PHYSICAL REVIEW B VOLUME 62, NUMBER 17 1 NOVEMBER 2000-I
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We offer an explanation for the observed crossover temperdturie in-plane resistivityp,;, of biplanar
high-T cuprates. The key to our picture is the existence of nondegenerate and degenerate carriers possessing
different quasiparticle relaxation rates. In the underdoped regime the change ofiplgdd T at T* results
from the thermal activation of nondegenerate carriers. In the overdoped regime, the nondegenerate carriers tend
to become degenerate and a second small Fermi energy emerges, resulting in a cA&rgghtvior inp,,
at low T. We compare our results with data on several compounds. We also find an approximate scaling in
conductivity.

I. INTRODUCTION that is presented here is given in Ref. 9.
Over the past years, several theoretical approaches have

The unusual normal-state properties of the higheu-  been taken to address these issues and the nature of the
prate superconductors are yet to be well understood. Therossover of the physical properties of the cuprateB*atin
evolution of the normal state with doping is marked by someattempts to explain transport properties, and in particular, the
extraordinary universal features. It is recognized that an unlinear-T in-plane resistivity (at optimal doping theories
derstanding of these unusual features is important to the uf@sed on extensions of Fermi-liquid theoLT),'>** as
derstanding of superconductivity at high temperatures. Th¥/€ll as, on non-FL c&nced?shave beenlﬁ)roposed. The con-
temperatureT) dependence of properties, such as in-pland€PtS Of “spin gap™ or “pseudogap”™ have been pro-
resistivity p.,(T), Hall coefficientRy(T), electronic spin POS€d 0 explain observed featurespi(T.x) andys(T,x)

susceptibility xs(T), entropy S(T,x), optical conductivity, in the underdoped_ regime. A pentral aspect of many of the
: L more FL-like theories is the existence of anomalous electron
etc. in theunderdopectuprates reveal aharacteristictem-

. . relaxation r in th r . Some of th heories hav
peratureT*, that demarcates high-and low-T behavior. In elaxation rates in the cuprates. Some of these theories have

h T d i 4 dobif : at their core the concepts of “hot spot®*® or “cold
this region, ecreases with increased dopifiig anticor- spots” ® While these theories have had varying degrees of

relation with the critical temperaturg.), and almost van- g ccess; it has proved to be difficult to explain the evolution
ishes at or near optimal doping defined by maximunTof o the properties across the full range of dopingderdoped
In theoverdopedegion, thel dependence gi,, approaches g optimal to overdoped
the usual Fermi-liquidFL) behavior with some subtle dif-  |n this paper, we present an alternate, and rather different
ferences. Examples of materials which show these types @fpproach to understanding the origin of the crossover tem-
behavior are BiSrL,CaCyOg,s," Bi,SLCa ,Y,CWw0,2  peratureT* in the cuprates. We argue that calculations based
Y1 «PrBa,Cu0;_ 5,2 TI,Ba,CuQ;. 5,* etc. upon the basic features of our model proposed edrlisup-
Here we focus on the temperature and doping depenport the point of view that the crossover temperafTiteis a
dences of in-plane resistivity,,(T,x). At a given tempera- signature of an underlyingmall energy scale in the under-
ture, p,p, decreases monotonically with an increasing numbetioped regime. This decreases with increased carrier density.
of holes. In theunderdopeduprates;>°the slopedp,,/dT Beyond optimal doping, our model, in a natural fashion, sug-
changes appreciably within a narrow range of temperaturgests that the system evolves into a Fermi liquid. The small
aroundT*(x). At T>T*, p,p, changes approximately lin- energy scale in the underdoped regime goes over to one that
early with temperature, but not as rapidly as it doesTor is then related to the small Fermi energy of the second,
<T*. The crossover temperatufie (x) decreases with in- emerging Fermi surface in the overdoped regime. Here we
creasing number of holes, andagitimaldopingp,p, exhibits ~ concentrate on in-plane resistivity, and compare our results
a linearT behavior down tdl' ., with no apparent change of with data on a number of materials in the underdoped, opti-
slope @dpa,/dT=const). In overdoped samples, p,, ~ Mal, and overdoped regimes.
exhibits"® a T? behavior at low temperatures, and possibly The key aspects of our model afe) the presence of
some power higher than lined@rat higher temperatures. nondegeneratéand hence really non-FL like as well as
The evolution ofp,,(T,X) correlates with that of(T,x)  degeneratdFL like) carriers(denoted asy and £ compo-
and the electronic entrop$(T,x).”® With decreasing tem- nents, respectively (b) the nondegenerate and degenerate
peratureys(T,x) decreases in the underdoped and increasegarriers possess different relaxation rates; vgl.ocTz, and
in the overdoped samples. The crossover temperature mark; 1 T.%” Thus the model is quite different from the models
ing the transition between high and Idbehavior exhibits based on two degenerate bartisyhich we believe cannot
the same anticorrelation withi, as it does in resistivity. A reproduce the properties of cuprates being considered here.
detailed discussion of experimental results on susceptibilityrhe idea that two relaxation rates affect transport properties
and electronic entropy within the context of the same modebf the cuprates was proposed earlier on by AndefSok.
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point to note in our model is that the quasiparticles with the
longer Iifetime7-,7ocT*2 are substantially less numerous than (@)
those with the shorter IifetimegocT‘l. Then at optimal dop-
ing, the density of carriens, =T, while n,=const>n, . As a
result, the contributions of both components to in-plane con-
ductivity is of the same order of magnitude and have similar
T dependenceo,,<n,7,+n,7,%1/T. However, the off-
diagonal component of the conductivity, is dominated by the
component with higher mobilitycrxyocn,,rf]oc /T3, and this
leads to theT-dependent Hall coefficienRH~aXy/a)2(x
« 1T and cotly = oy /oy T2

At this time we do not have a microscopic calculation
which would explicitly give rise to degenerate and nonde-
generate carriers. There are, however, several justifications
Experiments do not rule out more than one type of carriers
that are characterized by different relaxation rates. Some of
the other theoriéd*>*®have in a way more than one “en-
tity” in that they possess different relaxation rates, and hence
contribute in a different manner to transport. In the more
recently proposed “cold spots” mod&i,a small number of
carriers have a substantially longer lifetime than the majority
of quasiparticles. The main difference between this work and
ours is the placement of the high mobility component. We
attribute the minority component to a band almost com-
pletely submerged below the Fermi level, so that these qua-
siparticles are nondegenerate and, correspondingly, theil
number density is small anddependentn, = T. In Ref. 16,
the longer lived carriers are assumed to exist on narrow seg:
ments of the Fermi surface with the same result that their
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semiconductor .
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Temperature
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doping (x)

number density is small andT. However, we believe that 150 300 450
our model, schematic as it is in nature, contains or mimics :
the essential features requisite for successfully accounting Temperature (K)

for the variation of the transport properties across the whole

range of doping levels, and providing an explanation for the FIG. 1. (a) Schematic temperature-doping phase diagram show-
characteristic underlying energy scale, manifested as thiég underdopedl), optimally doped(2), and overdoped3) re-
characteristic temperatufE* , in the biplanar cuprates. We gimes.(b) The degeneratgand the nondegeneraigbands;(1,2, 3

are also motivated by our previous results based on thi#dicate the locations of the chemical poteniathat correspond to

model on the evolution of(T,x), entropyS(T,x), and Hall the three regimes ifa). (c) The resistivity of ¥, _,Pr,Ba,Cu;0;_ 5
coefficientRy (T X)_9,20 single crystals. The palm signs indicate the change of slope at

The paper is organized as follows: In Sec. Il we present:T*(X)' The solid lines are calculated on the basis of @§) with

the basic features of our model proposed sometime back. IN() shown in Fig. &).
Sec. Il we outline our calculation of in-plane resistivity for
the degenerate and nondegenerate carriers, and show how t-dimensional(2D) band €,(0); Fig. 1(b). The energy
quintessential energy scalé(x) emerges within the model. spectrumy,=|e, (k) —u| of these carriers varies strongly
In Sec. IV we discuss our results for under-, optimally, andwith doping x and temperaturd as u moves relative to
over-doped regimes. A detailed comparison with data ore,(0). Theupper band with a large Fermi surface gives rise
several cuprates is presented in Sec. V. Also in this sectiorip a degenerate compone(@ with a regular Fermi-liquid-
we show that the data support an approximate scaling itype spectrumé ~uvg|k—kg|. According to Fig. 1), the
conductivity predicted by theory. We end with concluding underdoped regime correspondsu® €,(0), sothat excita-
remarks in Sec. VI. tion of holes in they band requires a finite activation energy
~un—€,(0); this acts like a “gap.” As a result, this com-
ponent freezes out d@t<u—¢€,(0). Thestrongly overdoped
regime corresponds ta going well belowe,(0) due to the
The main idea behind our approach is that the transpoiincreasing number of holes on the Cu@lanes. At suffi-
properties of the cuprates may be described in termmoof  ciently low temperaturesT <e,(0)— u, the nondegenerate
degenerateand degeneratecarriers, that also possess differ- component tends to become degenerate, and there emerges a
ent relaxation rates. Then in the range of superconductingecond small Fermi surface with Fermi energye,(0)
stoichiometry the anomalies of the normal state result from— . Thus, in this scenario there is a relatively smpthsi-
the presence of a nondegenerate component of chardee or negative doping-dependent energy parameteéfx)
carriers?*"?°This appears when the chemical potenfils ~ ~ . — €,(0) that governs the temperature dependences of the
tuned by doping in the vicinity of the top of the lower quasi- properties. We try to show that the experimentally observed

Il. MODEL
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curvatures ofp,,(T) in underdoped and overdoped regimes Z(1+2)\ = WIT, (5)

are governed by the differend®(x) between the chemical ) )

potential and the top of the lower band. where\=v, /v, is the ratio of the DOS for the two sub-
Regarding the relaxation rates of the carriers, it is knowrP2nds, and

that experiments point to the existence of two different re- W(x)=T(x—Xo); T'=«Ng/2v,. 6)

laxation rates in the cuprates. The difference in the tempera-

ture dependence of resistivigy,,~T and the Hall anglé  W(x) is the energy scale that determines the temperature and
cotdy~T? has been interpreted in terms of normaj{ T)  doping dependence of the chemical potengidlT,x) and

and parallel to the Fermi surface,(~ T?) relaxation rated?  other properties. Its linear dependencexdallows from that
However, the second relaxation rate appears not only iof the total number of holes,. The parametek, is the
magnetotransport, but also in transient thermoelectricloping level at which the chemical potential is close enough
effect?? Elsewhere we have presented arguments for attribto the top of the submerged band and changes with tempera-
uting different rates to our degenert and nondegenerate ture such that the fugacity is independenfEq. (5)].

(1) components, and showEd®how they explain the coex- In the underdoped regime, which correspondsWi(x)
istence of linear resistivity and tHE?-Hall angle. Based on >0, and at sufficiently low temperature such tEat1, the
these considerations, we take chemical potential become$ independent,u(x)=W(x)
>0. Thus, the positiv&V(x) for T<W equals the activation
f”-§*1~|<BT; ﬁT;1~(kBT)2/E, (1) energy or the “energy gap” for th_e holes iq the nondegen-
erate » band. The overdoped regima<x,) is defined as
whereE is a characteristic energy0.1 eV. the doping level at whichV(x) <0. Correspondingly, at suf-
ficiently low temperatureZ>1 and u(X)=W(x)/(1+\)
IIl. CALCULATION OF IN-PLANE RESISTIVITY <0. The negativeN(x) for T<|W| determines the second

small Fermi energy=|W|/(1+\) for the emerging second
We obtain the normal-state conductivity of both compo-Fermi surface.
nents from the Boltzmann equation in the relaxation time |t should be noted that in literature the underdoped and
approximation: overdoped regimes are usually defined with respect to the
values of the critical temperature. Our definition of these
P2 22 2 (K of regimes is based on the normal-state properties. These two
T T RT 4 ikl )EE' @ definitions are closely correlated, as discussed below, but not
necessarily identical. In other words, the doping level at
Wherei=§,77,7'i_l_ are the corresponding transport relaxationwhich W(x) =0, results in most cases in a high transition
rates,vy (k) = de/ dky, andf;(e)=[ef(5~#+1] ' is the temperature, but not necessarily the maximal possible for a
Fermi distribution 3= 1/kgT). given compound.
First, we consider the contribution of the nondegenerate The conductivity due to theegeneratet carriers should
(1) component. Sincg is close toe,(0), we mayapproxi-  be of a regular Fermi-liquid-type?, o 7. We note however
mate €,(k) by a parabolic dependence, which leads tothat strongly underdoped systems undergo a metal-insulator
Drude-type conductivity. The number of holes in théand  transition (MIT). As the level of the chemical potential in-
creases with a decreasing number of holes, it crosses the
n,=2v,kgTIn(1+2), (3 mobility threshold. To include this process in our model we
i ) . take in Eq.(1) the transport relaxation rate of tecompo-
where Z=exp(~pu) is the fugacity, andv,=const is the  an; tg he a function of energy and temperaftire (T, e)
two-dimensional2D) density of state$DOS) |n.the pband. _ 7(T) 0(E.— €), with 7,(T)~#/ksT, and (y) being the
Hereafter, energy angk are measured relative te,(0).  gep function.E, is the mobility threshold: only the holes
Then, using Eq(1) we obtain with energy less thak, contribute to transport. This crude
- approximation does not take into account hopping of local-

e’n,T, _ 2e’v,hE 1 ized carriers, but it is sufficient for our purposes here. Thus

7 —
Txx m mks T In(1+2). @ we obtain,
The temperature dependence of the fugacity is determined of = 2€?U? () veh E 1 R
by the mechanism of doping. In our vielRef. 9, the least XX Kg T ePleBdpq”

ambiguous class of bilayer cuprates are the ones in which th_? . : 2
number of holes is controlled by heterovalent substitutions 0 @/fivé at Eq. (7), it was assumed thau(e)v,
inside the bilayer, such as f(Ca_,Y,)CwOg. s, =305 #(K) 8(e— €,(Kk)) is a slowly varying function of en-
TISry(Lu,Cay _,) Cu,0, , etc. ergy.

Thus we consider that in these cuprates the total number
of holes per bilayen,=n,+n, is temperature independent IV. DOPING AND TEMPERATURE DEPENDENCE

and decreases witk at a constant rateln,/dx=— xNg, OF IN-PLANE RESISTIVITY
where « is the difference between the valences of Y-Ca,
Lu-Ca, etc. andNs is the areal density of these sit@s and To illustrate the details of temperature and doping varia-

n, are the number of holes in the respective bandisen, tions ofpab(T,x)=(a§x+ o)~ given by Eqs(4) and(7),
we obtain for the fugacity: we discuss below semiquantitatively the following cases:
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(a)“optimally doped” regime: the range of doping where B. Moderately and strongly underdoped regime
[W(x)|/T~1;

(b) Strongly “underdoped” regimeW>0; W(x)/T>1, and
(c) Strongly “overdoped” regimeW<0; |W(x)|/T>1.

Reduction of the number of holes, by doping raises«
appreciably above the top of the lower subband\(fx) is
such that at room temperatu&(x)/T~1, but T, is low
enough, so that expW(x)/T}<1, freezing out of they
A. Optimally doped regime component of the charge carriers will have a notable effect
on theT dependence of resistivity in the temperature range
T.<T=<300K. This corresponds to the underdoped regime
in which p,(T) exhibits acrossoverbetween two tempera-
ture ranges. Fol>W, p,,(T) is still approximately linear

AT (pab=A.T+B) with a large positiveapparentinterceptB
Pap™ m ) =A;ToxW, Eq. (9. At Ilower temperatures T(
<W)®(W/T)~exp(~=WIT) and the nondegenerate compo-
b, = 5 ~ nent freezes out. Thus, tiedependence o, can be ap-
where A=mkg/(2e i_’w,,E) , a=mu (u)ve/(Ev,), and proximately expressed as
O(W/T)=In(1+2), with Z given by Eq.(5). For W=0 the
fugacity is T independent with the valug,<1 determined A(T+Ty); T>T*
by the ratio of DOS\ in two subbandsZy(1+Zy)*=1. Pab~| A,T; T<T* (10)
Correspondingly, the chemical potential is positiia all
temperatures above the top of the lower baadd changes with A,=A/a>A; andT, the same as in Eq9). Note that
with temperatureu =T In Zo‘l. Resistivity is linear in tem- below T*, p,y, is still linear in T, but with agreater slope
perature with zero intercept. Both components of conductivihan at higher temperature armro intercept The curve
ity are of the same order of magnitude and have dépen-  pap(T) acquires a characteristic downward curvature and the
dence. The smaller number of nondegenerate quasiparticleshange of slope dp,,/dT occurs around aT*(x)
Edg. (3), n,xTIn(1+Z,) is compensated by their higher mo- «W(x)/|In()|. Since the change of slope results from freez-
bility ~1/T?. ing out of one of the components of charge carriers, it cor-

Near threshold dopingg~Xx,, so that W(x)|<T, and relates with the decrease jny(T) and entropy.

As the number of holes decreases, the chemical potential
monotonically rises above the top of the submerged subband
and the change of slope @f,,(T) takes place at progres-
sively higher temperatures. Whengoes above the mobility
whereA;=A/[a+®(0)], and y=|P'(0)[/[@+®(0)]. In thresholdE,, the in-plane resistivity also shows a minimum

this limit Pab is linear inT, with a Sma”pOSitiveor negative and an upturn at Sufficient|y low temperatuf@glu_ EC :26
intercept. The sign of the intercept of the linear extrapolation

indicates whether the system is slightly underdoped or over- A(T+Ty); T>T*

doped. As we will see below, at temperatufes |W| the Pab~| A, T(eFH Ed11): T<T*, (11)

resistivity deviates from Eq9). Positive intercept atV>0

is a precursor of the freezing out of thecomponen{open- _

ing of the pseudogap while the negative intercept ay C. Overdoped regime

<0 is a precursor of the crossover from linear to quadigtic ~ The overdoped regime in our model corresponds to the

dependence af<|W|. If the critical temperature is high situation when the total number of holes increases above the

enough,T.>|W|, these crossovers are hidden by the onset ofevel at which resistivity is linear with zero intercept, &§),

superconductivity and the normal-state resistivity is de-and therefore the chemical potential goes below the top of

scribed by Eq(9) at all temperatures abovi; . the lower band, Figs. (&) and 1b). This corresponds ta
Bilayer cuprates with maximal critical temperature typi- <x, and W(x)<0. At sufficiently low temperaturesr

cally have linearT dependence with zero or very small in- <|W(x)|/(1+)\) the » component also becomes degenerate.

tercepts. For example, in YBEu;O;_ s crystals with zero-  For x<x, and|W(x)|>T the fugacityZ>1; Eq.(5) yields

resistance temperature near 92 K, the resistivity is described~w/(\+1), and® (W/T)~|u|/T. Thusp.,(T) acquires

by pap=aT+ B (Ref. 24 with small negativeinterceptsB.  the characteristicpward curvature:

The corresponding values 6f | ~10—25K (see details in

Ref. 25. It is important to point out that in our model spin AT?

susceptibility ys and the linear term in electronic entropy Pabmm- (12)

SIT are also functions ofNV(x)/T.® Thus, in the regime

where the model gives linear resistivity, andS/T are tem-  Notice that a characteristic enerfyy|, which determines the

perature independent. These are the features of optimallyurvature ofp,,(T) reappears in the overdoped regime and

doped (in conventional sengecuprates with maximal or increases with overdoping. The manifestation of this new

nearly maximalT. It may be noted that in this model, op- energy scale in the overdoped crystals and its physical mean-

timal doping corresponds to the situation when the chemicahg are clearly different from those in the underdoped sys-

potential is very near the top the submerged band, so that thems. If we defineT* ~|u|/a=|W(x)|/a(\+1), the new

holes in this band remain nondegenerate at all temperaturesossover temperature corresponds to transition from ap-

down toT,; Figs. Xa) and Xb). proximately linear withnegativeinterceptT dependence at

When the chemical potential is sufficiently below the mo-
bility threshold expB(u—E)}<1, pan(T) is given by

Pab~A1(T+To); To=yW(X), €)
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B B B B and BpSr,CaCyO, , ; crystals exhibit smaljenuineresidual
Y Cu0 ] resistivity p,ee~0.03 M) cm in contrast withapparentinter-
T M cepts of the high-temperatutaboveT*) asymptotes, which
' are much greater and increase with underdoping. The real
residual resistivity such as that in Fig. 2 can be incorporated
into our model by taking the relaxation ratgl, which de-
termines the resistivity below* in the form ﬁrg1~kBT
+h7yt, instead of Eq.(1) (r,'=const and reflects the
scattering rate from defects or impurifies In
Y1 ,PrBaCuO;_ s samples there is no indication of the
true residual resistivity and the underdoped sample such as
x=0.29 has lineaf dependence beloWw* in accordance
with Eg. (10).
In Bi,SrCaq ,Y,CwO, the transformation from opti-
mally doped to underdoped regime is the result of hole filling
§=0.2135 1 due to Y substitution for C&". The Ca-Y atoms are sand-
Bi Sr,CaCu,O, . wiched inside the bilayer between the two Gusheets. In
ar Bi,Sr,CaCyO,, 5 the effect of changing oxygen content is

[ BiSr.Ca

1-x

similar to that in YBaCuO,_ 5, namely the decreasing con-
centration of oxygen in the blocking layers located outside of
the bilayers also reduces the number of holes on the bilayers.
—0.03 mQ com The mechanism by which Pr substitution drives
s vy Y 1-_4Pr,Ba,CusO;_ 5 into the underdoped regime has been a
o~ g subject of intensive debate, which is not yet resolysee
Ref. 27 and references thergifVhile high-energy spectros-
copy and some band-structure calculations indicate®a Pr
state, transport, neutron diffraction, optical, and Mossbauer
spectroscopies indicate a Pr valence greater thar®®But
when we compare the resistivities in Fig. 2 with those in Fig.
1, we see that the temperature dependence and even the val-
0 50 100 150 200 250 300 ues of the resistivities in these crystals are very similar. Since
T X the evolution of resistivity of Y_,PrBaCu0;_s is
very similar to that of BjSrCa ,Y,C,0, and
Bi,Sr,CaCyO, . 5 (in which the hole filling mechanism is
ar&ot in doub}, we have chosen to use the data in Fig. 1 to

-
]

p,, (ML cm)

O||||||||||||||||||||||||||

FIG. 2. Resistivity of BjSrCa _,Y,Cu,0, (upper panel and
Bi,Sr,CaCyOg, s (lower panel crystals. The temperaturg€* is
indicated by the change of slope of the linear asymptotes. Note th .
the lower temperature asymptotes converge at the small residugpm_pare with our model results. . .
resistivity p,e<~0.03m) cm. This is characteristic of only these Figure ]Eci) shows the 'daft'aalong with theoretical curves
crystals. Otherwise, the data in Figcland Figs. 2 are very similar  fOF Pab=0ap, Whereo,y, is given by Egs(4), (5), and(7):
in T dependence and the values of the resistivity.

a(x) 1 N b(x) @(W) 13
. . - Oab= = -/
T>T* to quadratic aff<T*. This characteristic tempera- ¢ T e el T T
ture increases with overdoping. The fitting shows that the paramet(x) = /A [see Eq(8)
for definition] decreases with increasing Pr concentration in-
V. COMPARISON TO DATA dicating that the average velocit§f(w) on the Fermi surface

decreases monotonically. On the contrabfx)=1/A in-
creases withx.?° For all doping levels, the ratio of DOS in
The in-plane resistivity for Pr-doped single crystals oftwo subbanda is taken equal to 2.3, the same value that was
Y1 «PrBaCu0;_5 (Ref. 3 is shown in Fig. 1(main  found from fitting the susceptibility in a bilayer cuprate
pane). In Fig. 2 we show the same for single crystals TISr,Lu;_,CaCu0,.° The fitting also determines the mo-
of BiSrCa _,Y,CwO, (Ref. 2 (upper panel and bility threshold Ec.~744 K, so that the sample witlx
Bi,Sr,CaCyO,, ; (Ref. ) (lower panel. These are bilayer =0.42 (u~W=2800 K) is on the insulating side very near
crystals exhibiting evolution with doping from the optimally the metal-insulator transition. The sample witk-0.51 is
doped(in terms of critical temperatuyeo the underdoped well into the insulating regime. We have not taken variable
regime. The overall dependence of all of these systems andrange hopping into account, which is why the resistivity
their evolution with doping are similar. Samples with maxi- given by Eq.(13) diverges more strongly at low temperature
mal T show linearp,,(T) with zero or very small positive than the data fox=0.51.
or negativeintercepts(see also Ref. 24 The characteristic The parameteW(x) which determines the fugacifyeq.
change of slope al™* is obvious in strongly underdoped (5)]is shown in Fig. 8a) along with the empirical crossover
samples with th@ dependence in accordance with E§0),  temperatureT* determined by the change of slope of the
shown by the straight lines. Note that,Bi,Ca .Y ,Cu,0, resistivity. The doping dependence\&fx) is indeed linear,

A. Under and optimally doped cuprates
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1000 + T T

(a) x=0.51 W=955K T*=209K

x=0.42 W=800K T*=207K

800 |- x=0.29 W=620K T*=185K

x=0.13 W=320K T*=130K

x=0.08 W=220K
600 - x=0.00 W=70K

B mu(w) Vg

Ev

E¢: 7 !

strongly decreases with underdoping due to decreasing Fermi
energy mw?) in the degenerate band and the increasing life-

time of the 5 particles manifested in increasifg® Eq. (1).

The fitting shows that the value ef decreases from 2.2 at
x=0 to 0.4 forx=0.29. ThereforeT* (x) ~W(x)/|In a(X)| is
appreciably smaller thaw, increases witkx not at the same

i rate and, as Fig.(8 demonstrates, does not have the linear
dependence. Moreover, sinté is defined as a temperature
at which the slope 0p,,(T) changes, it cannot be identified

0 o1 o 03 0.4 05 in the samples close to optimal doping. In these samples the
existence of the small energy scale manifests itself through

(15

(%

I=1759K

W(x)

400

Wand T* (X)

- T . .

dopi . . o .
X oping (x) the intercept of the linear depender{g®sitive or negative

b
( ) rfDDG dependening on the sign &%(x)]. Below, in Sec. VI we
o= 15} TS x=0.00 discuss a different way to determine empirically the under-
- ] lying energy scale from experimental data.
g | v x=0.08 The idea that the change of slog,,/dT at T*, as
L indicated in Figs. 1 and 2, results from the freezing out of
c
@
o
Z
€
b
]

one component of charge carriers can be illustrated even
1.0+ w x=0.13 more convincingly by plottingTo,, versus 1T; see Eq.
e (13). With the overall 1T dependence ofr,,(T) removed,

K ) the data in Fig. @) for samples withx=0—0.29 clearly

l’"('

accernssossociesitsmm—m—m—mX=0.29  demonstrate the Arrhenius-type dependenter,,~a
+bd(W/T) with &(W/T)~exp(~WIT). The empirical
ti Mg crossover temperatufg is the same as in Fig.(d), and it
“‘nn-n..,..m_“_ oo X=0.42 roughly corresponds to the transition from the two carrier
i x=0.51 regime (¢ and ») at higher temperatures to a single carrier
0 . ! . ; . ! . i regime(§) atT<T*. The upturns at low temperatures are the
0.5 1.0 L5 2.0 result of the onset of superconductivity. In the samples with
—2u-1 x=0.42 and 0.51, which are on the insulating side of MIT,
I/T (10 K ) Toap(T) does not saturate at low temperatures. HereTdo,

] ) ] is the same temperature as in Figc)l The solid curves are
ine is a lnear TEW0X) (- X0 The value of the thresnold CCCUI2ted Using EQLY with the same parametera().
doping x,~ —0.05. The arrow ingicates the mobility threshdig b(x), andW(x), as in Figs. {c) and 3a).
~744 K. Also shown are the empirical crossover temperatures
T*(x) (squarey indicated in Fig. 1c). (b) The data of Fig. (c) B. Overdoped cuprates
plotted asTo,, vs 1/T. The palm signs correspond to the same
temperaturel* as in Fig. 1c). The solid lines represent the same
theory as in Fig. (c), Eq. (13).

We present in Figs. 4 the calculated resistivity in over-
doped regime. In our model, the overdoped regime corre-
sponds to the chemical potential going below the top of the
) ) ) lower band, Figs. (a) and Xb). This corresponds to negative
in accordance W|th Ec(.6).. The same linear dependence of values ofW(x) and of the chemical potentiat, which is
W(x) was found in a different bilayer cuprate from the yeaqred with respect to the top of the lower subband. The

analysis of the spin susceptibility. excitations in the lower band are no lon
4 ) ger gapped and a
It should be noted that in thetrongly underdopedegime second Fermi surface would form at temperatufes| u|

[Z<1, Eq.(5)] the gap in the spectrum of theexcitations is  _ W|/(\+1), see Eq(5). However, if|u| is small enough

given by W(x), since Z=exp—u/ks Ti~exp{—~WiksT}. (th|e |crystal is not too overdopedhe 7;|e>|<citations will re-

This gap manifests itself in thE dependence of the resistiv- ain nondegenerate in the normal sté@boveT,). There-

ity as the change of slope resulted from the frgezing out o?jre’ the small energy parametai(x) <0, which éetermines

the » component. The crossover temperature is determineffe temperature dependence of resistivity and susceptibility

approximately by the condition following from E¢8): in the overdoped regime has different meaning and different
manifestations compared to that in the underdoped regime.

a~exp —W/T*}. (14 Figure 4 (upper panel shows the calculatefusing Eq.

(13)] resistivity for three values ofW= —220, —320, and

If a=a(x)/b(x) was constant, the crossover temperature—800 K that correspond to progressively greater overdoping.

would scale proportionately to the gap. However, as disfor comparison, the data from Fig. 1 are also inclutga

cussed abovey(x) decreases anbl(x) increases wittkx, so  timally doped and slightly underdoped samples with 0

that and 0.08. For calculations of the overdoped resistivities the
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~
e w
W=-320 K <t 10k
— 30
e
D -220 X \
g 25 0.5 ((€400-0-00-0-0-c00-0-0.0-0-0—0-0
|
éo: 0 1 | . { | ]
Z 20t 2 4 6 8 10
% ~70 X
= ( "
st
) & 70K FIG. 5. (@ To demonstrate scaling\(x)To,, is plotted vs
M 220 K WIT. The solid lines are identical curvegx) + ®(y) shifted with
1.0 . i ) . ) ) respect to each other due to differemfx); the symbols are the
' 0.5 1.0 15 2.0 25 3.0 same as in Fig. (). (b) When the points are shifted upward by

1/T (10‘2K'1) a(0)— a(x) they form a single continuous curve.

FIG. 4. Upper panel: Resistivity in the overdoped regime calcu- On the lower panel of Fl.g'.4 the Same Calcglatlons and
lated using Eq(13) (W= — 220, —320, and—800 K). For compari- data are prgser_ned_ A%p,, Similar to Fig. 3b). This shows
son, the data for optimally and slightly under-doped samges the Cprrelatlon in sign between the Sloﬂd'q)/a(lﬂ') and
=0 and 0.08 from Fig. 1(c) are also showrW=70 and 220 K, the sign ofW. The low-temperature behavior of overdoped
respectively. Lower panel: Same data and calculations presented a ?an Can be roughly appr_o?(lma}ted as-b'/T with increas-
Toa, Vs 1. The low-temperature asymptotes are described add With overdoping coefficierip ~b|u|, see Eqs(13) and
Toa,~a+b|u|/T in agreement with Eq(12). High-temperature  (5)-
slopesd In(To,w)/d(1/T) correlate in sign and value with W(X).

values of parametemsandb in Eq. (13) were taken the same C. Scaling

as for the samplex=0. Note that the energy scale, which  Sufficiently far from the mobility threshold. (on the
governs the deviation of resistivity from linefirdependence metallic side of MIT), W(X) is the sole parameter governing
in the overdoped regime, {g|=|W|/(A+1), so that for\  the temperature dependencecf,, Eq. (8). In this regime
=2.3 evenW= —800 K still corresponds to relatively small the model predicts a three-parameter scaling of the form
|u|~242 K. We see that the high-temperature dependence

of p,p is approximately linear, with an apparent negative AX) Togp= a(X)+D(W(X)/T). (16)
intercept. As discussed in Sec. IV C, this negative intercept is

a precursor to the crossover to superlin@aradrati¢ T de-  This approximate scaling is illustrated in Fig. 5. The lower
pendence at temperatur@s<|u|. The small negative inter- panel shows the same data as in Figp) 3only multiplied by
cepts characterize tHE dependence of the optimally doped parameterA(x)=b~*, determined by fitting the data with
clean crystals of YB#w0,_5.24?° When T,~|u|, the EQq. (13), and plotted vsW(x)/T. The solid curves are the
crossover to quadrati¥ dependence of resistivity at low right-hand sides of Eq(16): e+ ®(y), where®(y)=In(1
temperatures is obscured by the onset of superconductivitytZ) with Z(1+Z)*=e Y. These curves are defined for
Overall, theT dependence of resistivity shown in Fig. 4 is positive (underdopefland negativéoverdopedl values ofy
similar to that of strongly overdoped crystals of =W/T. In Fig. 5 only the positive branch is shown. These
Tl,Ba,CuQ;, 5.4° identical curves are shifted due to the different valueg,of
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" ' ' changes in a predictable manner consistent with the behavior
2.0t 1 of the susceptibility in other cuprates, such as
: La,_,Sr,CuQ,.>* The optimal doping corresponds to a
& 1.5} s ] practica]IyT independenj. _Outside of optimal dqpipg the
_%’v.um?s?'_'a-d-"i-'»;-‘ﬁ.:.q susceptibility becomes noticeablly dependent within the
1.0 | . rerata e range of temperaturé€,<T=<2300 K. This requires a certain
energy parameter to be present to scale the temperatyre:
= xs(T/E*), with the absolute values @&* roughly within
the same interval as the temperature. An empirical character-
ization of the doping-dependent energy sdafeis the high-
temperature slope ofs as seen in Fig. 6:

0

0.5 : : :
20 L 100 200 300

aln xs

E* (X)=——— .
TGV I

17

The subscripE} indicatesE* obtained from the suscepti-
bility data. The overdoped and underdoped regimes are char-
acterized by the opposite sign Bf, which reflects the op-
posite curvatures ofs(T/E*).
The resistivity data presented in Figgc)l 2, and 4(up-
per panel demonstrate the same phenomenon as in Fig. 6.
05 ‘ . ‘ 1 ' | The optimal d_oping_ is charaptgri_zed by a zero energy param-
: 0.25 050 075 1.00 1.25 150 eter and a strlctl_y linear resistivity with zero intercepts. The
small apparent intercepigositive or negative which ap-
1/T (10_2K—1) pear in the extrapolations of the high-temperatlirdepen-
dence ofp,;, in underdoped and overdoped samples, respec-
FIG. 6. Susceptibility of TIStu; ,CaCwO, (x=0.1 is tively, increase in absolute values, and at greater under-or
strongly underdoped and=0.5 strongly overdoped crystalsThe  gyverdoping evolve into a noticeable curvature of resistivity.
solid curves are calculateql within our model. High-tem_peraturesmCe the strictly linear dependence pf,, corresponds to
slopes, Eq.(17) correlate with the values of W(x). The inset ;010 pseudogap, these intercepts and curvatures require an
shows the same data and theory plotted vs temperature. underlying energy scale, which increases on both sides of
optimal doping. This becomes especially obvious when we
and in the upper panel they are collapsed on one curve by th@move the overall T/ dependence of conductivity as shown
upward shift bya(0)—a(x). A similar scaling, which in- in Figs. 3b) and 4 (lower panel. We can also define the

cludes the data for underdoped and overdoped crystals waparacteristic energy from the resistivity data as the high-
found for the spin susceptibility in another bilayer cuprate. temperature slope of o,

Xs (107*emu/mol Cu)

J In(TO’ab)

VI. CONCLUDING REMARKS E:(X)= 3T

(18

We have presented what we believe to be a plausible ex- T=300K

planation for the observed characteristic crossover temper&omparing our results for spin susceptibilttyFig. 6) with

ture T* in in-plane resistivity in biplanar highy cuprates. Figs. 3b) and 4 (lower panel we find that the empirical
We have also shown that the same framework can, in a natenergy scales from susceptibility and resistivity correlate
ral fashion, account for the Fermi-liquid-like behavior in the with each other at all doping levels.

overdoped regime as well. One of the key points of this In our model, the underlying energy scale, related to the
paper is to show that these features in the under, optimal, ammtossover temperatufg*, is the energy difference between
overdoped bilayer cuprates are governed by an underlyinthe top of the lower band and the level of the chemical po-
relatively small energy scale. In the underdoped regime, wéential, which changes with doping, Figstaland 1b). In
believe this energy scale to be related to what is referred tthe underdoped regime the chemical potential is above the
as the “pseudogap” in literature. This can be large in thetop of the submerged subband and the excitations in this
strongly underdoped crystals and vanish at optimal dopingband are gapped. The activation energy W(x) determines

In the overdoped regime the characteristic energy scale aphe temperature at which one component of the charge car-
pears in the form of a Fermi energy of the second emergingiers freezes out. This leads to the decrease at low tempera-
Fermi surface that increases with overdoping. In addition tdure of the spin susceptibiliy? the linear term in electronic
in-plane resistivity, this type of evolution is also evident in entropy? and To,;,, Fig. 3b).

the data on the spin susceptibilify (Refs. 7,9 and elec- The overdoped regime corresponds to the chemical poten-
tronic entropy. To demonstrate this explicitly, and for thetial going below the top of the submerged subbgnd
sake of completeness, we reproduce in Fig. 6 the electronis W/(\+1)<0], so that » excitations are no longer
susceptibility datd, that were analyzed in Ref. 9. The sus- gapped. Instead, the energy scale hgt s the small Fermi
ceptibility of the TISpLu; ,CaCw,0, crystals that evolve energy of the emerging second Fermi surface. Correspond-
from underdoped X=0.1) to overdoped X=0.5) regime ingly, the manifestations of this emerging second Fermi sur-
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face are very different from those of the gap in the underRecently, it has become possible to separate the effects of
doped phase. As temperature decreases well bgldwhe  even and odd excitations on the spin susceptibility in under-
carriers in the second subband go from being nondegeneragi@ped YBaCu,O,_ 5.t A brief summary of these results is

to degenerate. As a result, the susceptibfitythe linear  that in the normal stateof the underdoped system the
term in electronic entropyand To,p,, Fig. 4 increase with “even” spectrum is truly gapped, while the “odd” spectrum
decreasing temperature. A consequence of this model is thaf not. This is expected from our scenario depicted in Fig.
the. maximal criti.cal temperature is reached in the crystals inp). Experiments such as Ref. 31 merit separate analysis,
which the chemical potential is very close to the top of thegng we only point out here that the different behavior of the
lower band. Therefore, one component of charge carriers Unsyen and odd contributions to susceptibility give additional

dergoes pairing while remainingondegeneratet T . _ support to our model and are consistent with the previous
Finally, while we do not yet have a good microscopic resylts for susceptibility.

calculation that explicitly gives rise to the degenerate and
nondegenerate carriers, we speculate on a possible origin for
the two 2D subbands. This may result from the coupling
between two Cu@layers within a bilaye?:?° The quasipar-
ticles in the lower subband are even combinations of the We thank C. C. Almasan, T. Watanabe, K. Q. Ruan, and
atomic orbitals| 7)< |1)+|2), while the upper, degenerate, their colleaguegRefs. 1-3 for making available to us the
band is comprised of odd combinationg§)e|1)—|2). Ei-  resistivity data. The work has been partially supported by a
genstategl) and |2) are centered on the respective layers.grant from the Ohio Research Challenge.
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