-
2 107 ¢ 3 mally doped 214 compounds show a nonvanishing intercept
i 3 of cot®, at T=0. All other doping levels show more or less
i pronounced deviations from the abowptimal behavior at
108 L low temperatures, in agreement with the NAFL model. We
100 200 therefore conclude that theptimally doped compounds are
T (K) rather unique and the temperature variation of their transport
coefficients, in particular their Hall effect, is somewhat acci-
dental. The calculated results for the scattering rates are
found to be in detailed qualitative agreement with those com-
ing from the fits to the experimental data. It is remarkable
Ohow systematically the scattering rates vary with temperature
and doping and how precisely they reflect the magnetic prop-
erties in cuprates.
Finally our numerical results show reasonable agreement
h experiment for a realistic set of spin-fluctuation and
. : : band parameters in both tize=1 andz=2 scaling regimes.
we ”_‘ake another important cqmment re_gardmg this "®We find that improved quantitative agreement can be
sult: Unlike the case of 124 material, whe¥g is very close  jcnieved through the inclusion of strong-coupling effects,
o T, , so that the anomalous behavior of the resistivity 0Cyyhich bring about a temperature-dependent quasiparticle
curs at least in the pseudoscalimg=(1) regime if notin the  pang structure. In addition, we show that the NAFL model
pseudogap one, here we have similar behavior &#2.  yrovides a natural explanation of the unusual temperature
We again conclude that the crossoveatis closely related  gependence of the resistivities along different directions in
to the effective size of the FS and is less closely related to 224 material.
particular magnetic reginf€. However, we must keep in  How meaningful is the agreement between our NAFL
mind that the FS here is reduced artificialby introducinga  model calculation and experiment, given the large number of
very large anisotropy In reality, magnetic fluctuations alter parameters d, £ AKnax, andg) which enter the theory?
the.shape of the FS as the system enters !ntp the pseudog@r: recall thatwg and & are fixed by NMR and neutron
regime. Moreover, one cannot obtain a similar anomalougcattering measurements, so that the additional parameters in
behavior ofp,, using a large Fermi surface and the sameipe problem are the band parametérs’, and «, which
spin-fluctuation parameters as those utilized here, and henggtermine the geometry of the Fermi surface at high tem-
this result serves as a further indication that the pseUdog%)eratures, and the coupling constgntWe have shown that
regime involves an evolution of the FS. influence of the band parameters can be characterized by a
single parameteAk,,,,, which is a measure of the effective
size of the Fermi surface. For YB&u;Og4, . even this pa-
rameter can be estimated quite accurately from ARPES mea-
We have performed an analysis of the in-plane longitudi-surements, so that for this system the only free parameter is
nal and Hall conductivitieqresistivities, in terms of the g. For La,_,Sr,CuQ,, we have chosen the band parameters
NAFL model, using both perturbation theory and numericalwhich produce incommensurate peaks in the bare particle-
methods. From our perturbation theory results we obtainetiole bubble and lead to a magnetic susceptibility in agree-
an analytical expression for the scattering rate as a functioment with neutron scattering data, but strictly speaking in the
of temperature for an arbitrary point on the FS, as well asibsence of ARPES data for this compouad,,,, should be
empirical expressions fas,, and p,,. The results are then regarded as a second free parameter. We conclude that given
used to study analytically the crossovers in transport in varithe quite small number of free parameters in our theory, the
ous temperature regimes. Assuming a particular geometry gfgreement with experiment is indeed meaningful, and pro-
the FS, we obtained phenomenological expressions for bothides an unambiguous demonstration that the NAFL model
pxx and p,, which we used to analyze the experimental re-is capable of explaining the anomalous transport properties
sults and gain further insight into the scattering rates. Finallymeasured in the cuprate superconductors, ranging from the
we performed a set of numerical calculations, verifying for alinear-in-T resistivity found to extend down to 10-K in un-
realistic set of input parameters that the NAFL model yieldsderdoped polycrystalline Bi-Sr-Ca-Cu-O samplesich be-
results in agreement with experiment. come superconducting only at this temperatQre the high
Our analytical results display a relatively strong anisot-temperaturgup to ~800 K) linear-in-T resistivity found in
ropy of scattering rates around the FS, leading to a complegptimally doped La_,Sr,CuO,.
morphology of bottp,, andp,,, in contrast to the common It is straightforward to extend the NAFL model to optical

10° ¢

(LWQcm)’!

]

FIG. 24. The Hall conductivity as a function of temperature for
the system depicted in Fig. 23. Note that, as usug),reflects an
average contribution of the hot and cold regions and hence is pr
portional toT 2 as in the isotropic cas@ee Fig. 17 and its inset

same to within a few percent for both current directions,
which serves as a nice check of the quality of numerics ir(/vit
this case.

VI. CONCLUSIONS
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frequencies and to take into account the influence of impuriA. Leggett, M. Lercher, N. P. Ong, T. M. Rice, Q. Si, C.
ties and we will report on these results in future publicationsSlichter, A. Shegoliev, R. Stern, D. Strong, T. Timusk, S.
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