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We report measurements of the normal state magnetoresistance (MR) from 30 to 340 K i fields
up to 13 T for single crystals of overdoped,Be,CuQ; (7. = 25 K). For out-of-plane current flow,
the transverse MR\p./p. is large and positive. On rotatirg within the a-b plane,Ap./p. exhibits
a striking anisotropy with fourfold symmetry. The amplitude of this effect increaseB*aand the
maximum MR occurs foB along the [110] crystallographic directions, i.e., at’46 the Cu-O-Cu
bonds. This the first direct evidence for anisotropy of the in-plane mean free path in the cuprates.

PACS numbers: 74.25.Fy, 74.72.Fq

Understanding the unusual normal state properties dfor currentl || ¢ and B || ab, the MR is positive and
high-T. cuprates, especially the strong variation of thesurprisingly large, as found for some organic conductors
Hall coefficient Ry with temperature and hole concen- [18]. Within a band picture, the physical reason for this is
tration p, is an important step towards the correct mi-that (a) the Lorentz force is still large (being the product
croscopic theory of high-temperature superconductivityof the field and theén-planevelocity v) and (b) because
[1-6]. The systematic behavior &, (T, p) is well estab- of the strong anisotropy, there is no cancellation between
lished experimentally, but there are at least three differerthe Lorentz force and the Hall field. Moreover, we find
theoretical approaches. The spinon-holon model [2] inthat, asB is rotated in thea-b plane,Ap./p. shows a
volves two distinct relaxation times§ and¢,) for mo-  striking anisotropy with a fourfold symmetry that varies as
mentum changes parallel and perpendicular to the Fern#*. On analyzing our results using Boltzmann transport
surface (FS). In more conventional pictures [3,7,8], theory, several interesting features emerge. There is
varies strongly around the FS, e.g., because of electrorvidence for aT-dependent anisotropy in the in-plane
spin fluctuation scattering [8—10]. For all these mod-mean free path. However, th& dependence of the
els, a key quantity is the inverse Hall andlp../p.y)  anisotropy is insufficient to account fully f& (7). The
or cotfy); experimentally this varies approximately as c-axis MR obeys Kohler's rule up to about 200 K while
T2 [11] and only weakly withp [10,12]. In alternative there are large deviations for tlaeb plane MR. Finally,
approaches [4—6]Ry itself has been considered as thethere is a close relation between tb@xis MR and the
primary quantity, its unusual behavior reflecting the presin-plane inverse Hall angle up to 340 K.
ence of a small energy scale [4] or a change in the effec- Small (0.3 X 0.3 X 0.02 mm®) single crystals were
tive number of carriers witfi [5,6]. grown using a self-flux method in alumina crucibles

Normal state magnetoresistance (MR) studies on singleealed with gold foil [19]. They were annealed in flowing
crystals should help distinguish between these differenbxygen at 720 K for three days before making electrical
points of view. The in-plane MR(Ap.,/ps») With  contacts to 25um gold wires with Dupont 6838 silver
B || ¢ is small and positive and shows large deviationspaste fired on in oxygen for 10 min at 740 K. This gave
from Kohler’s rule [13,14] in contrast to the behavior of T, values of 15-25 K. In all, MR measurements were
most metals, even those with a complicated FS. Thenade on 10 crystals (seven fegr. and three forp,;).
out-of-plane MR, on the other hand, is negative andCrystals from all three preparations were only 10420
has been ascribed to tH® dependence of the normal thick, butp.(T) is reliable because of the large anisotropy
state pseudogap [15]. However, MR studies of theand because similar values were found b plane
out-of-plane resistivity(Ap./p.) have been confined to dimensions betwee50 X 180 and300 X 300 wm?.
compounds showing nonmetallic behavittp./dT < The lower inset to Fig. 1 shows.(T) and p.,(T) in
0) [15], and this makes comparison with the in-planezero field, with p./p., rising from 1000 at 300 K to
properties difficult. A further complication is that. is 2500 at 30 K. The residual resistivity ratio fgr. is
often large and may well arise from incoherent interlayetinvariably 2—3 times smaller than fgr,,, implying that
hopping rather than bandlike electron motion [16,17].  standard Bloch-Boltzmann theory with a singlecannot

Here we report the first study of in- and out-of- be an exact description. The top inset to Fig. 1 shows
plane MR for overdoped crystals of the single layerthat for I || ¢ and B || ab there is a large positive MR
TI,BaCuQy compound for whichdp./dT is positive. at low temperatures<14% at 35 K and 11 T). The MR
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FIG. 1. T dependences of thg? termsAp@/p©® at 10 T for %) I Pt ]
c-axis MR (circles) ana-b plane MR (diamonds) in overdoped < - o S % .
Tl,Ba,CuQy. Data for two crystals are shown in each case. 0.1083 L o ]
Bottom inset: Zero-fieldp.(T) and p,,(T) for the crystals $ !
shown in the main figure. Top inset: MR field sweep at 35.1 K S T = 956K 1
for |l ¢, B || ab. 0.1082 Lon i
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varies asp = p© + Ap®@ — Ap®, where p© is the 50

zero-field resistivity and\p®? andAp® are positiveB?

andB* terms. Using Chambers’ formula [20] for the MR FIG. 2. Angular dependence of theaxis transverse MR at

of a slightly warped cylindrical FS, we can show that thisvariousT for a ThBaCuQ; crystal with7. = 25 K. Similar

—B* term is associated with the crossover fré@hat low results were also obtained for the secanaxis crystal with a

fields to nonsaturatingg| behavior in the high-field limit, S Te-

The T dependences of the quadratic tertns® /p© for  this is the first direct observation of such anisotropy in the

I|l candl || ab are similar (Fig. 1), but the effect is 6— transport properties of the high- cuprates.

7 times larger fod || c. As a first step in interpreting these results, we calcu-
For the twoc-axis crystals shown in Fig. 1, the an- lated all components of the conductivity tensey; for

gular dependence of the MR was studied Biswas an open FS with small dispersion along thexis (e, =

rotated in theab plane; significant MR anisotropy —2f1 Cosk,c, wherec = 11.5 A is the interplanar dis-

with predominantly fourfold symmetry was observedtance and . is the interplane overlap integral) using the

(Fig. 2). Other smaller terms exist, but for rotations offelaxation time approximation and the Jones-Zener expan-

360° or more, the data could be unambiguously fittedSion to orde* [21]. For a FS with circular cross section,

by R — Ry = Rp¢ + Ricodd — ¢1) + R, cO(p — B in the a-b plane and a constant value of[22], this

&) + Rycosi(¢p — é4). Rp represents a linear tempera- gives for thep? and B* terms,0?)/o) = —Q*r* and

ture drift term, andR, is a T-dependent Hall contribution a((fg)/agg) = 3/2(Q%72)?, where the cyclotron frequency

(linear inB). R, was found to be essentiallyindependent () = (¢/hic*)vyBc/+/2, ¢ is thec-axis lattice parameter,

and is associated with out-of-phase voltages induced bynd¢* is the velocity of light in cgs units. Inverting:;;

small movements of the sample or wire®, dominates to obtain the correspondingaxis resistivity components
at low T, scales precisely ag*, and falls rapidly with gives

increasingl. In making these fits, the phases, ¢,, and Ap?/p® = 272 1)
¢4 were kept equal to their low values. The crystals c e ’

were oriented using a Weissenberg x-ray camera, an,® /,0 = (5@ /50 — & /50 = _1/5(0272)2,
despite the differences in contact geometries and sample

shapes, the maxima in resistance occur Whes aligned )
along the (110) or equivalent directions, i.e., at® 46 From Ap?/p©®, we obtain Q7 and hence a direct

the Cu-O-Cu bonds. Thus the angular dependence is astimate of the in-plane mean free pdth= v 7. At
intrinsic property of the Cu@planes, and we believe that 100 K,Ap®/p© ~ 0.025 at 10 T and thug; ~ 128 =+
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4 A.  Using the formulao,, = (¢?/h)krl/c for a 10° — it ;
cylindrical FS and takingp; (100 K) = 30 u{) cm = (Ap@p®) ' '
7%, we obtainky = 0.77 = 0.06 A~'. This is in good (Ap(z)/p(o))zo's‘ v
agreement with the value determined fraRy at low 104 — &V 7
T [23] and corresponds to a large FS(70 = 10)% of Ap@/pOY2 041 % .
the area of the Brillouin zone. Within the same model, (Ap™7p™) L 4
the anisotropyp./pa., is simply lﬁ/2<l§>, so the value of , Vg a . .
p. corresponds to a small value @f) =~ ¢/3 at 100 K. 10 | R |
Despite this fact, which seems to indicate diffusive rather PP =
than band propagation in the direction, many of the n
features discussed below are consistent with expectations 10°1 ApO  m A T
for a band of fermion quasiparticles [24]. © u A
There is no anisotropy imp® or Ap™ within the Ao .
above cylindrical FS model. For tetragonabB&CuQy, Lotos AT .
the structure of the CuOplanes will introduce four- 5 '| A
fold anisotropy invg, kp, and 7. Smoothly varying 011 \.{ . 4
anisotropies can be represented by [2i]!(9) = o5k i\!‘f H ‘A 1
70 (1 + £c0820), kp(d) = kp(1 + asi?28),  and 005 s1]- .
vr(0) = vp(1 + Bsit26), where 6 is the in-plane T® A
angle betweerk and thea axis. Using these formulas 0 0 100 150
and the Jones-Zener method to calculate BAeand B* 10° —_—
terms in p.(B) leads to a fourfold angular dependence 20 060 8000 g ey 20
in Ap® (proportional toB*) but no anisotropy i p?

OC

; ; _ _ FIG. 3. T dependences of(Ap@/p©@)2 Ap®/p©® and
[21]. Using typical values ofa = 0.2 and = 0.1 A/p©® at 10T for the samec-axis crystal as in Fig. 2.

compatible wi'gh band st'rl.Jcture calculatipns [25], we Ap®/p® corresponds to thé* term at coge = 0 and A

calculated various quantities as a function of the s the zero-to-peak amplitude of the fourfold symmetry term.

anisotropy ofr in the a-b plane, and compared them Top inset: T dependence ofAp™/p©@)/(Ap®/p @) for

with the experimental results. Several, but crucially notthe data in the main figure. Bottom insetT dependence

all, of the observed features agree well with this simplef ﬁé)P(o)/(AP(f;)/P(z))-z This plot was obtained by dividing

model. Firstly, the maximum MR occurs fd || (110)  A/p"” by (Ap™/p™)" and then scaling by /0.6. Similar

. . . . results were obtained for the second crystal.

is € > 0, and so the experimental data imply thatis .

shorter along the Cu-O-Cu bond direction. As can bdact anomalously large. The expected theoretical value
b @, (0 . .

seen in Fig. 3,(Ap?/p©)? and Ap@/p® have the for aq/0g is 2/(krc)? (€., =1/28) of @ /o).

sameT dependence with a ratio 6f6 + 0.1 (top inset).  However, Ap(4)/p(0) should be even smaller than

. . . .. ab ab
[Ff?gn:héqcsy"a(;r:ﬁé ?g)s]éct;ut_ifBrige(s))’sltc?\;\jyrioalr? dC,JBIB a;%)/o—f,‘i) because of the cancellation between the Hall

are increased and fow — 0.2 and 8 = 0.1, it agrees field and the Lorentz force in tha-b plane. Thus the

@, 0 1 .
with experiment for a large range of, 0 < & < 0.7. measured valueApqy, /pa, = 5 (Ap?/p") is at least
If & is T dependent, the ratio of the angular anisotropy? @nd probably 10 times larger than expected from the

A/pl (where A is the amplitude of the fourfold term SiMPle band treatment. _ .
in Fig. 2) to theB* term Ap™®/p© should be constant. A new ingredient may be required for a consistent
c c

However, the lower inset to Fig. 3 shows that their ratioe)(pl"’.m."".tion of.all the un_USl_JaI in-plane pehavior. One
falls from 0.15 at 30 K to 0.06 at 125 K. This corre- p033|t?|l|ty [13] is the two-lifetime model, with a transport
sponds to an increase infrom 0.25 to 0.40 between 30 €duation of the - form hgk = T‘feﬁvk(_éf?/lf) B
and 125 K and shows explicitly that the anisotropyrin 7#¢Vk X B(dgi/0k),  where 7,(7)  follows

is T dependent. This must affect the in-plane transporf¥#(7) (=A + BT?) and 7,(T) is simply propor-
properties, namely, it will caus&y to vary with T [3]  tonalt0pas (7). Using thi JOHGS—ZGHEI’S)XDE}Q)SIOH%QI’
and lead to deviations from Kohler's rule in treb  [13], one findsoy, « 77 and thusApu,/pap * Ti.
plane MR [13]. However, the detailed calculations [21]Hence within such a model, the Kohler plotap /p )
show that larger changes ia are required to account [Fig. 4(a)] actually representsﬁ,/fﬁr, and its variation
for Ry(T) and the deviations from Kohler's rule shown with temperature reflects the different behavior of the
in Fig. 4(a) € needs to increase from 0.50 to 1.25two lifetimes. However, Kohler’s rule is obeyed for the
from 30 to 125 K) than those which account for the c-axis MR up to 200 K [see Fig. 4(b)], implying that
dependence of the MR anisotropy {ncreasing from there is only one lifetime involved io-axis transport. It
0.25 to 0.4). In addition, further analysis reveals thatis not clear how to apply this to the underdoped cuprates
the magnitude of thea-b plane MR, Ap?/p®, is in  wherep.(T) is generally nonmetallic. Finally, as shown
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@ y T T T T 16107 solve some of these discrepancies, but we have provided
12101 T T T 1 direct evidence for in-plane anisotropy and single lifetime
L o~ 1210 effects in thec-axis properties which still need to be incorp-
orated into such an approach. Other modifications of the
band picture should also be considered, for example, mod-
o 141010 els in which the anisotropy variesharplyaround the FS,

L o Vlab : Blic 1 and models in which the normal state pseudogap, or in the
0 , : ; : ; ; 0 overdoped case a small energy scal&,dependent [4,26].
0.00012f (b) i The authors would like to thank Dr. J. W. Loram and
Ve ; Blab i M. J. Lercher for helpful discussions and S. E. Smith for
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