
VOLUME 75, NUMBER 7 PH YS ICAL REVIEW LETTERS 14 AUGUsT 1995

Violation of Kohler's Rule in the Normal-State Magnetoresistanee of YBa2Cu307 g and
La2Sr„Cu04

3.M. Harris, ' Y.F. Yan, ' P. Matl, ' N. P. Ong, ' P. W. Anderson, ' T. Kimura, and K. Kitazawa
' Joseph Henry Laboratories of Physics, Princeton University, Princeton, ¹wJersey 08544

Department of Applied Chemistry, University of Tokyo, 7-3-1 Hongo, Bunkyo ku, -Tokyo 113, Japan
(Received 11 April 1994; revised manuscript received 28 April 1995)

The normal-state magnetoresistance (MR) hp/p of 90-K and 60-K YBa2Cu307 s and
La2, Sr, Cu04 (x = 0.17) has been measured in the longitudinal (field H parallel to current J) and
transverse (H (~ c) geometries, with J in-plane. In all cases, the orbital component of the MR displays
a temperature dependence that strongly violates Kohler's rule. We show that the classical orbital MR
measures the variance of a local Hall angle 0(s) around the Fermi surface. The anomalous transverse
MR in these cuprates is closely related to the temperature dependence of the Hall angle.

PACS numbers: 74.72.Bk, 72.15.Gd, 72.15.Lh

Recently, progress has been achieved in understanding
the unusual temperature dependence of the normal-state
Hall effect of the high-temperature superconductors [1,2].
In all hole-type cuprates near optimal doping, the Hall
resistivity p ~ displays a strong temperature dependence
that persists to temperatures (T) as high as 500 K [2—
10]. An important clue to the origin of this anomaly was
obtained by analyzing the Hall angle 0H rather than p y OI

the Hall conductivity o.,Y [1]. An investigation by Chien,
Wang, and Ong [2] of how OH varies with T and cz„
(concentration of Zn Impurities) in YBa2Cu&, Zn, 07—$
revealed that the complicated dependences of p y on
T and cz„simplify to the relationship cot0H = o.T +
Pcz„predicted in Ref. [1]. In addition to the Zn-doping
study, several groups have since investigated this T2

dependence in YBa2Cu307 q (YBCO) vs the oxygen
deficit 6 [3,4], as well as concentration of the impurities
Pr, Fe [5], and Co [6]. The effect of impurities on
cotOH in Bi2Sr2CaCu20s+q has also been reported [7].
The Hall angle has been studied in La2 Sr Cu04
doped with 3d elements [8], as well as in the two-
chain superconductor YBa2Cu40s [9]. These studies
confirm that the cot0tt vs T relationship is valid (up to
500 K in some cases). In some cases, deviations from
the T behavior become significant in the underdoped
or overdoped regimes [10]. In the new superconductor
HgBaCaCuO, cot0H is also observed to vary as T up to
400 K [11].

The T behavior of cot 0~ was inferred from the
proposed compositeness of the charge carriers in the
normal state and the assumption that the lifetime
associated with scattering processes parallel to the Fermi
surface (FS) has a 1/T dependence, distinct from the
1/T behavior of the transport lifetime r„.To go further,
we ask if the T dependence in ~H has consequences
observable in other transport quantities. The classical
orbital magnetoresistance (MR) is especially appealing
since it involves the same scattering processes as the Hall
current. It is well known that the classical MR is zero

in an isotropic metal. Thus, the MR probes deviations
of the FS from sphericity [12]. In a two-dimensional
(2D) system, we show that the classical MR measures the
variance of the local Hall angle around the FS. Thus, it
provides unique information on how the electronic mean
free path varies around the FS. We report here high-
resolution measurements of the MR in 90-K and 60-K
YBCO, and La2, Sr,Cu04 (LaSrCuO).

The twinned YBCO crystals, with T, = 92 and 63 K,
were annealed in Aowing oxygen for ten days at 500
and 650 'C, respectively (the 60-K crystal was quenched
from 650 C into liquid nitrogen). The LaSrCuO crys-
tal with T, = 38 K was cut from a large boule grown
by a traveling-solvent fIoating-zone technique. While MR
measurements at a resolution of 100 ppm (parts per mil-
lion) are routinely performed with capacitance thermome-
ters as the regulating sensor, measurements at the level of
10 ppm are precluded because of dielectric aging effects
(drifts may be observed 24 h after temperature stabiliza-
tion) [13]. For our measurements, we used a resistive cer-
nox sensor (Lakeshore 1050) that was carefully calibrated
in a field as follows. We let the sample chamber equili-
brate at a selected T for 3 h under open-loop control. The
field is ramped up to 14 T and back to zero in 40 min. If
the trace of the sensor reading versus field has a hystere-
sis less than 20 ppm, it is accepted as a calibration curve
(this shows that hT is less than 5 mK). Calibration of the
sensor allows the intrinsic MR signal of the sample to be
extracted from the observed signal by compensating for
the effect of field on the sensor.

The field dependence of the in-plane resistivity p is
shown in Fig. 1 for 90-K YBCO in the transverse geom-
etry (B~~c,J J c). At all temperatures, p increase as B
(positive MR) with a curvature that changes rapidly with
T. By fitting with the form [hp(B)/p(0)]z = a&B,
we may extract the MR coefficient a~(T) at each tem-
perature (subscript J indicates that BJ J). The fits are
shown as smooth lines in Fig. 1. Classically, the trans-
verse MR arises from "bending" of the electron trajec-
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FIG. 3. (Main panel) The temperature dependence of the
orbital part of the MR coefficient a,„bin 90-K YBCO (circles),
60-K YBCO (triangles), and LaSrCuO (squares) (a„b—= a&-
a~~). The solid line has the form a,„b= CT with C =
2510 K4. The LaSrCuO data are fitted by [m/(bT + c)]
with m = 3.6, b = 0.0414, c = 554 (broken line). The
paraconductivity contributions are observed as steep deviations
from power law in the YBCO data. The inset shows cotO~
(at 1 T) plotted against T in LaSrCuO. The solid line is
cotO~ = b~T + cH with b~ = 0.0391 and c~ = 554.
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FIG. 4. Kohler plot for the 60-K YBCO crystal at tempera-
tures between 90 and 175 K (main panel). The vertical axis
represents the difference of the fractional changes in p in the
two field geometries. The inset shows the same plot magnified
by a factor of —10 to show the curves between 200 and 350 K.
The axes labels in the main panel also apply to the inset. All
curves displayed represent actual (unsmoothed) data recordings.
If Kohler's rule is valid, all the curves should coincide.

(0/p)2 should fall on a straight line with a slope that
is independent of T. In Fig. 4, we have replotted the
data from the 60-K sample. It is clear that Kohler's
rule is strongly violated. Instead of a single curve, we
obtain a series of lines whose slope steeply decreases
with increasing T. A similar violation of Kohler's rule is
observed in 90-K YBCO and in LaSrCuO [16]. We argue
below that this strong violation is related to the unusual
temperature dependence of the Hall effect.

The classical MR derives from the bending of the
electron trajectory. For a conventional 2D metal
with an arbitrary FS, the correction to the in-plane
conductivity Acr may be calculated from the Boltz-
mann equation to give [17,18] Err = —(e /2n )
(eB/h) f ds l(s) [d/ds(l(s) cos@(s))], where s is the
arclength along the FS, l(s) is the mean free path, and

@(s) is the angle between the velocity v(s) and the electric
field E. For a FS that is fourfold symmetric, we may
replace cos @(s) with sin P(s). The fractional change in
o then assumes the simple form

ds g(s)0(s),
where the conductivity weight X,(s), satisfying

f ds X(s) = 1, is equal to (e /2' )l(s) cos @(s)/o.
The local Hall angle 0(s) on the patch ds is defined as
the ratio b jz/j~~, where Ajar is the change in the Hall
current when the state shifts by eBl/h on the FS, and

j~~
—l cos P. Hence, we have

0(s) = (eB/h cos @)d(l sin P)/ds.

Combining Eq. (2) with the Hall conductivity expression
[18], orr = [e B/(27rh) ]X f ds l cos ~ti d(l sin P)/ds,
we verify that the observed Hall angle is just the weighted
average of 0(s) over the FS, i.e., 00 = f ds X(s)0(s).
In general, the MR (up to terms in B ) may be written
as Ap/p = —Ao-/rT —

OH (note p —= pxx, o. —= o-xx).
Finally, using Eq. (1) for Ao. /o. , we obtain

~l /S = (ll(~)') —&0(~))', (3)

where the averaging ( ) means f X(s) ds. Equa-
tion (3), valid for a 2D FS that is fourfold symmetric but
otherwise arbitrary, states that the classical, orbital MR
measures the variance of the Hall angle over the FS. [In
the elementary case of a circular FS, for which the variance
vanishes, Eq. (3) reduces to the familiar result b, p = 0].

The observed Hall angle 0~ and the MR provide,
respectively, information on the mean of the local Hall
angle 0(s) and its variance at each temperature. Hall
measurements show that OH = D/T, with D = 1510
and 1630 K in the 60-K and 90-K YBCO crystals,
respectively. There are two interesting extremes. For
Kohler's rule to be observed (Ap/p —T ), we need
the first term in Eq. (3), (0(s) ), to vary as T and
to be dominant over the second term. In the other
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extreme, all three terms in Eq. (3) share the same T
dependence, and Kohler's rule is strongly violated. As
the variance has the same T dependence as the mean
squared, 0(s) must change uniformly with T, i.e., its
relative variation with position around the FS is the same
at each temperature. Since the observed ratio [5p/p]/0~
is either T independent (in 60-K YBCO and LaSrCuO)
or almost so (90-K YBCO), we are much closer to the
second extreme in all three samples. The discussion on
the behavior for 0(s) then implies that the mean free path
l (s, T) has the form v(s)rH(T), with rH independent of s
[v(s) is the velocity and rH the relaxation time]. This
conclusion seems incompatible with proposed models
[6,7] in which 1 (s) is assumed to vary as 1/T and 1/T2
on different parts of the FS.

The numerical value of the ratio [Ap/p]/OH provides
further information. In 60-K YBCO, the ratio equals 1.7,
while in 90-K YBCO, it changes weakly with T from
1.5 to 1.7. The ratio in LaSrCuO, however, is much
larger (13.6). Such a large value implies that, even though
the observed Hall signal is positive in optimally doped
LaSrCuO, the local Hall angle 0(s) is negative in sign
over a significant segment of the FS. This is probably a
precursor to the change of sign observed in OH when x
increases past 0.25, towards the overdoped regime.

The previous analysis of the Hall angle [1] may be ex-
tended to treat the MR. The charge carriers are assumed
to be decomposed into particles carrying charge and spin
degrees. We propose that different memory times" 7.t,
and ~H are associated with the response to the E field
and the Lorentz force, respectively. Heuristically, the dis-
tribution function in the kinetic equation may be written
as gk = r&„eEvk (—r)fp/r) e) — rH evk&& 8'( rlgk/ckj). In
the zero magnetic field, ~t, alone enters into the resistiv-
ity. For the weak-field MR, 7.t, cancels out in the weight
X in the integrand of Eq. (1), so that Acr/o— r~ (sim-.
ilarly, oH —rt, rH, and 00 —r~). If r,„and rH vary
as T ' and T, respectively, we obtain directly the ob-
served power-law temperature dependences of the three
transport quantities, o., 00, and Ao. /o. . The violation of
Kohler's rule in the classical MR of both 90-K and 60-K
YBCO and in LaSrCuO uncovers yet another anomalous
aspect of normal-state transport in the cuprates near opti-
mal doping. In high-purity systems, the in-plane conduc-
tivity, the Hall conductivity, and the weak-field MR vary
as T " with exponents (n = 1, 3, and 4, respectively).
Impurity scattering adds a constant shift to the transport
and Hall scattering rates. The latter change appears suf-
ficient to account for the unusual MR behavior in LaSr-
CuO. It seems that these anomalous power laws reAect
a fundamental property of the charge carriers and that the
identification of two distinct lifetimes provides that most
natural way to understand these experiments.
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