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We report a study of the normal-state Hall effect and magnetoresistance of single crystaBag€ul;, s
Using samples witfT <15 K, we can suppress the superconductivity down to low temperatures with magnetic
fields of 16 T, and can thus study the normal state properties over three decades of temperature, extending into
the T—0 limit where it is possible to make a reliable estimatekpf-0.7 A~ from the Hall effect in the
elastic-scattering regime. The temperature dependence of the Hall coeffRjentyelow 30 K rules out
models in whichRy(T) is taken as a measure of a real temperature-dependent change in the carrier concen-
tration. The two scattering ratéprobed by the resistivity and the cotangent of the Hall angleich charac-
terize normal-state transport in the cuprates also appear in this overdoped materaBK. However, as
T—0, we observe only aingle scattering rate, whose temperature dependence is dominated by low power
terms, in contrast to th&? dependence predicted for a Fermi liquid. The relationship between these findings
and anomalous behavior previously reported for the upper critical field is discussed.

I. INTRODUCTION tures the apparent lifetime separation extends over a wide
range of doping™!° the temperature dependence pf

Soon after the discovery of the cuprate superconductors, thanges considerably, while that of & retains its simple
became clear that their normal-state properties have severd-BT? form betweenT. and approximately 200 K, as
unusual features. For example, in YBaLOg s and several shown in Fig. 2.
other materials, there is a strong linear term in &heplane
resistivity, p, over a wide range of temperatueg., approxi- optimally
mately 10—700 K in BiSr,CuQs). Moreover, the Hall coef- doped
ficient, Ry, has too strong a temperature dependence to be
easily understood in materials whose transport is thought to

A

o
be dominated by a single baAdetailed study of materials §
covering a wider range of stoichiometry or “doping” shows g Anti.
that the temperature dependencep ahdRy, vary apprecia- S | ferro-
bly across the superconducting phase diagram which is magnetic\ underdoped
sketched in Fig. 7% In particular, R,(T) changes in an Mote overdoped
apparently nonsystematic fashion, and this led to consider- In‘;ulaigr

able difficulties in interpreting the data. An important step
was made when Anderson suggested that the temperature
dependence dRy could be better understood in terms of two
apparently decoupled scattering rates with different tempera-
ture dependencés.The resistivity(p) reflects the tempera-

ture dependence of ﬂ'/ Whllef .the Cotangen.t of t.he Hall ductors. The interplay between antiferromagnetism and supercon-
a_n,gle(COt®H:p/RH B) ',S sen5|t|ye to ]f'lH - Ry, itself is sen- ductivity in the cross-hatched region is still uncertain. The range of
sitive to 7y/7,, and so in this picture is expected to have adoping covered by any material depends on details of the chemistry
more complex temperature dependence tham cot®y, . of the charge reservoir layers which supply carriers to the copper

Anderson’s suggestion was confined to optimally dopechyygen planes. For example, YR2L0,_ s is ideal for studying the
materials in which 14, varies linearly with temperature, and underdoped side, while JBa,CuOs. s is a clean material with long
was quickly confirmed experimentally in YBau;O;_5  mean-free paths which allows investigation of the overdoped side.
doped with various levels of Zn impurities by Chien, Wang, Qualitatively, the effect of correlations can be expected to weaken
and Ong'? Work on single crystals and crystalline thin films as the carrier concentratiopy increases. The size of the Fermi
by several groups has since established that at high temperausrface as a function gf remains a controversial issue.

Superconductor

Carrier concentration (p)

FIG. 1. An idealized phase diagram of the cuprate supercon-
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doping and means that varying the oxygen content produces
material anywhere between optimally doped and heavily
overdoped? As the doping is increased the temperature de-
pendence of the resistivity changes smoothly from linear in
samples withT ;=90 K to one with considerably more cur-
vature asT is reduced. If a variable power law of the form
A+BT" is used to fit thep(T) data in samples witff <20
K, a exceeds the value of 1'8which has been suggested to
be the limit in overdoped La ,Sr,CuQ,.* In any supercon-
ducting sample, a weighted sum ®fand T2 terms of the
form A+ BT+ CT? fits the resistivity data more satisfactorily
than the variable power law, consistent with the lindar
contribution persisting on the overdoped side of the phase
diagram*® Also, the remarkable second lifetime seen in the
Hall effect still exists in heavily overdoped material, suggest-
ing that although the anomalous scattering which leads to the
unigue normal-state properties of the cuprates weakens as the
doping is increased, it still plays an important role. Given its
high purity (the mean-free path, is of order 18 A at low
temperatures Tl,Ba,CuQ; is an excellent material in which
to study the properties of the cuprate normal state.
Qualitatively, it is not very surprising that the normal-state
properties begin to look more “standard” as the doping is
increased, because the addition of carriers to the antiferro-
magnetic insulating state can be expected to weaken the
strong correlations that exist there. The precise evolution of
the normal-state physics is still controversial, however.
Sketches like that shown in Fig. 1 are frequently used to

describe the phase diagram of the cuprates, but they implic-
itly contain the assumption that the carrier concentration is
linear in the chemical dopant concentration across the whole
phase diagram. This implies a concentration of itinerant
charge carriers in the range between 0 and 0.3 per copper
FIG. 2. Typical plots of the evolution of) the resistivity and ~ atom and, in a naive picture, is equivalent to the existence of

(b) the cotangent of the Hall angle across the phase diagram. AR Fermi wave vectokg<0.3 A%, a value far smaller than
though the temperature dependence changes considerably as a that predicted by band theory. While there is some evidence
function of doping, work on single crystals and thin films shows for this point of view from Hall effect measurements at low
that coB,; varies asT? below 200 K in almost every cuprate ma- dopings and resistivity measurements irp LgSr, CuO, over
terial. This suggests the existence of two distinct scattering rates ia wider range of doping’ other normal-state probes such as
the normal-state physics of the cuprates. The XBg0,_, data  angle-resolved photoemission spectroscOpiRPES seem
shown come from Ref. 4, but the figure is designed to be represerto see a large Fermi surface which would correspond to a
tative of an overall picture established by many grodpefs.  concentration of approximately 1.2 itinerant carriers per cop-
3-10. In the overdoped sample of ;Ha,CuQ;, s that is shown, a  per (ke.~0.7 A™%) even in samples at optimum dopiffylf
function of the formA+ BT+ CT? with an appreciable linear term  this is correct, it seems likely that the" axis on sketches

is needed to fito(T), while co®(T)~A+CT? In samples of sych as Fig. 1 is strongly nonlinear in the chemical
TI;B&,CuG;, 5 the linear term becomes stronger@s decreased  concentratiort? In most cuprates, the strong temperature de-
andT_ rises, until it dominatep(T) whenT.~85 K (Ref. 14. The ~ pandence oR,, means that it is difficult to dedude: unam-
smoothness of the progression, combined with the d°p'ngbigu0usly from transport measurements.

independentA+ CT? form of co®y(T), is strong evidence that The observation of a large “Fermi surface” by ARPES
T o oS 1ot necessarly imply a Fermiquid ground siate, and
Pratefideed the existing magnetotransport data are suggestive of a
breakdown of Fermi-liquid theory such as that discussed in
The doping level that can be achieved in any given mateRef. 11. However, other suggestions have also been made to
rial depends on details of the chemistry of its charge reseraccount for the apparent lifetime separation seen in the trans-
voir layers. In YBaCu;0,_, the available range of oxygen port properties. A strongli dependent scattering rate having
stoichiometry means that material can be prepared with dogifferent temperature dependences on different parts of the
ing anywhere between heavily underdopghe antiferro- Fermi surface can lead to an apparent separatidtough it
magnetic insulatgrand very slightly overdopedully oxy- is difficult to account for the extent of the separation seen in
genated material In the single crystals of JBa,CuQ;.; optimally doped materials in whichvaries asA+ BT while
which we have studied, there is a significant substitution otot®,, varies asA+BT?, both to high accuracy. A very
copper onto the thallium sit€, which gives some intrinsic square Fermi surface and a specific change of the scattering
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rate near the corners would be required. Another proposal is Il. EXPERIMENTAL
that theT? scattering rate probed by @y, is evidence for
Fermi-liquid behavior, and that the temperature dependenc%gr

. ization procedures used are outlined in Refs. 13 and 24.
seen inp are due to a real temperature-dependent change Ierystals WIthT.<15 K were prepared by annealing in flow-
the carrier concentration which is accurately probed by ¢

R(T).“ Recenty, it as also been suggested that the temp %0800 & 50, & TRk 8 20 28 (0B F B0 B
perature dependence of the normal-state transport properties P P '

X : resumably because the crystal contains more than its equi-
can be accounted for in terms of a single-component Bos

L o . ) ibrium oxygen content at room temperature. For this reason,
fluid with boson localization playing an important réfeln .

L the lowestT . samples had to be stored at 200 K if there was
this picture too, the temperature dependencB,pfeflects a

real change in the concentration of itinerant carriers. a time delay of more than a few days between initial prepa-

Overall, it seems that the existing high-temperatureratlo.n and (_:haracterlzatlon and low-temperature study in the
dilution refrigerator.

normal-state data are not sufficient to prove whether the nor- The most widely used procedure for Hall effect measure-

mal state of the cuprates is a Fermi liquid or not. After all, . . .
o ' ments at high temperatures is to isolate the odd component
Fermi-liquid theory is a low-temperature theory and to settle

L : I . Cff the transverse voltage by turning the sample by 180° in a
this issue conclusively it is necessary to have experimenta L . .
constant magnetic field, paying careful attention to tempera-

data on normal-state properties in the low-temperature raN9%re control. At low temperatures this would be very difficult,

No_n-Ferm|-I|qU|d tempergture dependences caused by S(.:azgs friction effects would lead to large temperature rises with
tering from thermally excited bosons are commonplace, aris-

. ) . .“very long relaxation times. Instead, the measurements were
ing for example from phonons or spin fluctuations and in

such cases th€—0 limit shows a crossover to Fermi-liquid performed using reversed field sweeps at constant tempera-

L ture, monitoring the Hall signal and magnetoresistaivdi)

power laws at some energy scale characteristic of the. . .

2 . .Simultaneously on different pairs of voltage contacts on the
bosons2 The existence and value of such an energy scale i . o .

X X . same sample with the magnetic field perpendicular to the

the cuprates could provide an important clue to their trans: e ) .

. I : a-b planes. There was no difficulty with possible thermom-

port properties. Existing normal-state theories for the cu- . .

eter magnetoresistance, as the thermometers are mounted in

prates are implicitly based on the assumption that the high_ field cancelled region, on the mixing chamber of the dilu-
temperature properties which can be measured can safely be '

. . I0n refrigerator. The samples were thermally anchored to the
extrapolated to give those that would exist at low tempera-_ . . . .
: LT : ) mixing chamber by electrically grounding one of the current
tures if superconductivity did not intervene. It is not clear . . .
L O ; leads via an annealed silver wire.
that this is the case; indeed, the power laws upon which so .
. X A customized temperature control program gave a tem-
much reliance is placed may be affected by temperature- " . 3
dependent chanaes to the sample volume in some materi erature stability of better than 1 part in“Iifetween 2 and
b 9 P 5 K, and better than 3 mK below 2 K, over the tirtap-

at high temperature?s". . roximately 3 h that it took to perform field-reversed
Although there is thus a need for precise low-temperatur
Sweeps between 0 and 16 T. Careful checks were performed

normal-state measurements on clean samples, they have n
. ; . _.at all temperatures to ensure that the sample and thermom-
been possible until now because of the very high upper criti- : o
. . . eter were in thermal equilibrium. Measurement currents of

cal fields of most cuprate materials. In this respect

TI,Ba,CuQ;,, offers a new opportunity. Recently we between 1 and 10Q«A were used at various frequencies

0 : ._below 25 Hz. Higher temperature measurements were per-
showed that if single crystals are overdoped by incorporatio . : .
e ormed in standard continuous flofiHe cryostats in mag-
of excess oxygen to reduck, to below 15 K, the critical

fields are sufficiently reduced that the normal state can b%ert't%ft'ﬁgjsseorfe:gézs ;’ FL;ZIfI;g j(;l:]lgn;ent and methods simi-

accessed down to temperatures as low as 12 mK in magnetic An example set of raw data from a run at 18 K is shown

fields of up to 18 T, while sample purity remains high with . .
mean free paths of the order of 500-1000 A at low" Fig. 3. At lower temperatures the traces are cut off at low

temperatureé* In this paper, we present the results of a se—ﬂGIdS by the appearance of superconductivity, but in this

) . . sample there is always a normal-state region between 14 and
ries of measurements on single-crystal samples Within

. 16 T at temperatures above 30 mK. As can be seen from Fig.
the range 10-16 K. Detailed measurements of the temperar oo s 3 very slight deviation from linearity of the Hall
ture dependence of both the normal-state resistivity and Ha, oltage as a function of magnetic field at high fields. This

effect at temperatures as low as 30 mK are presented. Thg,iation decreases as the temperature is reduced, and it was
low-temperature value d®y, , which is measured in theiellas— possible to extract the genuine low-field Hall coefficient at
tic scattering limit, allows us to estimate: as 0.7 A%, 5| temperatures studied. The Hall effect data from one
corresponding to the existence of a large Fermi surfacesample(sample A are shown and discussed throughout this
However, non-Fermi-liquid power laws persist in the tem-paper, but all the basic features reported here were also seen
perature dependences of the data down to at [€ast K,  in repeat measurements on two additional samples. In addi-
with no clear evidence of a crossover to Fermi-liquid powertion, detailedp-T measurements were performed on a fourth
laws to millikelvin temperatures, strongly suggesting the exsample with a loweiT . of approximately 11 K(sample B.
istence of a very lowperhaps zernoenergy scale in the nor- H, is a strong function off; in TI,Ba,CuG;. 5 and so the

mal state. We discuss possible connections to the anomalonsrmal state was available over a wider range of magnetic
behavior previously reported iH . fields in this sample.

The crystal growth, contact mounting, and sample charac-
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FIG. 3. Raw resistance data from a pair of Hall effect contacts at FIG. 4. The weak, almost linear, low-temperature dependence of
18 K (above theT,, of 15 K of this samplg The thin lines show the  the Hall coefficieniR,,, which is seen to be a smooth extrapolation
field dependence of the voltage as the field is swept to 16 T in eithe?f the high-temperature data shown in the inset. The low-
magnet polarity. The resistance in zero field is the small out offemperature behavior is not consistent with any model in which the
balance signal which is always present in Hall effect measurementg€mperature dependence &y is exclusively due to a real
on crystals. The thick trace is the Hall signal, obtained by subtractiémperature-dependent change in the carrier concentration, as this
ing the raw data from the reversed field sweeps. It is linear in fieldvould require that in ther—0 limit the carrier concentration in-
at low fields. Inset: The transverse magnetoresistdMR) data  Creases as the temperature falls.
obtained by adding the raw data, superimposed on the MR dat

obtained from a longitudinal pair of contacts in both field direc- . . .
! griuainal pa : ! I %ald regime at these low temperatures, because in these

tions. Taken together, these data show that the current paths in t .
sample are homogeneous, and that this method of measuring tﬁ@mple&ucr>0.1 at 16 T below 50 K. As the temperature is

Hall effect is reliable. The temperature drift during the three hourdncreased the resistivity increases rapidly and Bfefield
that it took to acquire the data was 6 mK. dependence of the MR persists to higher fields. A fuller ac-

count of the MR in T§Ba,CuGQ;, s up to 300 K will be pub-
lished separatefp

fleve that this may be due to our working in the intermediate

I1l. RESULTS AND DISCUSSION
A. Hall coefficient temperature dependence C. Temperature dependence of resistivity

The low-temperature behavior of the Hall coefficieRy,, Expressed as a fraction of the total resistance, the tem-
is shown in Fig. 4. In the inset, we show high-temperatureperature dependence of the high field MR is very small at
data between 30 and 300 K, which are similar to those relow temperature$® meaning that the temperature depen-
ported in Ref. 10. The broad maximum at approximately 100ence of the resistivity can be studied to high accuracy by
K has been seen in many other cuprate materials. Our lowzonsidering data at a fixed value of the magnetic field. The
temperature data show that below the maxim&p,contin-  resistivity at 16 T of the crystal for which the Hall effect data
ues to fall steadily with decreasing temperature, with noare shown in Figs. 2 and 4 is plotted as a function of tem-
saturation down to the lowest temperatures reached. This olperature belw 6 K in Fig. 5. Although a Fermi-liquid-like
servation is incompatible with simplified pictures in which a A+ BT? dependence might have been expected at low tem-
temperature-dependeRy, is taken to indicate a real change peratures in samples of this doping, we observe the opposite,
in the carrier concentration, because this would require thevith low power terms remaining strong as the temperature
carrier concentration tdse with decreasing temperature be- drops below 10 K. If a fit of the forr\+ BT+ CT? is per-
low 10 K. formed on the data, the strength of the linear term is similar
(within a factor of 3 whether data sets between GahK or
20 and 200 K are used, so it seems that the linear term
persists to low temperature. Its magnitude is weaker than that

As can be seen from the inset to Fig. 3, we observe d&und in optimally doped materigby a factor of 10—1§ but
small positive magnetoresistan@dR). Its magnitude varies this might be expected given the smooth evolution of the
from sample to sample, withp/p lying between 0.04 and normal-state properties as a function of doping. Recently
0.1 at 16 T and 18 K. The field dependence is slightly un-p(T) has been studied to b&lo 1 K in underdoped
usual. Even at 32 K, our highest temperature in the experita,_,Sr,CuQ, using a 62 T pulsed field to suppress the
ment to 16 T,Ap varies strictly asB? only for B<4 T, with  superconductivity’ In that materialp diverges logarithmi-
the field dependence becoming shallower at higher fields. Asally at low temperatures in contrast to our observation of
the temperature is lowered the deviations begin at lowemetallic behavior all the way down to 30 mK.
fields and belowl . superconductivity intervenes at low field  The data shown in Fig. 5 were constructed from a series
making it impossible to observe the stricB? part. We be-  of sweeps of the magnetic field which were performed over a

B. Magnetoresistivity
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1.2 K'in fields of 10 and 18 T, at a sweep rate of 8 mK/min. In this
FIG. 5. The A+BT? temperature dependence expected of atemperature range, small field dependent changes to the curvature
Fermi liquid is not seen in the low-temperature range, at least t@f p are seen, with more curvature at the higher field.
below 1 K, where the data become somewhat ambiguous.

tially identical over this field range. The temperature depen-
period of several weeks, and the scatter seen is more a rgence has a slight field dependence below 1 K, however.
flection of the long-term stability of the current generator andDetailed data between 120 mK and 1.2 K are shown in Fig.
readout electronics than of the intrinsic noise levels of the7. At 10 T they are almost perfectly linear all the way down
data acquisition system. In addition to this, g, value of  to 120 mK, but by 18 T more curvature has developed, and
the crystal was sufficiently large that the normal state couldhe data are consistent with aa+ BT? dependence over this
be studied to low temperatures only at 16 T or above. Wdairly narrow temperature range. Other runs at 8, 12, 14, and
therefore decided to check the existence of the low-powelrg T (not shown confirm that there is a smooth crossover
term by performing temperature sweeps at a series of fixegetween the two types of behavior.
magnetic fields on a crystésample B with a lowerT, (11 In a recent paper, Hlubina and Rice have emphasized that
K) andHg, (~6 T at 20 mK. The results of temperature an A+BT? dependence op might be preserved even in
sweeps between 1 drb K atfixed magnetic fields of 8 and materials in which the scattering rate is non-Fermi-liquid-
16 T are shown in Fig. 6 and it can be seen that the temperaike over most(or in some cases albf the Fermi surfacé®
ture dependence, containing the strong linear term, is essefh light of this the observation of a strong linear term per-
sisting to such low temperatures gives strong evidence that
6.6 this heavily overdoped cuprate is a very unusual metal in-
' ' ! ! ! v deed.
o' . The data shown in Fig. 7 might be interpreted in terms of
Yy quantum critical point theory. If the quantum critical point is
6.5 N caused byT. being depressed to zero by the magnetic field,
a linear term inp persisting to the lowest temperatures may
be expected at fields slightly higher thE,. In practice this
6.4 | * - seems to occur up to approximatelH 2. At higher fields
than this, as we move away from the critical point in HheT
plane, aT? term is restored at the lowest temperatures. This
6.3 - is only one interpretation, however, and care must be taken
in interpreting conductivity data near superconducting
an quantum critical pointas opposed to one which is magnetic
6.2 9’ I I L ! in origin, for example. Study of more samples is desirable,
0 5 10 15 20 25  as there is always the more mundane possibility of spurious
T2 (K?) sample-depe_ndent superc_onducti\_/ity above what appears to
be H,, affecting data at this very fine level of detail.

Resistivity (LQcm)

FIG. 6. The temperature dependencepdbr a second sample
(B) with a lowerT, of 11 K measured by sweeping the temperature D. Hall Angle
at 20 mK/min between 1 ah5 K in fixed field. Data at 8 and 16 T
are shown, plotted again&e. A small temperature-independent MR~ 1he temperature dependence of the cotangent of the Hall
difference of approximately 0.36Q cm has been subtracted from angle(cot®, = p/RyB) is shown in Figs. 8 and 9. In spite of
the 16 T data to allow the two sets of data to be plotted togethethe fact that cdy, varies almost perfectly ad+BT? be-
These data confirm that the temperature dependence of the MR t&een 30 K and room temperature, as shown in Fig. 2 and
very weak, and again show a strong lineafiterm, very similarto  the inset to Fig. 8, it deviates significantly from this tempera-
that seen in the data from sample ture dependence below 25 K and particularly below 10 K. In
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6.70 . . . . anomalous than the high-temperature ones, since the lifetime
separation has collapsed, but insteadpobecoming more
T%like at low temperatures, 0@, has lost its “Fermi-
liquid” T2 dependence and assumed a lower power as the
temperature has dropped below 10 K.

E. Hall coefficient Fermi surface size

m5.60- - ST There is a further advantage in measuring the Hall effect

down to such low temperatures. The inelastic processes
1 which lead to the strong temperature dependenci,pin
or 1 most cuprate materials may lkedependent, and so it has
/ i always been difficult to extract a reliable value for the carrier
(T T T N T concentration from transport measurements. If the charge dy-
4.50 . i - TE) namics are explained in a spin-charge separation model.
0 200 400 600 800 1,000 Ry~ my/7, at high temperatures, and similar difficulties ex-
T2 (KZ) ist. At T~0, however, we are in the elastic-scattering limit,
and experimentally we see a collapse of the lifetime separa-

tion in this regime, so the in-plane mean-free path can be
FIG. 8. The cotangent of the Hall angle plo_tteql .agaﬁsmelow taken to be isotropic to a good approximation. If, as seems
30 K. The low-temperature data deviate significantly from thereasonable a nearly circular Fermi surface is assumed for
A+BT? dependence seen at high temperatuiesed, whose ex- this h 'I, d yd teriaR.. in this limit i
trapolation is shown by the solid line. IS heavily overdoped matériak, in this imit gives an
accurate estimate of the carrier concentration even for mea-

) ) ~ surements in the weak field regirfitOur measured value of
fact, if p and co®, are plotted together on linear axes, as in g 5x107*° m%C corresponds te-1.3 itinerant holes per
the main part of Fig. 9, their basic temperature dependence igpper atom, or a “largekg of ~0.7 A%,

seen to be almost identical at low temperatures. The high- |n many cupratesR,, has a maximum similar to that
temperaturep and co®, data of Fig. 2 are replotted in the shown in the inset to Fig. 4, and is decreasing, sometimes
inset on linear axes to show the different behavior that iyuite rapidly, in the lower temperature region before being

observed between 30 and 300 K, where the commonly obeytoff by T, . In Bi,SrLCuQ;, for exampleR,; has been stud-
served lifetime Separatlon discussed in the introduction St”led down to temperatures aslowas 15 K in a Samp|e with a

holds. In one sense the low-temperature properties look leggear resistivity which is presumably close to optimum
doping®® If, as seems likely, th&,, data extrapolate t§=0

cot® at 16T

L
cot(~)H n 7T

10.0 . . ) . , ) ) 65 in the manner seen here in,BB,CuG;, 5, this would corre-
2 spond to akg of ~0.6 A~ It would be very interesting to
3 perform similar low-temperature Hall effect measurements
~ 9.0 a on this material and others from the underdoped side of the
§ % phase diagram.
s 8 180, =
2 8.0 s | i IV. CONCLUSIONS
2 s g N
g o £ oo g Our observations suggest that the ground state of
& 707 ‘,-' 545- = TI,Ba,CuQ;, s is not a conventional Fermi liquid, even
ot ) L RNl though we infer a value d¢ which is consistent with a large
p’ Temperature (K) Fermi surface. The significance of the unusual low-
6'00 5 10 15 20 25 30 35 404‘5 temperature power laws that we have observed is empha-

sized by a comparison with the properties off8r0,, which
is a layered perovskite superconductor with a low supercon-
s ducting transition temperature of approximately 'KThe
. dF'fn- 9|.n£2f f;OX‘gggimt‘r’]fethl‘f)v':";‘gnjng'r:tﬁfg ‘2; drsegft;:’i't{]_p"’t'Fermi-nquid ground-state of SRuQ, has been established
P 9 by detailed measurements of quantum oscillations in its re-

temperature regimes. The high-temperature data f@,¢ofary as D . L
A+BT? to high accuracy, and clearly have a different temperatureS'StIVIty and magnetic susceptlblllfﬁ, and below 30 K,p

dependence from the resistivity, indicating that the lifetime separayarles aA+BT? t'o high accuracﬁ? in sharp contrast to the
tion seen almost universally at high temperatures in the cuprates Bresent 0b§e_rv_at|ons.

also present in this sample. At low temperatures, the lifetime sepa- 1h€ resistivity and Hall effect data on ;BaCuG;. ,
ration has disappeared, reminiscent of the situation in a more staiifongly suggest the existence of a very low energy scale
dard metalexceptthat p and co®,, both show a non-Fermi-liquid Which is playing an important role in determining the
temperature dependence. The high-temperature data are for a 7nPrmal-state physics. It is tempting to suggest that the same
field, and the low-temperature data for a 16 T field, to ensure thascale is involved in the anomalous behavior seehiin in

the normal state is reached even at the lowest temperatures. Ténilar samples. NearT,, Hq,(T) varies linearly as
temperature dependence observed between 1 and 35 K is indepel=T/T., but below about 10 K it rises sharply with strong
dent of the choice of field between 7 and 16 T. positive curvature. This 10 K energy scale is very similar to

Temperature (K)
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that which affects c@®, (Fig. 8), soH., could well be a havior previously reported iHl .,. The data clearly show that
sensitive probe of anomalous normal-state behavior. a very low energy scale is playing an important role in the
The collapse of the lifetime separation at low tempera-physics of T}Ba,CuQ;, 5
tures seen in Figs. 8 and 9 does not rule out the possibility of
spin-charge separation, and may be explicable in this class of
theory as a consequence of entering a regime dominated by
elastic scattering? In contrast, the observation thg, in-
creases linearly witd at low temperatures is surely strong
evidence against pictures which propose Ragf{T) probes a We thank G. G. Lonzarich for constant advice and encour-
real change in the carrier concentration, as the number aigement, A. S. Alexandrov, P. W. Anderson, A. Carrington,
carriers would be required tocreasewith decreasing tem- D. G. Clarke, J. R. Cooper, N. E. Hussey, W. Y. Liang, J. W.
perature in the range below 30 K. Loram, J. M. Wade, J. R. Waldram, D. J. C. Walker, and J.
In summary, we have studied the magnetotransport progM. Wheatley for useful discussions, and O. M. Dunin-
erties of heavily overdoped JBa,CuQ;, s down to the mil-  Borkowski and N. H. Brown for the use of a 200 K refrig-
likelvin temperature range, and have established the exiserator for sample storage. The low-temperature facility used
ence of a large Fermi surface in this cuprate material. Wés supported by the EPSRC through the Magnetism Initiative
observe non-Fermi-liquid-like power laws in the transportand the IRC in Superconductivity, and one of UsP.M.)
coefficients in a similar temperature range to anomalous begratefully acknowledges the support of the Royal Society.
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