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ac and dc magnetotransport data in the normal state oL,QB®, are analyzed within Fermi-liquid and
non-Fermi-liquid models. In the Fermi-liquid analysis we use the Fermi surface deduced from band-structure
calculations and angular-resolved photoemission experiments and assume that the electron relaxation rate
varies over the Fermi surface. The non-Fermi-liquid models are the two-dimensional Luttinger-liquid model
and the charge-conjugation-symmetry model. We find that the existing experimental data can be adequately fit
by any of these models. This work provides a framework for the analysis of experiments that may discriminate
among these modelpS0163-18208)04006-5

[. INTRODUCTION In a conventional model, the coefficients, and wy in Eq.

(1) would be the plasma and the cyclotron frequencies, but
The simplest model of the electron transport in metals ishere they are proposed to be related to the dynamical re-

the Drude model, where all relaxation processes are desponse of the quasiparticles of the two-dimensiof2iD)

scribed by a single relaxation time® This model fails to  Luttinger liquid. Generalizing Ed1) to a finite frequency in

describe the transport properties of hifsuperconductors a conventional manner:

in the normal state. Evidence of the failure comes from com- .

parison of the temperaturel’Y dependence of the in-plane 7j

resistivity py,=1loy, and the inverse Hall angle 9 o i )
COthy =03 /0y, Wherea,, and o, are the longitudinal and Kaplan et al” produced a good quantitative fit of their

the Hall components of the conductivity tensor. In the Drudemagneto-optjcal dal%?-HQW?VGh a microscopic justification
model, bothp, . and cot are proportional to the scattering Of Anderson’s hypothesis is problematic. Anderson argued
rate 71, and therefore should have the same temperaturlfat the two relaxation times originate from two different
dependence. Experiments, however, show a linear tempergyaslpar'ucles, holons and spinons, in the Luttinger-liquid
ture dependence fas,, and T?> dependence for céf .28
Additional evidence comes from the frequencay)(depen-
dence of the Hall coefficienR,= oy, /(Hoy,oy,) and the
inverse Hall angle cak, in YBa,CuO, thin films?® The ex-
perimental data is shown in the upper and lower panels of
Fig. 1, where the solid circles represent the real péRE
and the solid squares represent the imaginary garts of
Ry(w) and coby(w). While the inverse Hall angle has a
frequency dependence consistent with the Drude model:
Re coty(w)=const and Im caly(w)*w (the lower panel in
Fig. 1), the Hall coefficientR,(w) exhibits non-Drude be-
havior (the upper panel in Fig.)1 Indeed, in the single-
relaxation-time model RRy, is frequency independent, and
ImMRy=0; whereas experimentally Rg changes by a factor
of 3 from w=0 t0 w=200 cm !, and IR (w)==0.1°

In order to explain different temperature dependences of
pxx and coty,, Anderson! suggested that the transport prop-
erties of cuprates are governed by two distinct relaxation i, 1. Frequency dependence of real and imaginary parts of the
times ryo T~ and 7, T2 The first relaxation time con- inverse Hall angle ca, (lower panel and the Hall coefficienRy,
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trols the longitudinal conductivity, whereas tipeoduct of
the two times determines the Hall conductivity:

_wFZ)Ttr _waH TuTH
Oxx= g Oxy= T g D
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(upper pangl Experimental values from Ref. 9 are represented by
the solid circleqreal partg and the solid squardsmaginary parts

The solid, dashed, and dotted curves show the frequency depen-
dences generated by the additive twarodel[Egs.(6)—(8)], by the
multiplicative two- model[Egs. (1) and (2)], and by the charge-
conjugation modeJEgs.(21)—(23)], respectively.

3089 © 1998 The American Physical Society



3090 ZHELEZNYAK, YAKOVENKO, DREW, AND MAZIN 57

picture of two-dimensional electron gHsHowever, distinct  and the distribution of I over the Fermi surface within the
kinetic equations for spinons and holons producing two dif-model of antiferromagnetic fluctuatiod%.2® The degree of
ferent relaxation times have not been demonstrated expligjuantitative agreement between the experiment and the
itly. In a heuristic discussion, the two times were introducedmodel by Stojkovicand Pines was debated in Refs. 27. Us-
as different coefficients in front of the electric and the Lor-ing a very different microscopic approach, the formalism of
entz forces in the stationary Boltzmann equation for theslave bosons, Sde Melo, Wang, and Doniaéhstudied the
electrons'® However, this procedure violates Lorentz invari- distribution of 7 over an effective Fermi surface of theJ
ance between the electric and Lorentz forces and contradicf§odel and calculateR, using an equation equivalent to our
the electron equation of motion, which uniquely determineg=ds- (3) and (4). An indirect experimental evidence for the
the force term in the Boltzmann equation. It is problematic todhisotropy ofr was found in the angular dependence of mag-
write the kinetic equation of Ref. 13 as a time-dependenfietoresistance in JBa,CuQ,.*° A strong variation ofr over
Boltzmann equation, because it is not clear whethesr r,,  the Fermi surface and the so-called “hot spots™ occur not
should be placed in front of the time derivative of the elec-Only in the theoretical models of magnetotransport in high-
tron distribution functiort* Lee and Le® studied the Hall Tc superconductors, but also in organic quasi-one-
effect in a holon-spinon liquid and found a frequency-dimensional conductor®.
independenR,(w), the same result as in Refs. 12 and 14, Recent measurements of thermopottgroduced an evi-
which does not agree with experiménibraham&® demon- dence that the two lifetimes exist in the cuprate metals even
strated that qu) can be derived from the Boltzmann equa- without magnetic field. That would eliminate the theoretical
tion for the electrons if the scattering integral has two differ-models where the second lifetime has a purely magnetic ori-
ent relaxation times for the electron velocities parallel anddin, such as the gauge motfeland the skew scattering
perpendicular to the applied electric field. However, this asiodel:’ The thermopower experiment poses a challenge for
sumption cannot be valid in linear-response theory, wherd\nderson’s model! where the two lifetimes are associated
the scattering integral does not depend explicitly on the inWith the processes normal and tangential to the Fermi sur-
finitesimal external electric field. Moreover, Kotliar, Sen- face, because thermopower involves only the normal pro-
gupta, and Varmd proved in general that it is not possible cesses. On the other hand, the charge-conjugation and the
to obtain the mu|tip|icative ru|é1) from a Boltzmann equa- FermI-IIqUId mOdelS, where the two lifetimes exist irreSpec-
tion for the electrons. They observed that skew scattering, ifive of magnetic field, are compatible with the experiment.
diverging as IT, would produce the temperature dependence N this paper, we generalize the phenomenological Fermi-
of the dc magnetotransport. However, their model predictdiquid approach of Refs. 4,5 to finite frequencies. We fit
that R,(w) does not depend ow, contradicting the ac Ru(w) and coti,(w) from Ref. 9 using a model in which
experimen Coleman, Schofield, and Tsvelfk proposed different parts of the Fermi surface are characterized by two
that the true quasiparticles may have even and odd chargéistinct relaxation times; andr,. Since the two parts of the
conjugation symmetry, and their relaxation is characterized-€mi surface contribute additively to the conductivity ten-
by two different rateff andI‘s. That assumption requires a Ssor, we call this model the additive twomodel. The addi-
Bogolyubov transformation of electrons into Majorana fer-tive law (6) and (7) of this model is in the contrast to the
mions, which |mp||es some sort of Cooper pairing with themultiplicaﬁve |a.W(1) of Anderson’s model. The additive law
total momentum of twice the Fermi momentum. Physica|f0"OWS natura”y from the Boltzmann equation for the elec-
justification for the charge-conjugation symmetry is nottrons, whereas the multiplicative law has not been derived
clear. Lang®® demonstrated that the frequency dependencanicroscopically.
of the Hall constanRy(w) corresponding to the ansatt) In our model, we assume that the relaxation timesind
and (2) can be naturally obtained within the memory- 7> themselves do not depend on frequency. This assumption
function formalism. However, a microscopic calculation does not contradict the experimental fact that-1é» at high
within this formalism is not available yet. frequencies?33because we restrict our fits to the relatively
An alternative phenomenological explanation for the temJow-frequency range=<200 cn1*, where the frequency de-
perature dependences gf, andR; within standard Fermi- pendence of is not yet significant.
liquid theory with the electron scattering rate varying over

the _Fermi surface was propo_seq in Refs. 4,5. A ponceptyally II. FITTING 04 (®w) AND o,y (w)

_S|m|Iar approacf was quant_ltatlvely sgccessful in describ- IN AN ADDITIVE TWO- + MODEL

ing the Hall coefficient of simple cubic metals. In the ap- . ) o
proach of Refs. 4,5, the Fermi surface of ¥Bas0, is as- We consider a layered electronic system consisting of

sumed to have a specific geometry: large flat regions anévo-dimensional(2D) square lattices parallel to thex,f)
sharp corners. The electron scattering rate is assumed to haRtgne and spaced along tizeaxis with the distancel. A
linear temperature dependence on the flat parts of the Ferriieak magnetic fieldH is applied perpendicular to the planes.
surface and quadratic in the corners. With the appropriat¥Ve neglect coupling between the layers and assume that
choice of parameters, the longitudinal conductivity is domi-€lectrons form a 2D Fermi surface. Different points on the
nated by the contribution from the flat regions, whereas théermi surface can be labeled ky, the traverse component
sharply curved corners control the Hall conductivity, and theof the electron wave vector. In general, the electron
model approximately yields the required temperature deperf€laxation time 7(k;) and the Fermi velocity v(k)
dences,o,* T and oy, T3.*> A number of papers exam- =\/vxz(kt)+vy2(kt) may vary along the Fermi surface.
ined this approach microscopically: the linear temperaturdVithin the conventional relaxation-time approximation for
dependence of /within the nested-Fermi-liquid modél  the Boltzmann equatiohthe components of the frequency-
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dependent conductivity tensor are given by the following
equations: b= Jlez'[V(kt)XdV(kt)]/fﬁ &+ [V(ky) X dv(ky)].
- (12
e? v2(k) (k¢ ,0) : :
Oy @)= > ff; K ki In Egs.(11) and(12), [, denotes integration over the part of
2m°hd v(k) the Fermi surface with the relaxation timg. Equation(9)
2 defines the plasma frequeney, of the electron gas. The
__° 3§ v(k) T(Ky, ) dki, (3) frequencywy in Eq. (10) is proportional to the magnetic
(2m)%#hd field H, however is does not coincide with the cyclotron

frequencyw,. except for a circular Fermi surface. Equations
(6)—(8) represent the general form fo,(w) andoy,(w) in
v(k) 7(Kq , ) the additive twor model and in this general case correspond
to a conventional two-band model. The equations contain six
parameters: the prefactoss, and wy, the weightsa; and
4) b;, and the scattering times and r,. The dimensional pa-
rametersw, and oy determine the overall scale of,, and
oy, Whereas the time, sets the overall frequency scale.
1 1 The remaining three dimensionless parametgrsb;, and
iw, (5) &= 7,/ 7, determine the shape of the frequency dependence.
The frequencyw appears in Eqg6) and(7) only through the

wheref: is the Planck constant, is the speed of lighte is ~ S1ectve imesr;(w) and 7,(w) defined in Eq(8). At high
the electron charges, is a unit vector along the axis, and ﬁequengleSw»l/r_l’z, the two effective times coque.
the integrals are taken over the Fermi surface. Equatipis ~ 71(@)= 72(»)=—iw, and the model reduces to a simple
a finite-frequency generalization of Ong’s formdfawhich ~ Drude model.[The discussion of the high-frequency limit
expresses the Hall conductivity of a 2D system in terms ofv>1/71 here and in the next paragraph is given only to
the area enclosed by the mean-free-path curve. Equétion illustrate the mathematical propertle_s of the functlon_s in-
applies when magnetic field is weako.7<1, where Volved. It should not be applied literally to the high-
wo=(2meHhic)[$dk /v(k)] " is the cyclotron frequency frequency experiment, where the relaxation timg itself
corresponding to the electron motion around the Fermptarts to depend on frequencyrif- w (Refs. 32,33]
surfacet The additive twor model can describe the observed fre-
Although in general the scattering rate should be continuguency dependence of the Hall coefficiggt= oy, /(HoZ,).
ously distributed over the Fermi surface, to simplify analysisAs follows from Eqs.(6)—(8), ReR,(w) starts at one value
we consider a model in which the Fermi surface is dividedat ®=0 and saturates to a different value et . While
into two regions characterized by different relaxation timesimRy=0 at w=0 and w=, it is in general nonzero at
7, and 7,. With this assumption, Eqg3) and (4) can be other frequencies. This is the qualitative behavior of the ex-
parametrized as follows: perimental data shown in the upper panel of Fig. 1. The ratio
of the low- and high-frequency limits,

()= —H 3Edk
TN S ed L O

Xd[V(kt)7(kt )]
dk,

Fkow)  Tk)

2
w —~ ~
Uxx(w):4—7:)_[317'1((0)4‘327'2(&’)], a;+a,=1, (6 ReRy(w=0) b7+ b,7s

Rd?H((UZOO) _(3.17'1+ a27'2)2

: (13

2
Tyy@)= wz_:*'[bl}‘i(wH b,74(w)], by+b,=1, can be fitted to the experimental value. On the other hand, in
the additive twos model, cot,(w) cannot have an exactly
(™) linear dependence an. However, it can have a dependence
that is close to linear for special choices of the model param-
1 1 eters. This is in contrast to the multiplicative mofiegs.(1)
= =Ll 8 and (2)], which automatically produces Re @qfw)=const
Tidw) 712 and Im cot(w)xw. This important distinction between the
where two models can be tested by measuringggbb) at different
temperatures and verifying whether a linear frequency de-
2 pendence exists at all temperatures.
2_ & We now discuss the analysis of the experimental data of
wp év(kt) dk;, ) . .-
mhd Ref. 9 in terms of the additive twe-model (6)—(8). Instead
of fitting cotd, and Ry deduced from the experimental data
eH by Kramers-Kronig analysis, we fit the raw data shown in
WH=7 o % ez'[V(kt)XdV(kt)]/jg v(ky) dk;, (10)  Fig. 2 by solid circles. The lower panel in this figure shows
the transmission spectruffiw) in zero magnetic field, and
the upper panel gives the ratio of the transmittarifé&¢w)

a,= f v (k) dk, /\4; v(ky) dki, (12) an_d T‘(w) of circularly pqlar!zed light for two opposite
1 orientations of the magnetic fieldd=9 T andH=-9 T.
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1.04 — lated to the electron dispersion law via Eq$l) and (12)
— T T and perform optimization for a model Fermi surface of
103 e
> g YBa,Cuz0.
= ool N-(.\.#:l.\.:.\,,‘, First we fit the transmittance spectrum in zero magnetic
= [ field, 7(w), which involves the parametees, 71, 75, and
EREARTS wp, but notb, andwy . For the fixed values of the param-
s

eters a;<1 and é=7,/m7,>1, we find the value of

wp(ag,€,71) from 7{w=0) and the value ofry(a;,§) by
0.13 minimizing the mean-square deviation between the theoreti-
cal and experimental data fa{ w):

- 3
0.09 / 1
X1= \/ E

N

Nl

TP ()~ T w;)
TP (wy)

(18

0.07

0 50 100 150 200
o (cm ) In Eq. (18) the sum is taken over thé experimental values
of frequencies, the superscrifExp denotes the experimen-
FIG. 2. Far-infrared transmission spectra of a ¥Ba&O, thin  tg| data, andI{w;) refers to the theoretical values from the
film. The lower panel gives the frequency dependence of the tranggdditive two+ model. Then we scan the values of the param-
mittance7(w) in zero magnetic field. The upper panel shows theetersa, andé¢, and retain for further consideration only those
ratio of the transmittances bt=9 andH=—9 T. The solid circles sets @,,£) wherey,<5% andé<6. The latter condition is

represent the experimental values from Ref. 9. The solid Curveﬁnposed on the grounds that the scattering rate variation
show the frequency dependences generated by the additive two-

model(6)—(8). The dashed and the dotted curves in the upper panef;.gzt./gﬁ ;tlouldo nlgt bbee htg? d I?(;g'e,stbfflcagti?n Eih\(laergersg?ng
represent the multiplicative twe-model[Egs.(1) and(2)] and the ;/ I'dl ict T wou justity withi :
charge-conjugation mode[Eqgs. (21)—(23)], respectively. The Iquid picture. .

dashed curve in the lower panel is obtained in the single-relaxation- N€Xt, for given values ol and ¢, we determine the
time Drude model. parametersoy and b, in Eq. (7) by matching the two ex-

tremal points of the magnetic measurements:

The transmission coefficient of a thin film of thickneBsis Reffﬂf(“’zo):%, and  R&,(0=0)/ReRy(w=200
related to conductivitie$s) and (7) by the standard formula €M ) =3. For a fixed value ofy, by(¢) is found to first

that takes into account multiple reflections in the subsftate:Increase with increasing and then decrease. Thus, does
not exceed a certain maximal value that dependaQrand

there exist two different values df that generate the same

T ()= ANTcor , (14) value of b; below the maximum. Again assuming that the
|1+n+ZOD(chXiiaxy)|2 scattering rate variation should not be too large, weéset
the lower of these two values. With these restrictions, we can
where map the pair of variablesag,£) onto the pair §,,b,) and
use the latter as the pair of independent variables. To char-
1+R acterize the quality of a fit in magnetic field, we calculate the
[ ae— (15  mean-square deviation between the experimental and theo-
1-RR () retical data for () =7"(0)/7T " (w):
n—1\2 N (exp) _ 2
=\—=] . 16 g [P (@) —r(w))
=\ nr1 (18 Xo= \/NiE1 Sona | (19
N 1- n+ZOD(oXXtiaXy)‘2 and present the contour plots pf(a;,b4) andyx,(a;,b4) in
R™(w)= ' (17) Fig. 3. The above listed constraints are satisfied in the

1+ n+ZD (0 Ei0yy)

(a;1,b;) area below the dashed curve in Fig. 3. The contour

Zo,=4m/c is the impedance of free space, amds the sub- lines of x;(a;,b;) andx,(a;,b;) intersect in a roughly or-
strate refraction index. The superscriptsin Egs.(14), (15),  thogonal manner. The optimal fit of the experimental curves
and (17) refer to the magnetic field parallel and antiparallel for 7{w) andr(w) is achieved in the shaded area in Fig. 3,
to thez axis. where both deviations between the theoretical and experi-

Because the additive twe-model has many adjustable mental data are minimaly,(a;,b;)<2% and y,(a;,b;)
parameters, we divide our fitting procedure into two stages<0.3%. The latter value is smaller than the experimental
and each stage into several steps. At the first stage we tre@tror bars approximately equal to 0.5%.
all six parameters of the twe-model as independent vari- It was noticed in Ref. 9 that the zero-field transmittance
ables. At this stage we examine how well the general addiZ{w) can be well fitted with a simple Drude model. Accord-
tive two-r model fits the experimental data. We consecu-ing to Fig. 3, the simple Drude modeh{=1) indeed pro-
tively optimize over the fitting parameters, leaving thevides a good fit forZ{w) with y;=3.5%, but the additive
optimization overa; andb, for the last step. At the second two-r model provides a better fit withy,(a;,b1)<2%.
stage(Sec. Il) we take into account that; andb,; are re- While this is natural because the additive twaonodel has
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5 L ‘ ‘ FIG. 4. Fermi surface of the Cy®onding band of YBgCu;0;

0.80 0.85 0.90 0.95 1.00 for k,= 7/d according to the band-structure calculations of Ref. 37.
The regions denoted by the thin lines have the short scattering time
71, Whereas the bold regions have the long scattering tigne

FIG. 3. Contour plots ofy;(a;,b;) [EqQ. (18)] and x»(a;,by)
[Eqg. (19)] shown by the solid lines. Botl;(a;,b;) andy,(a;,b;) made by Schab#l for the I'=S and X-S directions in the
are minimal in the shaded aregi<2% andy,<0.3%. Various  YBa,Cu;0; Brillouin zone. The band-structure
constraints listed in Sec. Il are satisfied below the dashed line. Thealculation3®3’ give the following values of the Fermi wave
dotted |ine, labeled YBCO, illustrates the relation betWa@rand vector and Velocity a|ong th€ =S and X-S directions for
b, for the CuQ bonding band of YBgCu;0,. The solid square ; _ 46 [ (T-9)_
denotes the best mapping of the additive tworodel onto the Lfgsigo_nglgg Cu® b(?rlds) Et kp= mld:™ ke (fﬁg) f/a'

E =0.72 @/b, v =0.6 eV-b/#, and v =12

Cu©; bonding band of YBEC15O;. eV-b/%, wherea=3.8 A andb=3.9 A are the lattice con-
Stants of YBaCusO;. These values agree with the data of
habel within 10% forkg and 25% forvg .
This semiquantitative agreement with the photoemission
experiment encourages us to use the band calculations of
Refs. 36,37 in our analysis. We first calculate the contribu-
tions of each band to,,, oy, ando,,, assuming that all
bands have a single relaxation timend using Eqs(3) and

In this section we will incorporate the band structure of (4) integrated ovek, from O to 27r/d. The results are shown
YBa,Cu,0; into our fitting procedure for the additive two- in Table I. The values of totab,, w,y, andRy are in
model. The band structure of YBauO; has been calcu- reasonable agreement with previous band-structure
lated by several group§-38 The Fermi surface of this ma- calculations!’ As follows from Table |, the Cu@bonding
terial is found to contain four sheets: the bonding and antiband gives maximal contribution to both the longitudinal and
bonding bands originating from the two Cg@lanes, the Hall conductivities. Thus, to simplify the analysis, we make
CuO chain band, and a small column-shagie so-called the approximation of neglecting the contributions of the
“stick” ) pocket originating from the BaO plandgsee, for  other bands and consider only the bonding band. The Fermi
example, Fig. 2 in Ref. 37 Photoemission measure- surface of the bonding band is shown in Fig. 4 ko= 7r/d.
ments®~*2agree qualitatively with the theoretical results, al- It contains the same geometrical featufiesge flat regions
though the stick pocket was reported only in Ref. 39. Theand sharp cornershat were discussed for the additive two-
chain band was observed in positron annihilationmodel in Refs. 4,5see Sec.)l The observed shape of the
experiment$? and the stick pocket has also been reported if-ermi surface and the close values of the plasma frequencies,
the de Haas—van Alphen experimeffttinfortunately, itis ~ 5,=4.1x10° cm* and wj,=4.5x10° cm™?, confirm
very difficult to extract the electron dispersion law in that the bonding band has an approximate tetragonal symme-
YBa,Cu;0; from the photoemission measurementstry. Strictly speaking, the conductivities should be calculated
quantitatively??> Nevertheless, a best effort attempt wasfor a given value ok, using the 2D formalism of Sec. Il and

more fitting parameters, it does signify that small correction
to the simple Drude model are required to properly describe®

T w).

Ill. MAPPING +; AND 7, TO THE FERMI SURFACE
OF YBa,Cu;04

TABLE I. Contributions of different YBsCu;O; bands to the longitudinal and Hall conductivities in a
single-relaxation-time= model. As it is conventional in optics, the frequencies are given incriThe
plasma frequencies, , and w, , are taken from Ref. 36.

Bonding Antibonding Chains Stick
Total CuQ band CuQ band CuO band  BaO pocket
Aoyl =)y 7x10° cm™2 59% 36% 4% 1%
4oy lT=w), 12x10° cm™? 37% 32% 30% 1%
Amoyy /T atH=9 T 2x10° cm 3 82% 40% —28% 6%

Ry= 0y /(Hoxoyy) 0.16x10°° m3/C
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TABLE Il. Parameters of the additive twp-model for the best mapping onto the Y&asO, Fermi

surface.
al bl g: T2/’Tl TIl ’T;l wp wy atH=9 T X1 X2
0.9 0.71 3.9 297 cm  76cmt 10t cm! 1.7 cmt 2%  0.3%

then integrated ovek,. However, because the dispersion of ments?® (Unlike Ref. 48, the experiment in Ref. 9 was per-
the bonding band in the direction is weak, we will simply  formed on twinned samples of YBau,0-, thUSwE)EXp) is an
usee(ky,ky k= m/d) in the equations of Sec. Il as the 2D average ofw, x andw, . The difference betweea, , and
electron dispersion law. We select the vakje=7/d, since  , , is mostly due to the CuO chains, which contribute pre-

only for that value ofk, the CuQ bonding band does not gominantly tow,,,, but not tow, ,.) The valuesmff"p)z 104
hybridize with the CuO chain band because of parity; thuscmfl and w(Hexp)': 1.7 et frorﬁ Table Il differ consider-

disltortion O.f th?hplaré%_ki_ancidue to(;h:e chai'rzjbandd.issrjninirnalably from the corresponding values found in the band struc-
N Mapping he additive tWe-moadel considered In Sec. -y, o - cajculations  for  the CuQ bonding band:

onto the bonding band of YB&W;O;, we must address two p5ng) 1 (bond)_ 1
basic questions. First, is it possible to divide the Fermi sur®p.x =2x10" cm ! andw*"=4 cm* (see Table)l If

face of YBaCu,O; in such a manner that the dimensionless® P1, 71, and 7, from Table I are assigned to the CuO
weightsa, andb,, calculated via Eqs(11) and (12), have b_ondmg ba_md withw, and wy calculated in Table I, the
the values required by the additive twanodel? An answer discrepancies between the calculated and measured values
to this question depends only on the variation of the Fermare as follows: o>°"Nw)/o{SPN @) = (09" 0 (P>
velocity v(k,) over the Fermi surface, but not on the overall=4 and Rgb"“d)(w)/RﬁXF’)(w)=(wgbonw/wﬁexm)(wg?g“d)/
scale ofv. Second, do the values of the dimensional paramwffxm)‘2=o.6. (The ratios are frequency independent, be-
etersw, and oy for YBa,Cu;O; agree with those in the cause the model matches the shape of the experimental fre-
additive two+ model? quency dependengeThe discrepancy between the calcu-
We assign the shorter relaxation time to the large flat lated and experimental values of the plasma frequencies has
regions, making them “hot” with respect to relaxation, and been noticed and discussed in literattr&® The simplest
the longer timer, to the cornergbold lines in Fig. 4, mak-  way to resolve this discrepancy is to assume that the Fermi
ing them *“cold.” This assignment, which is required to fit velocity, proportional touf) via Eq.(9), is uniformly reduced
the ac and dc magnetotransport data for magnetic field alongy a factor of 4 due to many-body renormalization effects
the c axis, is also consistent with the conclusions of thecoming from electron-phonon interaction or other correlation
transport experiments with the field in tlab plane®® To  effects. Indeed, a factor of two to four renormalization has
find an optimal decomposition of the Fermi surface into thebeen deduced from a memory function analysis of infrared
hot and cold regions, we gradually increase the size of theata by Schlesingest al>® However, the uniform renormal-
cold regions symmetrically with respect to the-S diagonal  ization of the Fermi velocity cannot correct the discrepancy
and calculate the weights andb, of the contribution of the  in the Hall coefficient, sinc®y, is not sensitive to the veloc-
hot regions tooy, and oy, from Egs.(11) and (12). The ity scaling factofsee Eqs(3) and(4)]. Thus, the answer to
weightsa, and b, gradually decrease from 1 to 0, which the second question formulated earlier in this section is nega-
generates the dotted curve in Fig. 3 labeled YBCO. Theive: The overall scales of the transport coefficients calcu-
YBCO curve passes through the upper part of the shade@ted for the band structure of YBau;O; differ significantly
area in Fig. 3, where the deviation of the additive two- from the measured values. Nevertheless, considering the
model from the experimental points is minimal. The solid crudeness of our model assumptigdiscontinuous distribu-
square in Fig. 3 indicates the point of the best mapping of théion of 7, neglected contributions of other bands, and ignor-
YBa,Cu;O; Fermi surface onto the additive twoimodel. ing many-body renormalization effegtshe qualitative and
The parameters of the additive twomodel at this optimal semiquantitative agreement of the fits indicates that the
point are given in Table Il. The frequency dependences ofermi-liquid interpretation remains viable.
T w), r(w), Ry(w), and coby(w), generated in the additive Every pointk; on a 2D Fermi surface has a certain Fermi
two-7 model with this set of parameters, are shown by thevelocity vector v(k,) = (vy(ki),vy(k;)). As the point k;
solid lines in Figs. 2 and 1. These lines are in good agreemoves along the Fermi surface, the 2D veatk;) traces a
ment with the experimental points. Thus, the answer to theertain curve in the 2D velocity space,(,v,). This curve is
first question formulated earlier in this section is positive:shown in Fig. 5 by the solid curve for the bonding band of
The Fermi surface of YB&£u0O; can be decomposed into YBa,Cu;O,. The cold regions of the Fermi surface are indi-
the hot and cold regions in such a manner that the shape ghted by the bold lines in Fig. 5. Correspondingly, the mean-
the frequency dependences agrees well with the experimerftee-path vectot(k,) = (k) v(k,) also traces a certain curve
Since the additive twe~-model with the parameters given in the mean-free-path spacé, (l,) (the | curve. It was
in Table Il fits the experimental datsery well, we will refer  shown by Ond’* that the Hall conductivityr,, of a 2D elec-
to the values in Table Il as the experimental values. Theron gas is proportional to the area enclosed byltharve
value of the plasma frequenwgex")z 10¢cm 1, inTable Il  [see Eq(4)]. To illustrate the shape of tHecurve, we mul-
is in reasonable agreement with the valuq,&zlo“ cm ! tiply the Fermi velocity in the cold regions by the factor
and w,,=1.6X 10* cm ! found in previous measure- £=r7,/7,=3.9 and present the scaled curve by the dashed
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FIG. 5. Solid lines: distribution of the Fermi velocity vector
(vx,vy) for the CuQ bonding band of YBgu;0; according to the
band-structure calculations of Ref. 37 for=7/d. Bold lines: re- the Hall coefficientRy, (middle panel, and the inverse Hall angle

glclms_ with tlh?j lt?ngh scfatterlng _t'mef' ?assge_?_hlines: the Flerm(ij cotgy atH=9 T (bottom panel generated in the additive and mul-
velocity scaled by the factor f=r,/7,=3.9. The area enclose Eiplicative two-r models by assigning; !, 71, [T and 7, *,

by the dashed and thin lines determines the zero-frequency Hall-1 2 :

conductivity via Ong's formulaRef. 34, TH _FsocT .T_he_ sol_ld, dashed, and dottegl curves correspond to the
additive, multiplicative, and charge-conjugation models, respec-
tively.

FIG. 6. Temperature dependences of resistipity (top panel,

lines in Fig. 5. Thd curve for the YBaCu;O; bonding band

is the sameup to the overall factor,) as the curve consist- Refs. 3 and 4. With the assumed temperature dependences
ing of the dashed and thin lines in Fig. 5. This curve isfor the scattering times, we find that the two relaxation times
qualitatively s_|m|lar to thel_ curve found in Ref. 22 in the pecome approximately equal =371 K: 7,(T=371 K)
model of antlferromagnetlc spin quctuatlons.. On the other 7,(T=371 K). Thus we may expect Drude-like behavior
hand, our curve differs from thd curve used in Refs. 4,5, {5, all frequency dependences®t371 K, i.e., RRy(w) to
where it was assumed the variation I0k;) = 7(k;)v(k;) is be approximately frequency-independent andRiytw) ~0.
dominated by the variation af(k;). Contrarily, we find that | our discussion of the Hall effect, we have assumed the
t_he variation of t'he scattering timegk;) outweighs the varia- low-magnetic-field limitw,; 7<1, whereo, is given by Eq.
tion of the Fermi-surface velocity(ky). Since the area of the (4) in terms of the distribution of the scattering time and the
sector enclosed by dashed lines in Fig. 5 is larger than theermj velocity over the Fermi surface. Using the parameters
area enclosed by the thin curves, the Hall conductivity agjiven in Table II, we find that for the moderate magnetic
zero frequency is dominated by the cold regions with thesigld of 9 T used in experimeftwy 7, =5.7X 10" and
Iong relaxation timefz. In th_e opposite limit of hlgh fre- wH7'2:2-2>< 10*2, thus the low-field ConditiormH7'<1 is
quency, the effective scattering time® become equal, and ingeed satisfied. On the other hand, in the strong-magnetic-
the contributions of the hot and the cold regions of the Fermjig|q |imit wy>1, the Hall coefficient is given by a differ-
surface to the Hall conductivity,, become comparable. In - ent formuld in terms of the concentration of carrigtmles:
contrast, the longitudinal conductivity,,, which is propor-
tional to the mean-free-path average over the Fermi surface
(3), is dominated by the hot regions of the Fermi surface in RH:L
both high- and low-frequency limits. 2ecS
Following Ref. 5, we assign linear and quadratic tempera-

ture dependences to the scattering rates of the additivertwowhere S is the dimensionless fraction of the Brillouin zone
model: enclosed by the Fermi surface, a¥e: abd is the unit-cell

volume of the crystat® For the bonding band of

7-1_1= 7T, rglzTZ/W. YBa,Cw,05, we find thatS=0.51, and the Hall coefficient in

a strong magnetic field, Ry(wym>1)=1.1x10°
Using the values oﬁl and 72‘1 (see Table I obtained by m%¥C~0.3R,(wy7<1), is three times lower than in a weak
the fit of the ac Hall data to the additive twomodel and magnetic field. The three-times reduction of theRj¢ from
taking into account that the ac measurements of Ref. 9 wer®w to high magnetic fields is approximately the same as the
taken atT=95 K, we find »=4.5 andW=82.5 K. Using reduction ofRy from low to high frequenciegsee Fig. 1
these and the other parameters listed in Table Il, we calculat@oth effects have the common origin: The strong variation of
the temperature dependenggs(T), Ry(T), and coty(T) 7 over the Fermi surface, essential for the Hall effect at low
for the additive twor model and show them by the solid » and low H, becomes irrelevant for high or high H.
curves in Fig. 6. The top panel in Fig. 6 demonstrates &ecent experiment in overdoped,B&CuGs, s with T~ 30
nearly linear temperature dependencep@(T). the bottom K (Ref. 49 found a decrease &, in a very strong field of
panel shows the temperature dependence gkchile not 60 T wherewy7=0.9, in qualitative agreement with the the-
exactly quadratic, it does resemble the experimental data afretical picture outlined above.

(20
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We can also consider mapping of the additive two- jsms, fitting the zero-field transmittance spectr@w) is
model onto two distinct bands characterized by different reequivalent to using a model with a single relaxation time,
laxation times, for example the Cy®@onding band and the which we have already studied in Sec. Il as the special case
BaO stick pocket. Assuming for simplicity that the bandsa,=1. That gives the following values of the parameters:
have parabolic dispersion and using the parameters listed 'u;]ng_zx 100 cm™}, T§1=(Ff+rs)/2= 185 cm'l, and
Table 1l, we estimate the Fermi wave vectors, masses, angl:3_5%_ The zero-field transmittance spectriifw), gen-
plasma frequencies of the corresponding barkgs=0.84  erated by these parameters, is shown by the dashed curve in
mla and kg,=0.14 w/a, m;=6m and my=1.7m, the lower panel of Fig. 2. Then we find, by fitting
w5 ,=9x10" cm ! and w},=10" cm™*, wherem is the  cotg,(w=0)=43 and find the ratio of the relaxation rates by
free-electron mass. The values of the Fermi momentgninimizing the deviationy, [see Eq.(19)]. For the model
roughly agree with the Fermi momenta of the GUfonding  (1)—(2), we find 7-ﬁ1:54 cm ?, wglzl_g cmi't, and
band (see the beginning of this sectioand the BaO stick ,,=0.22%. For the charge-conjugation model)—(23),
pocket k'¥=0.11 m/a along the S-X direction at the values of the parameters aig;=322 cni !, ;=49
k,=m/d) found in band-structure calculatiofsas well as  cm 2, wy=2 cm !, andy,=0.29%. The frequency depen-
the values 0.127/a and 0.17#/a found in de Haas—van dences oRy(w), cotd,(w), andr(w) generated with these
Alphen experiment$ for k‘FS“C"). The value ofw, ; differs  sets of parameters are shown in Figs. 1 and 2 by the dashed
significantly from the plasma frequency of the bonding bandcurves for the moddll)—(2) and by the dotted curves for the
by about the same factor that we discussed earlier in thismodel(21)—(23). While both models are in reasonably good
section:w?;=0.2 (0’2")2, whereasw, , is comparable to ~ agreement with the experimental data, the fit to Anderson’s
the plasma frequency of the stick pOCketw,z;z model appears systema_tically better_ than the charge-
=1.25 (wésgck))Z_ However, de Haas—van Alphen Conjugation model. Assigning the following temperature de-

experiment¥ give the value n for the mass of the stick Pendences to the scattering rateg:",I'yT and 7;",I's
pocket, which strongly disagrees with the value required by* T2, we obtain the temperature dependengg§T), Ru(T),

the two- model. The contribution of the stick pocket to the and cotiy(T) shown in Fig. 6 by the dashed lines for Ander-
Hall conductivity, 6% according to the band-structure calcu-son’s model and by the dotted lines for the charge-
lations (see Table)] is too small compared with the value conjugation model. The temperature dependences in all three
b,=1—b,=29% required by the twe- model (see Table r.nodels.are relatively close to each other and agree qualita-
I1). In other words, to fit experimefitone needs a large and tively with the experiment.

heavy Fermi surface, combined with a small and light one.

On the contrary, band-structure calculatidhss well as de V. CONCLUSIONS

Haas—van Alphen experimerftsevince the large and light In thi h ined vari h lodi
bonding Fermi surface, combined with the small and heavy N thiS paper we have examined various phenomenologl-

stick Fermi surface. As a result, mapping of the additive tWO_cal interpretations of the ac Hall effect in the normal state of

. . YBa,Cu:0O;. We have demonstrated that it is possible to fit
T orglf eo'letlj O%Ton;?z ngrb%nggl% Obni?sdt ei??/v;[tzetriagc S;'rilj( Ee magnetotransport data obtained in Ref. 9 within a Fermi-
&agnetotransport ggta 1quid model, if different regions on the Fermi surface are
' characterized by two different relaxation timgke additive
two-r mode). Mapping the additive twa- model onto the
IV. FITTING o« (@) AND 07,y (®@) IN MULTIPLICATIVE Cu0, bonding band of YBsCu;0, calculated in Refs. 36,37,

TWO-7 MODELS we find that the large flat regions of the Fermi surface have a
As mentioned in Sec. |, the experimental data of Ref. gshort relaxation timeare “hot”), whereas the sharp corners
can be well fitted by the multiplicative twe-model defined Nave along relaxation tim@re “cold”). This distribution of

by Egs.(1) and(2). The charge-conjugation mod&has the the r_elaxation times over the Fermi surface of the_ ¢uO
same multiplicative law for the Hall conductivity, but a dif- Ponding band allows us to fit the shape of the experimental

ferent expression for the longitudinal conductivity: frequency dependences very well. On the other hand, there
are considerable discrepancies between the band-structure
w2 calculations and the experiment in the overall magnitude of
o (w)= — P , (21)  transport coefficients, which can be partially resolved by in-
2m[T'i(w)+Tg(w)] cluding many-body renormalization of the Fermi velocity.
We also find that the data of Ref. 9 can be well fitted by
wng the two unconventional, multiplicative twemodels: Ander-
Oxy(©)= —=——=—, (220 son’s 2D Luttinger-liquid modét generalized to finite fre-
4nl'i()ly(w) quencies by Kaplaret al® and somewhat less well by the
_ charge-conjugation-symmetry model by Coleman, Schofield,
Il(w)=Tj—-io, j=fs. (23 and Tsvelik!® We conclude that the existing experimental

data does not permit a definitive discrimination between
In this section, we fit the experimental frequency depenthese three models. Measurements of the frequency depen-
dencesI(w), r(w), Ry(w), and coby(w) using both multi-  dence of the ac Hall effect at different temperatures would be
plicative two-r models. Both models have four phenomeno-very useful. Since the relaxation rates have different tem-
logical parameters: the prefactos, and «y and the perature dependences, the frequency dependences of magne-
relaxation rates, * and r,,* or 'y andT'. In both formal-  totransport coefficients in the three models should change
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with temperature differently, so that discrimination betweenyBa,Cu,0;, and to J. M. Harris and G. S. Boebinger

the different models may become possible. for useful discussions. This work was supported by the
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