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The low-temperature magnetoresistance (MR) in Bi,Sr,CuOQg is highly anisotropic. By fitting the or-
bital MR with the weak-localization expression, we derive a carrier dephasing rate 1/7, that varies as
T ~'. This implies that the energy levels are greatly broadened at low temperatures. Both the energy
scale derived from 1/7, vs T and the behavior of the longitudinal MR suggest a strong coupling between
the holes and the Cu spins. We discuss implications of the large dephasing rate, and contrast the MR
with that of conventional disordered metals.
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In the high-temperature superconducting layered cu-
prates, a number of interesting issues are raised by the
normal-state transport properties [1,2]. In the single-
plane compound Bi,Sr,CuQOg (Bi 2:2:0:1), the linear tem-
perature dependence of the in-plane resistivity p, extends
from 6 to 600 K [3]. Infrared measurements [4] also
show that the transport scattering rate 1/7,, in YBa;Cus-
O7 and Bi 2:2:1:2 varies linearly with temperature, as
h/t=nkgT, where n lies between 2 and 3. The ubiqui-
ty of the linear resistivity and the wide temperature range
over which it is observed imply a metallic state with un-
usual, and as-yet poorly understood, low-energy charge-
carrying excitations. The nature of these excitations, and
the role played by spin degrees of freedom in charge
transport, can be probed further through the effects of
magnetic field and disorder at low temperatures. Such
quantum transport effects have provided detailed insights
into carrier interactions, scattering processes, and inelas-
tic length scales in disordered metals [5-8].

A quantitative comparison of the normal-state magne-
toresistance (MR) with existing theory has not been at-
tempted, although a few measurements exist [9,10]. We
report here the observation of novel, highly anisotropic
MR in Bi 2:2:0:1 in the temperature range 0.5-20 K.
Below ~20 K, the (transverse) MR is observed to be
negative when the field H is aligned normal to the CuO,
planes (Hllc), but predominantly positive when the field
is parallel to the applied current (HII, longitudinal MR).
By fitting the transverse MR with the weak-localization
expression, we uncover a carrier dephasing rate that has a
highly unusual temperature dependence. The longitudi-
nal MR, which directly probes the Zeeman contribution
to the MR, shows a much richer behavior than expected
from standard interaction theory.

To investigate the low-temperature transport behavior,
we selected two crystals of Bi 2:2:0:1 that remain normal
to ~0.2 K, but display a resistivity linear in 7 between
~20 and 300 K. In zero field, p, goes through a
minimum and then increases slowly as —In7, as the tem-

perature decreases below — 18 K, consistent with the on-
set of localization (Fig. 1, inset). The linear p, vs T be-
havior above 18 K extrapolates at 7 =0 to a resistivity
value of 140 uQcm. The Hall coefficient Ry (1.47
x10~° m?/C) is temperature independent, and corre-
sponds to a hole density of 4.25x 102! cm ~2 (or 0.75 per
Cu ion) [11]. From Ry and p, at 10 K, we compute a
2D Fermi wave vector kr equal to 5.74 % 107cm ™!, and a
metallic parameter krli equal to 23 at 10 K (/,; is the
transport mean free path). This corresponds to an /; of
~40 A at 10 K.

Figure 1 displays the transverse magnetoresistance
ARt vs H, observed when the field is perpendicular to the
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FIG. 1. Variation of the in-plane resistivity with field applied
normal to the CuO; plane in Bi 2:2:0:1 (sample 1). The magne-
toresistance is negative at all temperatures below 20 K. Inset:
The in-plane resistance vs temperature below 30 K. Between
0.4 and 18 K, the conductivity correction fits well with Ac/c
=AInT, where 4=3.75%10 "2

© 1991 The American Physical Society 761



VOLUME 67, NUMBER 6

PHYSICAL REVIEW

LETTERS 5 AUGUST 1991

planes (Hlic). At each temperature, the MR curve shows
a crossover from negative curvature at low fields to posi-
tive curvature at high fields. (Sample 2 shows very simi-
lar results.) These curves recall the MR behavior in con-
ventional metals in the weak-localization regime, except
that the field scales here are 10 to 50 times larger at com-
parable temperatures (indicating unusually short dephas-
ing times) [5-8]. To contrast this behavior, we display in
Fig. 2 the longitudinal MR (AR; vs H) observed when H
is parallel to the current. Above 3 K, the quadratic in-
crease of AR, is apparent up to our highest field. Since
AR, involves only spin degrees of freedom, it is natural to
reference the data to the Zeeman field scale B, =kpT/
gup (kg is Boltzmann’s constant, and up the Bohr mag-
neton). In fields well above B., the spin degrees are
strongly suppressed, and this should be reflected in a sat-
uration of the longitudinal MR [6]. However, at all tem-
peratures investigated, the quadratic increase in AR, ex-
tends well above B, (B,=0.71 T at 1 K, if g=2). The
longitudinal MR is also complicated by the appearance of
a new anomaly at temperatures below —2 K. In the
upper set of curves in Fig. 2, the longitudinal MR is neg-
ative in low fields. Competition between the negative and
positive terms leads to a minimum in AR; near 2.3 T.

In weak-localization theory, corrections to the conduc-
tivity arise when carriers diffuse around a self-intersec-
ting path [5,6]. Constructive interference between a path
and its time-reversed partner results in an enhancement
of the amplitude for the carrier to return to the intersec-
tion. When a field is applied normal to the plane, the in-
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FIG. 2. The longitudinal magnetoresistance (HII) in a Bi
2:2:0:1 single crystal at temperatures below 10 K (sample 1).
R; is shown normalized to its value in zero field. At 2 K and
above (lower set of curves), the MR is positive and monotonic;
below 2 K (upper set), a negative contribution dominates at low
fields. The vertical resolution of the upper set of curves is 5
times smaller than the lower set.
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terference is suppressed, leading to a negative contribu-
tion to the MR. For two-dimensional (2D) systems, the
correction Ac to the conductivity (without interaction) is
[6-8]
ae’
2n%h

Aoc=— [y(++1/07)—w(s+1/Q7,)

—In(z,/7)]1, (1)

where y is the digamma function, 7, the dephasing time,
7 the elastic-scattering time, Q@ =4eHD/h, D the diffu-
sion constant, and a a constant of order 1.

To compare our results with weak-localization theory,
we assume that the longitudinal MR involves the spin de-
grees of freedom alone, and that these contributions are
isotropic (negligible spin-orbit coupling). The orbital
contributions to the transverse MR may be obtained by
subtracting the longitudinal MR from the transverse, i.e.,
ARob=AR7—AR;. We then fit AR, by Eq. (1). In
general, very good fits are achieved at temperatures be-
tween 2 and 20 K (Fig. 3). Below 2 K, the appearance of
the negative anomaly in AR; (and hence in ARy,) com-
plicates the fits. However, restricting the fit to data
above 2.5 T at these low temperatures, AR, can be
fitted to the same precision as the curves in Fig. 3. The
weak-localization correction accounts for ~ § of the In7T
correction in the inset of Fig. 1 [12].

In both samples, values of /o =uvrt derived from the fits
lie between 55 and 70 A. These are slightly larger than
the value of /,; (40 A) deduced above. The “dephasing”
length L,=(Dz,)'”? extracted from the fits increases
from ~70 A, near 20 K, to 140 A at 0.4 K. As displayed
in Fig. 4, the data from both samples are consistent with
the relationship L,,,2=131T_'/3nm2; i.e., the dephasing
rate 1/7, varies as the cube root of the temperature. Es-
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FIG. 3. Fits of the orbital component of the transverse MR,
AR, With the weak-localization expression [Eq. (1)] in sample

1. The fit parameters at 2.0 K (4.5 K) are a=2.15 (2.36),
lo=65 A (58 A), and L,=102 A (87 A).
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FIG. 4. Variation of the square of the dephasing length
L =D, with temperature for samples 1 (circles) and 2 (trian-
gles). The solid line (slope — §) implies a carrier dephasing
rate that varies at 7''/°.

timating D = 1.33%x10 ~3(m¢/m*) m?/s from the mea-
sured krl;, we find that the dephasing rate is (setting the
effective-mass ratio m*/mq to 1)

/1o~ 1.02x103T 31, ()

The 7'/ dependence is in striking contrast to the nearly
linear-temperature variation widely observed in the disor-
dered 2D electron gas found in thin films and semicon-
ductor devices [6]. These numbers suggest that, in the
low-temperature limit, the energy levels are greatly
broadened compared with kgT (h/t,=~ 78kpT at 1 K).
The enhanced rate indicates that carrier scattering by
Coulomb interaction is much stronger than in convention-
al metals: At 0.5 K, the holes diffuse an average distance
of ~140 A before dephasing.

The values of L, shown in Fig. 4 are for temperatures
at which the derivative dp,/dT is negative. When the
temperature rises above ~20 K, we cross, fairly abruptly,
into the important “linear-resistivity”’ regime. In this re-
gime, the dephasing rate is equal to the inverse transport
lifetime, i.e., h/t,~nkgT. [The magnitude of L, de-
duced from Eq. (1) is close to /o when the crossover
occurs.] We observe that, with increasing temperature
above 20 K, the MR becomes more isotropic (indepen-
dent of field orientation) and positive. The high-tem-
perature MR, which suggests that important changes
occur in the carrier relaxation processes when we enter
the linear-temperature regime, will be reported elsewhere.

Next, we turn to the geometry in which H is aligned
parallel to I. In this orientation, the magnetoresistance
arises from coupling of the field to the spin degrees of
freedom. In standard “interaction” theory [6,13], correc-
tions to the propagators in the particle-hole channel occur
for both singlet and triplet states. When the Zeeman
energy exceeds kpT, the singlet contributions are sup-
pressed, leading to a positive longitudinal MR [13]. If we

apply this picture to the data in Fig. 2, we find poor
agreement with our experiment. A major difficulty is
that the field scales in AR, are neither of the order of the
Zeeman field B, =kgT/gup nor linear in temperature.
To see this, we compare B, with an empirical field scale
B, extracted from the data. Above 2 K, the longitudinal
MR is quadratic in H at low fields, so that B; may be
defined by AR;/R(0) = (B/B,)?%. Our data for B, rough-
ly follow the power law (y=0.4)

B,(T)=105T" 2<T<10K). 3)

The field scale By is not obviously related to B,. [As indi-
cated in Eq. (3), B, may be reliably determined only be-
tween 2 and 10 K.] The negative anomaly itself presents
an additional difficulty for the standard interaction
theory, which predicts only positive longitudinal MR.

Thus, the longitudinal MR behavior at low tempera-
tures is much richer than expected from simple spin-
polarization effects. There appear to exist at least two
field scales (corresponding to the positive and negative
contributions), neither of which matches precisely the
Zeeman field scale B,. The field scale in Eq. (3) is clear-
ly much larger than B,. An interesting possibility is that,
when the dephasing rate greatly exceeds kg7, the spin-
splitting field should be determined by equating guzB to
h/t,, rather than to kgT [14]. With this new cutoff, we
calculate [15] a field scale B, that has a 7'/ dependence
[i.e., closer to y=0.4 in Eq. (3)], but the predicted mag-
nitude [15] of By is too large by a factor of 24, so this
simple modification is inadequate. The observed field
scale determining the quadratic increase in R; seems to
be intermediate between the conventional Zeeman field
B, and the rescaled field B¥. Another obvious source of
positive MR, namely, superconducting fluctuations, may
also be excluded. We have performed detailed studies on
three other crystals that display superconducting transi-
tions between 0.3 and 0.1 K. Detailed comparison en-
ables us to exclude the existence of superconducting fluc-
tuations in the two samples studied here [16].

The analysis reported here shows that the orbital MR
is surprisingly well described by the weak-localization
correction [Eq. (1)]. However, the detailed fits do not
necessarily mean that the carriers in the CuO; planes are
conventional fermions, but only that they are quantum
particles with associated generic interference effects in a
disordered medium. The fits disclose an unusually short
dephasing length L, and a large dephasing rate that
varies as T]/3, instead of the familiar linear-7 depen-
dence. This strong enhancement may be intimately relat-
ed to the widespread tendency of p, to switch abruptly to
localization behavior at low temperatures in the hole-type
cuprates.. The large dephasing rate also implies that the
level widths are much larger than k3T (by a factor of 78
at 1 K). This greatly violates a basic assumption of the
Fermi-liquid picture, and invites careful reexamination of
how the charge carriers should be described in the limit
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T— 0. We expect that further low-temperature MR
studies will help elucidate the question whether the
Fermi-liquid description is valid. The fractional power
law of 7, implies the existence of an energy scale E,
~684 K that is about half the copper spin-exchange en-
ergy J [17]. This suggests that the carrier dephasing rate
is dominated by coupling to low-energy excitations of the
Cu spins, and reinforces the picture in which motion of
the charge carriers involves a rearrangement of the spin
background in the cuprates. Coupling of the holes to the
spin degrees is also important in the regime above 20 K
where p, is linear in 7. With rising temperature, the
negative transverse MR in Fig. 1 changes sign, and be-
comes increasingly similar to the longitudinal MR. In
both orientations, p, increases approximately linearly
with field, for H between 1 and 8 T. The isotropic MR at
high temperatures implies that H affects the conductance
through the spin degrees, but the positive sign and the
linear field dependence are difficult to account for. Thus,
in addition to the anomalous dephasing rate, the MR ex-
periments disclose a rich pattern of behavior involving the
spins that does not fit the usual picture of disordered met-
als. Nonetheless, magnetoresistance is a potentially in-
cisive probe of the hole dynamics. An understanding of
relaxation processes in the localization regime, how they
are affected by fields and how they change when the sam-
ple crosses into the linear-7 regime, may provide impor-
tant insights to the occurrence of superconductivity in the
cuprates.
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