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High-field study of normal-state magnetotransport in ThBa,CuOg, 5
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We present a study of in-plane normal-state magnetotransport in single-cry&alduQ;., sin 60-T pulsed
magnetic fields. In optimally doped samplek. {80 K) the weak-magnetic-field regime extends to fields as
high as 60 T, but in overdoped sampl&s.{ 30 K) we are able to leave the weak-field regime, as shown by
the behavior of both the magnetoresistance and the Hall resistance. Data from samples of both dopings provide
constraints on the class of model necessary to describe normal-state transport in the cuprates.
[S0163-182608)50602-9

Measurements of the electrical transport properties of theng point are intrinsically non-Fermi-liquid in nature. The
high-T. cuprate superconductors have proved to be one ahore conventional class of moddthe “anisotropic” mod-
the most useful ways of probing their anomalous normalel9 exploits the fourfold anisotropy of the cuprate Fermi
state properties. Studies of the Hall effect in ¥Ba;0,_5;  surfaces and postulates the existence of an anisotropic scat-
(Ref. 1) show that near optimum doping, the resistivify) (  tering rate whose magnitude and temperature dependence is
has an approximately linear temperature dependence, whildifferent on different parts of the Fst
the inverse Hall angle (cdi,) varies nearly quadratically To date, almost all normal-state magnetotransport studies
with temperature. Systematic measurements of these propesh the cuprates have been performed in magnetic fields of
ties have been made in many cuprate materials, as a functidess than 20 T, in the weak-field regime {r<1, wherew,
of disorder and carrier concentration. Although some excepis the cyclotron frequency and ! is the scattering rajeln
tions have been reported, the experimental picture which ha$is regime, the magnetoresistance is parabol®,in’°and
emerged is that cal, continues to vary approximately qua- the Hall voltage is linear inB. Recently, Harriset al.’
dratically in temperature even whenchanges its tempera- pointed out that the magnitude of the weak-fi¢ldWF" )
ture dependence from linear on underdoping or overdopingorbital normal-state magnetoresistan®éR) (Ap/pVF) is
Most attempts to understand this intriguing behavior fallproportional to the variation of the local Hall angle around
into two broad classes. In the firghe “two-lifetime” mod-  the Fermi surface. Observations on Y%Ba;O,.5s and opti-
els), the experimental observations are taken to indicate thenally doped La_,Sr,CuO, have shown that the temperature
existence of two separate and essentially decoupled scattatependence of the MR agrees with that of the square of the
ing times governing longitudinal transport and Hall trans-Hall angle, favoring two-lifetime models for whichy, exists
port, often referred to as,, and 7y, respectively’® These at all points on the FS.
two intrinsic lifetimes are assumed to coexist at all points on Here, we report magnetotransport results on single crys-
the Fermi surfacé€FS). Theories constructed from this start- tals of TLBa,CuQ;, s in 60-T pulsed magnetic fields. In
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FIG. 2. The MR of an optimally doped crystal of ,Bla,CuGs s
FIG. 1. The resistivity in zero magnetic field of optimally doped (T.~80 K) at a series of temperatures between 130 and 280 K.
(Tc~80 K) and overdoped T.~30 K) single crystals of Data at different temperatures have been offset for ease of viewing.
TI;Ba,CuGs, 5. The inset shows a comparison of magnetoresistancehe dashed lines are parabolic fits to the data.
(MR) measurements in dcircles and pulsedsolid line) magnetic

fields atT~115 K for an overdoped sample. The MR in this range ) .
can be well fitted with a quadratic field dependetdashed ling Precise measurement of normal-state magnetotransport in

The pulsed field MR data were multiplied by a factor of 1.015 to & Pulsed field presented a considerable challenge, due to the
correct for a small difference in the temperature at which the pulsedtigher noise levels and the relatively low resistances of the
and dc measurements were made. TI,Ba,CuG;, s crystals(as little as 10 rf) below 50 K). Af-

ter some experimentation, voltage sensitivity of better than 1

samples near optimum doping {~80 K), the weak-field mV could be achieved at e_xcitation currents of.5—10 m_A.
regime is seen to extend to nearly 60 T, and we see behavidie temperature was stabilized and measured in zero field.
similar to that observed in YBEWO, , and optimally Comparison of up- and dewn-sweeps was ueed to check for
doped La_,Sr,CuQ;. In strongly overdoped sampled eddy current heating, _Whlch was largely avoided due3 to the
~30 K), however, we are able to observe significant deviaVery Small sample sizestypically 300<100X15 um).
tions from the weak-field forms gf,(B) and p,(B). We Also, all the data shown in FhIS paper are at sufficiently high
find that the high-field magnetotransport provides an indefémperatures that the MR is dominated by normal-state or-
pendent way of estimating an important paramatgr;, and  bital contributions rather than superconducting fluctuations.
thus provides additional constraints to the existing transport Given the difficulty of using a pulsed field to measure
models. small MR effects in low-resistance samples, we first estab-
Tetragonal single crystals of ;Ba,CuQ;, s were grown lished, using four different samples, that the results using dc
using a Cu-rich flux. With TiBa,CuQ;. 5 degradation of the and pulsed techniques are consistent. As an example, in the
surface quality on annealing is a persistent problem, leadininset to Fig. 1 we show the resistivity at 115 K of one of the
to poor quality electrical contacts for the transport measureeverdoped samples measured as a function of magnetic field
ments. In our experience, the best way of making contacts tap to 20 T in the resistive dc fielttircles. The data mea-
samples with elevated is to evaporate gold contact pads sured in the pulsed magnetic field at Bell Lalsslid line)
onto the as-grown sample. The desifedvalues were then overlays the dc field data very well.
achieved by annealing using various combinations of anneal- Figure 2 contains pulsed field MR data from a sample
ing temperature, atmosphere, and time. The anneal also difrear optimal dopingT.~80 K). For this sample, the MR is
fuses the gold into the sample, providing a low-resistanc@may| (only 3% at 60 T and 130 Kand the field dependence
contact to which gold wires are atteched using a silver painjg basically quadratic foll >130 K (dashed line in the fig-
(Dupont 4929 which hardens in air at room temperature. ;.\ ouer the whole field range. This is good evidence that

Care was taken when evaporating the gold to ensure that he weak-field regime i ; - ;
; o . - gime is applicable in fields as high as 60 T
covered the sides of the sample. The resistivity for optlmafn optimally doped TJBa,CuOy., »

(Tc~80 K) and overdopedT(:~30 K) samples is shown in Since a single isotropic band has zero MR, the parabolic

Fig. 1. S ‘ .
gA resistive dc magnet in Grenoble was used for MR mea—MR in Fig. 2 might result from anisotropy, whether the scat-
tlering rate varies around the HRefs. 4—-6 or the “local

surements in fields up to 20 T, using a standard four termina - - _ -
ac technique with a 32 Hz excitation frequency. Temperatur&yclotron effective mass'm* (proportional to L¢) varies
stability of 1 part in 18 was achieved using a capacitance due 10 the local geometry of the Ii‘Snteres_tmgly, itis also
sensor which is insensitive to field. The temperature wa®oSsible to construct two-lifetime models in which neitrer
measured in zero field before and after each sweep, to cheder m* are anisotropic, yet there is a nonzero MR. In one
for possible temperature drift. The longitudinal MR was alsosuch mode?, fast and slow relaxation rates exist at &ll
measured at several temperatures and found to be at most §%ints. In terms of the MR, this is roughly analogous to a
of the total MR. The total measured transverse MR is thugwo-fluid picture, and a quadratic weak-field MR results even
dominated by the orbital MR for all of the data in the figures.for a parabolic band. Thus, the model-specific part of the
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03 55— T T . weak-field MR is a measure of anisotropy around the FS,
40K although its magnitude is not easy to interpret. However,
02 saturation is much easier to interpret, because it arises once

S0K the quasiparticles orbit a significant fraction of the Fermi

0.2 |01 surface between scattering events. Thiise(m*/7) 1,
a 60K wherer is the scattering lifetime anf) denotes a FS aver-
3 age. The produgsB gives the value oby . determined from
< 70K the high-field MR.
0.1 80K The different classes of model for the cuprate normal state
L. | 100K make very different predictions for the relationship between
| 120K this high-field value ofw.7 and those that can be estimated
150K from the resistivity and weak-field Hall effect. If the Hall
0.0 : : effect and resistivity are to be understood in terms of an
0 10 20 30 40 50 60 anisotropic modet ® the fast and slow relaxation rates
Magnetic Field (tesla) which lead tor,, and r exist on different parts of the FS.

Whenw., is estimated fronp andw 7 is estimated from

FIG. 3. The MR of an overdoped crystal of,Be,CuG;, s (Tc 6y, we find thatw.my> w7, for all temperatures below
~30 K) at a series of temperatures between 40 and 150 K. The fitiopom temperature. Since high-field MR saturation would be
(solid lines are produced by a general expression for orbital MRexpected to be controlled by those regions with the highest
beyond the weak-field limifEq. (1)]. The inset shows the same gcattering rate, the value @~ estimated from high-field
dgta fitted to Eq.(2) with w7 fixed by the resistivity data of MR would be expected to be close to.7, (and not to
Fig. 1. we7y). We shall show that this is apparently not the case for
our datat*

The opposite conclusion, that the high-field MR is deter-
mined byw.7y, is reached for two-lifetime models, two of
. . . . which we shall consider here. In the picture discussed in

At optimal doping, the Hall gffe_ct n 'EBaZC_uOM,_;glves Refs. 1, 2, and 77y governs all responses to a magnetic
a very clear.example of two-hfeumg behavior, withand field. Sincery is constant around the FS in this model, some
cot 6, following linear and quadratic temperature depen-v anisotropy is necessary for the appearance of a nonzero
dences to an accuracy that poses a challenge to any theory,gﬁql Models of the FS of FBa,CuQ;. s show thatve is

the cuprate normal staté Harris et al.” have shown that in smallest in the regions of highest FS curvattireo the high-
YBa,Cu0,_ 5 and Lg_,SKCuQ, near optimal doping, the o4 MR would be expected to give,r with the tempera-

wegk field M|§ obeys a spec!al form of Kohlers rule N ture dependence af; and a magnitude which is determined
which (?C.MH) Aplp scale gt d|ffere2nt. temperatures,. vv_h||e primarily by the curved parts of the FS. Since a weak-field
the traditional Kohler scalingAp/B* is V|0Iate_d. This is measurement of the Hall angle contains an even stronger
allso trclze case Ior. th; MR do_lata fro(rjn.the (f)ptlmal(ljy g()pe%eighting to areas of large FS curvatdfahe value ofw,
T2B2,CuG;. ; of Fig. 2. As discussed in Ref. 7 .and above, ypaineq from high-field measurements would be expected to
this observation favors two-lifetime models in which life- e similar to that determined from weak-field Hall measure-
times with two different temperature dependences exist at aﬁnents at all temperatures.

points of the FS. In the formulation of a two-lifetime model described in

Becaus_e the 6OTT magnetic field reveals a strictly PalaRet. 3, a simple analytical expression can be derived for the
t.JOI'C MR in the optimally dope.d sample, We turn our atten-yp iy terms of the quantities .7, andw.7y, if FS anisot-
tion to overdoped samples with lower resistivity to betterropy is neglected: et et

reach the high-magnetic-field regime. The MR of the over-
doped samples is much larger, and deviates significantly

from a quadratic field dependence at high fields and low Ap  werh(weTh— weTy)
temperatures. Going beyond the weak-field limit in any of —=
the models discussed above leads to a modified general ex-
pression of the form

data in Fig. 2 is not the parabolicitg,p/ pVF= aB?, rather it
is the interpretation of the prefacter in terms of the life-
times (or masses

@

p (1+ w27?)

A B2 In both two-lifetime models, then, high-field saturation is
ap_ —_—, ) expected to probe.7ry. Our data support this expectation.
p 1+(BB) The value ofg fitted from the data at 40 K where the satu-

whereg is a second constant, principally related to the overration is largest corresponds .7 of 0.9 at 60 T. At that

all scale ofw,r. This expression accounts for the data in Fig.temperature the weak-field Hall angle per tesla is 0.01 T

3 quite well, as shown by the curve fits, so our observationgiving an estimated value fas. 7 of 0.6 at 60 T. The mea-

are consistent with the onset of MR saturation as we leavéuredp can be used to estimate.r,, for a large FYcorre-

the weak-field regimé? sponding tokg~0.7 A~ (Ref. 17] using the expression
To determine whether high-field MR can constrain whichw¢r,=27d B/e@p, whered is the interplane spacing of

general class of models is applicable to the cuprates, w&l.6 A. At 60 T,w.7, is only 0.3, so the MR value fob.7

examine the physical origin of weak- and strong-field MR inderived from high fields certainly seems to be in better agree-

more detail. As discussed above, in conventional models, thment with w.7 .
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FIG. 4. The Hall resistivityp,, for the T.~30 K crystal at 50
and 150 K. The fitdsolid lineg to Eg. (3) were made with both
w7y andw, 7y fixed by the fits to the MR data in Fig. 3. The inset
shows the value ofv.7y obtained using this procedufsquares
joined by solid ling compared with measurements @fr, from
the weak-field Hall anglétriangles and w 7, from the resistivity
(circles.
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Thep,, data of Fig. 4 are fitted using EB) with both w7,
and w.7y fixed. The constrained fits to the MR data are
poorer than those in the main panel of Fig(@ssibly be-
cause of our neglect of the anisotropgut the fits top,, are
very good.

In the inset to Fig. 4, we show the fitted valueswfry
(solid line), along with the values ob. 7, (circles that were
used to constrain the fits. Also included are the values of
w7y (triangles obtained from the weak-field Hall angle.
Again, we find that the scattering time determined from the
high-field MR agrees better with the, determined from the
weak-field Hall angle than with the, determined from the
resistivity.

Given the approximations used, we do not claim to favor
the particular two-lifetime model of Eq&2) and(3). Rather,
the combination of data from the weak-field regime in the
optimally doped sample and the high-field regime for the
overdoped sample does appear to favor some kind of two-
lifetime model for the cuprate normal state. It would be very
interesting to analyze high-field MR saturation in cuprates at
optimal doping, where separate temperature dependences of
the two scattering times are observed; however, this would
require much higher magnetic fields than are currently avail-

In the model of Ref. 3, it is also possible to derive anable.

analytical expression for the Hall resistivity

* 2
- M oc w7y (1+wcmy7y)

Y né? WeTir (l+w§7’ﬁ) ’

Px 3)

In summary, we have succeeded in studying normal-state
magnetotransport of single-crystal ,BB,CuQG;, s in 60-T
pulsed magnetic fields to obtain new constraints on the scat-
tering mechanisms in the cuprates. In optimally doped
samples, the weak-magnetic-field regime reaches to fields as

wheren is the carrier concentration. If we neglect the mild high as 60 T. In overdoped samples, we leave the weak-field
ve anisotropy round the FS that probably exists, we can reregime, as shown by the behavior of both the MR and the
duce Eq.(2) to a single parameter fit fan. 7 by estimating  Hall resistance. Analysis of the MR and Hall effect for both
w7 at each temperature from the resistivity data of Fig. 1the optimally doped and overdoped samples gives evidence
The resulting fits are shown in the inset of Fig. 3. Usingin support of those models for the normal state of the cu-

these values fow.7y, fits using Eq.(3) are reduced to a
single free parameter: an overall scale factor related.to

prates in which two scattering lifetimes exist at all points on
the Fermi surface.

*Present address: School of Physics and Astronomy, University of!A.W. Tyler and A.P. Mackenzie, Physica ©82-287 1185

Birmingham, Edgbaston, Birmingham, B15 2TT, United King-
dom.

"Present address: Central Research Institute of Electric Power In-

dustry, Komae, Tokyo 201, Japan.

1T. R. Chien, Z. Z. Wang, and N. P. Ong, Phys. Rev. L6ft.
2088(1991).

2p. W. Anderson, Phys. Rev. Le@7, 2092(199)).

3P. Coleman, A. J. Schofield, and A. M. Tsvelik, Phys. Rev. Lett.

76, 1324(1996.

‘A, Carringtonet al, Phys. Rev. Lett69, 2855(1992.

5C. Kendzioraet al,, Phys. Rev. B46, 14 297(1992.

6B. P. Stojkovicand D. Pines, Phys. Rev. Left6, 811 (1996;
Phys. Rev. B55, 8576(1997).

7J. M. Harriset al, Phys. Rev. Lett75, 1391(1995.

8T. Kimuraet al, Phys. Rev. B63, 8733(1996.

N. E. Husseyet al, Phys. Rev. Lett76, 122(1996.

10F F. Balakirevet al, cond-mat/9705107unpublishel

(1997.

2pata from the optimally doped sample do show evidence of the

high-field regime forT<140 K; however, the deviations from

parabolicity are too small to usefully constrgi of Eq. (1).

Also, interpretation ofT<130 K data is complicated by evi-

dence of superconducting fluctuations.

B3In some formulationgRefs. 4 and § p is dominated by scatter-
ing on flat parts of a square FS, while in othéRef. 6 both the
Hall effect and resistivity are determined by FS averages of
“hot” and “cold” scattering rates which have noninteger
power-law temperature dependences.

14This simple analysis based on the high-field reging 1)
may become more complicated when applied to the highest field
regime (.7~ 1) that we are able to reach in our experiment. B.
Stojkovic and D. Pines(private communication and (unpub-
lished.

15D, R. Hamann and L. F. Mattheiss, Phys. Re\3®5138(1988.

18N. P. Ong, Phys. Rev. B3, 193(1991).

17A. P. Mackenzieet al, Phys. Rev. B53, 5848(1996.



