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We report detailed thermodynamic and transport measurements for nonsupercondugt@ig JCaiO,.
Collectively, these data support the presence of a highly correlated Fermi-liquid ground state j8rl@QuO,
beyond the superconducting dome, and imply that charge transport in the cuprates is dominated at finite
temperatures by electron-electron scattering.
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The highT, cuprate§HTC’s) have emerged as one of the mal conductivity, specific hed€) and magnetic susceptibil-
most formidable challenges in solid-state physids. par- ity (x) measurements on single-phase nonsuperconducting
ticular, transport properties of the normal state present &a, ,Sr,CuQ, (LSCO) crystals &=0.30) in which these
number of uneasy paradoxes for the Fermi-liq(Fdl) pic-  various concerns are removed. Collectively, the data provide
ture. While it has been argued that strong electron-phonog consistent picture of ,3Sr, sCuQ, as a highly correlated
(e-ph) scattering might account for thelinear resistivity in - FL. The WF law is verified to within our experimental reso-
optimally doped cupratésit is generally assumed that prox- ution, though in contrast to OD TI2201, bofy, and p,
imity to a Mott insulator, and thus the unusual strength ofgypipit strictly T2 behavior below 50 Kwith no additional

on-site electronic repulsion, is the fundamental reason b&jnear term Significantly, the Kadowaki-Woods ratio, linking
hind the more unusual aspects of HTC physics. This generzﬁ]e coefficientA of the (in-plane T2 resistivity and the
assumption is backed up by a host of experimental observ%—

tions which indicate that the anomalous behavior becomeggua;o%;]: linear specific-heat coefficiant is foupd 0
X ; . . usly enhanced, even compared with other
even more pronounced with decreasing density of carriers,, I lated tals. This latt b tion imoli
that is, by moving towards the underdoped side. At suffi- rongly correlated metais. 1his 1atler observation implies
ciently high carrier concentrations however, it has often beefi1at intensee-e scattering persists beyond the superconduct-
assumed that HTC's eventually evolve into a conventionald dome and sheds more light on the evolutionpgf(T)
FL as the electron correlations become weaker and the sy8¢r0ss the HTC phase diagram.
tem becomes more three dimensio(gD). Seven bar-shaped samplétypical dimensions 3 mm
Ironically, the persistence of robust superconductivity onX 0.6 mmx0.6 mm) were prepared for eithesb-plane
the overdopedOD) side of the phase diagram has been a(Al-4) or c-axis (C1-3) measurements from a large
major obstacle in the exploration of the metallic nonsuperLa; 7Sty sCuQ, single crystal grown in an infrared image fur-
conducting ground state in HTC's. Indeed, supporting evihace. The individual ingots were post-annealed together with
dence for a FL ground state has only surfaced very recentlthe remaining boule under extremely high partial pressures
with the experimental verification of the Wiedemann-Franzof oxygen (400 atm for 2 weeks at 900°C to minimize
(WF) law in OD ThLBa,CuQ;_ 5 (TI2201) (T,~15 K).®> By  oxygen deficiencies and to ensure good homogeneity within
suppressing superconductivity in a large magnetic fieldeach crystal. Subsequent x-ray analysis revealed good crys-
Proustet al. observed the precise WF ratiey, /o4, T=L, tallinity and no trace of superconductivity could be detected
where k,, and o, are the in-plane thermal and electrical (resistively down to 95 mK(see top inset to Fig.)1con-
conductivites and the Lorenz numberLy=2.44 firming that these crystals were indeed single phgé€) of
X 10~ WQ/K 2. Surprisingly however, and at odds with a the boule was measured with a commercial magnetometer,
conventional FL picture, the WF relation was found to coex-while C(T) was measured between 0.6 K and 10 K in a
ist with a large linear resistivity term extending down to O K. relaxation calorimeter. In both cases, addenda contributions
This dichotomy raises the question whether the field-induceevere measured independently and subtracted from the raw
“normal state” in OD HTC's, i.e., beyondH,,, is the same data.«(T) of A1, A2, andC1 were measured in a dilution
as the ground state that would exist in the absence of a magefrigerator using three RuQchips employed as one heater
netic field, as it does in more conventional superconductorsand two thermometerg(T) measurements were made on all
Moreover, a clear understanding of the experimental situaseven samples using a conventional ac four-probe method.
tion in OD cuprates has often been compounded by theiFor all transport measurements, current and voltage contacts
tendency to undergo phase separation. were painted onto the crystals so as to short out any spurious
In this communication, we present inp4,) and out-of-  voltage drops from orthogonal components of the conductiv-
plane (p;) resistivity, in- («,,) and out-of-plane ;) ther- ity tensor. Uncertainty in the geometrical factor was esti-
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FIG. 1. Zero-field resistivity oAl, A2 (p,p,, solid lineg, and ol , , , , , 0
C1 (p. dashed ling Upper inset: LowF p(T) of A3 andC1. 0 500 1000 1500 2000 2500 3000

Lower inset:Ap./p. vs B? for C1 at 0.5 K B|ab). The solid line 7 (K9
is a fit to Ap./p.=0.000 1B>—3.1x 10 8B*.

FIG. 2. (a) p(T) of A3, A4 (solid lineg, andC2 (dashed ling
mated to be~20%. Finally, c-axis magnetoresistance vsT€ Thin solid lines are provided as guidéb) Low-T p(T) of
Ap.lp. data were taken o@1 at the NHMFL in Florida. A3 andC2 vs T2 Inset:p vs T? for A4.

Figure 1 shows(T) of Al, A2, andC1 below 300 K.

(All crystals reported here showed similar behayidiote ~ clarity]. Significantly, A has the same magnitude~@.5
the similar metallicT dependencies observed along both or-=0.1 nQ cm/K?) for all in-plane crystals, even though
thogonal directions, the different residual resistivitigg)(  po(A2,A3)~2po(A1,A4). To our knowledge, this is the first
for A1 andA2, and the strong upward curvature across thdime a pureT? resistivity has been resolved in a hole-doped
entire  temperature range. The resistivity ratiocuprate[recall that in OD TI2201, g—pg)(T)=aT+AT?
pe(C1)/pan(Al) rises from~65 at 300 K to~80 asT  (Ref. 3] and coupled with good Matthiessen’s rule behavior
—0, presumably due to slight differences in thejrvalues.  implies that in La /Srp;CuQ, at least, charge transport is
The limiting low-T resistivities ofC1 andA3 are reproduced ~consistent with an anisotropic 3D FL pictuite.

in the top inset to Fig. 1. No current dependence was ob- In Fig. 3, the lowT thermal conductivities oAl, A2,
served inp(T) down to 0.1 A/cd, well below typical crit-  andC1 are plotted a%/T versusT?. Note thatAl andA2

cal current densities found in HTC. The lower inset showsare better conductors of heat, as expected sing€o,y,,
Ap.lp. for C1 (B|ab) plotted versus3? at T=0.5 K. In-  and thatk(A1)>«(A2), reflecting their respectivg, val-
serting the fit to the low-field datésee captioninto the  ues. The sizable phonon temy;, in HTC’s has often been a
Boltzmann transport equation for a quasi-2D Eee, e.g., major obstacle to the determination gf,, the electronic
Ref. 4, we obtain an estimate of the in-plane electroniccontribution tox(T). In this instance, however, we can make
mean free patlf ,,~ 145 A. Finally, usingk.=0.55 A" * for  use of the fact thafl andA2 have different residual resis-
La; ;S CuQ, (Ref. 5 and the “isotropicé” approxi-  tivities and simply compare the difference in the residual
mation® we obtainp,,,=21 xQ cm. This value is in good conductivitiesA o, with the difference ink,, for the two
agreement withpg(A1) and implies thaall carriers contrib-  crystals. This comparison is shown in the left-hand-side inset
ute to the metallic conductivity. to Fig. 3. Between 0.3 K and 1 KAk,,/T~0.57 mW/

In the top panel of Fig. 2p(T) of A3, A4, andC2 are cmK? (the dotted ling This compares favorably with our
plotted versusT'®. In a previous study,such noninteger estimate (dashed ling of Ax,,/T=Ly/Ace=0.70 mW/
power-law resistivities were shown to extend from the lowesem K2. A similar conclusion can be deduced by comparing
temperatures up to 1000 K. WhigT) of our crystals fol-  k,p with k(C1), if one assumes that,, is anisotropic and
lows very closely aT'® dependence at elevated tempera-introduce a scaling factdr(in this casef =1.6) between the
tures, theT dependence clearly becomes stronger thidh  in-plane and out-of-plang, i.e., ke|= kap— 1.6k . (Note
below T~100 K. Indeed, as shown in the bottom panel inthat we do not expect anisotropy iy}, to be temperature
Fig. 2, (0-po)(T)=AT? up to at leasT =55 K for both cur-  dependent below 1 K.The resultantx,, /T, shown in the
rent directions[ (p—py)(T) for A4 is shown in an inset for second inset to Fig. 3, are found to be 1.07 and 0.50 mW/
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FIG. 3. Thermal conductivity/T of A1, A2, andC1 vs T2, FIG. 4. Kadowaki-Woods plot of\, the coefficient of theT?

Left inset: Ak,,/T vs T. The dashed line gives the expected resistivity, vsy,, the electronic specific-heat coefficient, for a vari-
Aka,/T=Lo/Ao, obtained from the differences in the residual ety of strongly correlated metaladapted from Refs. 12, 13, and
resistivities. Right inset: £,,— 1.6x.)/T for A1 andA2. The dot-  16). Upper inset: Magnetic susceptibilig(T) of large boule at5 T
ted lines givexy /T asT—0. with B|/c (solid squaresand B|lab (open circles Lower inset:
Low-T specific heat of boule plotted & T vs T2. The solid line is
a fit to the expressio€=aT 2+ y,T+ BT+ BsT°. See text for

cmK? for A1 andA2, respectively(the dotted lines This
parameter values.

gives pog=LgT/ke=23 (A1) and 49 A2) ) cm, com-
pared with the measured values of 19 andi42 cm. Given ) . )
our experimental uncertainty, the WF law appears to be welgffective mass. This effect can be detected through the resis-
satisfied in both our in-plane LaSr, Cu0, crystals, at least fivity (AT), specific heat {,T), and magnetic susceptibil-

down to 0.3 K. It should be stressed here that,(LSCO) is Y (xp). Empirical relationships that correlate these physical
almost an order of magnitude smaller than in OD TI2301, Parameters have been found in a wide range of strongly cor-

thus making separation of, from ., more difficult. relattgd metals; namely, the Kadowaki-Woo@§W) ratio
The surprising feature of Fig. 3 is of course the stronglA/¥o=2ap=10 °uQ cm/(mJ/Kmolf (Refs. 11 and 19
downturn in (A1) asT—0. (A slight downturn is also and the Wilson ratid R, = (mk3/3ug) x,/ o, With Ry~ 1
visible in the second inset fok2 below 0.1 K, though no- for a free-electron gas and-2 for strongly correlated
where near as dramatidNote that this downturn is robust fermions?].
both to changes in the thermal contacts and the crystal di- The lower inset to Fig. 4 showS(T) of the large crystal
mensions. Intriguingly, a vanishing af,, has also been ob- boule plotted a<C/T versusT?. C(T) can be fitted over the
served in the electron-doped cupratg RCeCuQ,.° In the ~ whole temperature range (0.6<KI'<10 K) to the expres-
normal state abovél,, Hill et al. found thatke /T, while  sion C=aT 2+ y,T+ B3T3+ BsT° with a=76 uJ K/mol,
violating the WF law forT >0.3 K (in the sense that it ¥0=6.9 mJ/molK,  B3=0.1mJ/molK, and B
clearly exceed&o/p), rapidly vanishes below 0.3 K. These =0.7 uJ/molK®. The T 2 term represents the high-
two anomalous observations appear to have a common oriemperature tail of a Schottky anomaly that invariably devel-
gin. The sample-dependent aspect of the downturn, howeve®ps in HTC samples at low due to either a small concen-
suggests that it is extrinsic and unrelated to any exotic eledration of isolated paramagnetic impurities, or due to nuclear
tronic behavior, particularly in view of the other results ob- hyperfine or quadrupole splitting. The phonorgT? term
tained here for La;SrsCuQ, above 0.3 K. We reserve a gives rise to a rather elevatédl, =550 K, thoughg; here
detailed discussion on the origin of this anomalous downturrmay be made artificially low by &-dependent electronic
to a more complete and systematic investigatfon. term2* The magnitude ofy,, however, is very robust in our
The absence of superconductivity in 4181 sCuQy, measurementS, is comparable to previous reports at
coupled with the emergence of B resistivity at low T,  this doping level! and gives a corresponding KW ratio
gives us a unique opportunity to compare experimentaA/y§~5ao. This puts nonsuperconducting LSCO well
manifestations oé-e correlations in La,Sr, :CuQ, to other  off the so-called “universal” line for strongly correlated met-
strongly correlated systems. Electronic correlations in a Flals indicated in Fig. 4. A similarly enhanced KW ratio,
are known to lead to an enhancement in the quasiparticlee., A/y§>5a0, can also be inferred for OD TI2201

100502-3



RAPID COMMUNICATIONS

S. NAKAMAE et al. PHYSICAL REVIEW B 68, 100502ZR) (2003

[A=5.4 ) cmK 2 (Ref. 3, yo~10 mJ/mol ¥ (Ref. 17], across theentire accessible doping rangé Such a scenario
and indirectly for OD Py_,CeCuQ,, [A~4 nQcmK 2 is consistent with the Ia2r %increase in the quasiparticle life-
(Ref. 18, y,~6.7 md/mol ¥ (Ref. 19]. This observation time observed below..”~ .

reveals an important aspect of the physics of the cuprates and Finally, let us comment briefly on the Wilson ratity .

is the central result of this Communication. While the originAS Shown in the upper inset to Fig. #(T) displays signifi-

of this enhanced KW ratio is not understood at present, €Nt @nisotropy with respect to th4e field orientatibelieved
implies that in HTC's, correlation effects lead to an enhance!0 arse from anisotropig values?) and a strong ?”ﬁ'%tance'
ment in thee-e scattering intensity without an accompanying ment at lowT. Assuming a constant Pauli susceptibiity,
change in the density of states. Clearly further investigationgmd an isotropic Curie-Weiss terwith 8.~7.5 K), we

. . Obtain an averagg,~ 1.75X 10 * emu/mol and henceRy
to e_s_tabllsh whether this a common featur@lfthe cuprate ~2.0, consistent with values for other strongly correlated
families are strongly recommended.

. Is™ If h Il the enh in(T) is as-
As one moves across the HTC phase diagram towardrgnetas owever, all the enhancement ig(T) is as

half fill . b umed to be intrinsic, i.e., due to an enhanggdT), we
alf filing, one expecte-e scattering to become even MOT€ ohtain Rw~3.5. We note here that while a large enhance-

fhent inxp(T) at low T would imply a similar enhancement
in y(T), such behavior would be difficult to discern from our
nEZ(T) data due to the dominant phonon contribution.

resistivity in HTC’s may simply reflect the growing strength
of e-e interactions as one approaches the Mott insulator fro

the mqtallig side: As gnhindication of howhrapidly tleeef In summary, detailed low- transport and thermodynamic

scattering |nten_S|ty mg t grow, we note ere thay, o measurements imply that a highly correlated FL ground state
Lay g5510.15CUQ, is approximately two to three times larger yeo\elops beyond the superconducting dome in LSCO. The
than that of LaStpCu0, at 300 K, even though hole ,pceration of an anomalously enhanced KW ratio suggests

counting dictates that their carrier densities differ by only 3that e-e scattering in nonsuperconducting LSCO is much
few percent. Whilst the strength of tieeph interaction may  pyore jntense than previously imagined and challenges exist-

change across the phase diagfdmiven thate-ph scattering ing claims that the ubiquitout-linear resistivity observed in

appears to give a negligible contribution f@.,,(T) In  45timally doped cuprates is a signature(stfong e-ph cou-
La; /SIpsCuQ,, an e-ph origin of the linear resistivity that pling.

appears(in a narrow composition rangearound optimal
doping would appear unlikely. In light of these results, and in  We acknowledge stimulating discussions with J. W. Lo-
the absence of any other known mechanism, we can onlgam, L. Taillefer, and J. A. Wilson and experimental assis-
conclude that chroni¢dUmklapp e-e scattering processes tance from L. Balicas. This work was supported by the Alli-
dominate the normal-state transport behavior of the cupratesnce: Franco-British Partnership Program.
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