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Transport anisotropies of p./pa==10* to 10°> were measured for superconducting and nonsuper-
conducting Biz+xSr2—,CuOs+5 crystals. In superconducting samples ps increases linearly with
temperature from just above 7.=7 to 700 K. The implication of the pss results is that classical
electron-phonon scattering mechanisms are inadequate. The anisotropy and T. for various lay-
ered superconductor systems are compared. In all crystals studied p. is nonmetallic, varying as a

power law T ~ ¢, a=0.5-1.

A characteristic feature of the high-T. layered super-
conductors is the extreme two dimensionality of their
physical properties. Transport anisotropy studies are
hence very significant for establishing the role of the cou-
pling between Cu-O planes on the mechanism of high-T,
superconductivity. Previous measurements in Y-Ba-Cu-O
crystals suggested resistivity anisotropies of =102 for
samples with T, =90 K,"? and =103 for 60-K samples.?
In Bi-Sr-Ca-Cu-O crystals even larger anisotropies of
=10% to 10° were measured,>* giving rise to two-
dimensional (2D) phase fluctuations near the supercon-
ducting transition.> Similar behavior was recently report-
ed for TI-Ba-Ca-Cu-O thin films.> Presently, the mecha-
nism of charge transport perpendicular to the Cu-O
planes is far from being clearly established, owing to the
range of anisotropy values and the different types of tem-
perature dependences reported by various groups.! ~>678
The reasons for the lack of a consensus include experi-
mental uncertainties such as nonuniform composition, de-
fect mediated hopping of carriers, inhomogeneous current
flow, contributions from p,, improper deconvolution of
anisotropic current flow, and contact misalignment. A
further issue in understanding high-7, superconductivity
concerns the applicability of conventional electron-phonon
scattering mechanisms to the description of normal-state
transport properties. However, the problem can be ad-
dressed clearly only by normal-state measurements at
temperatures well below the typical high 7,’s of 80-90 K.
In this respect studies of the transport properties in the
low-T,, single-layer Bi-Sr-Cu-O compound are very
promising for gaining insight into the behavior of the
closely related high-T. cuprates.

We report here transport anisotropy measurements on
Biz+xSr;-,CuOg + 5 crystals which are superconducting
with T, =6.5-8.5 K, or nonsuperconducting, depending
upon the Sr/Bi ratio in the melt composition and the oxy-
gen partial pressure (Po,) during growth.” We find
Pc/pap =5%10%to 2% 10° at T = T, for both types of sam-
ples. The superconducting crystals show a strikingly
linear temperature dependence of pg (T) from just above
T. to 700 K, suggesting an extraordinarily small value of
the transport Debye temperature of 83 =35 K in the con-
text of a classical Bloch-Griineisen (BG) treatment of
electron-phonon scattering. In nonsuperconducting crys-
tals p,s(T) shows a logarithmic upturn below Tin
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=20-70 K and a linearity above T pni,. The resistivity
perpendicular to the Cu-O planes is found to be of the
nonmetallic form p, ¢ 7~ ¢ with a=0.5-1. Also present-
ed are transport anisotropies in several dichalcogenides
and in YBa;Cu307 -5 crystals where we find p./pgs =10°
for T,~=60 K and =102 for 7.=90 K.

Crystals of Bij+,Sr;—,CuOg+s (42:2:0:17) were
grown in an alkali-halide flux and crystals of YBa,;Cus;-
07-4(““1:2:3”) in a BaCuO,-CuO flux, as described previ-
ously.® The notations 2:2:0:1 and 1:2:3 are used herein
generally, rather than for specific compositions. We
should emphasize that studies on 2:2:0:1 ceramic samples
are revealing a complex phase diagram, implying that the
structure of a crystal grown under specific conditions can-
not be easily asserted.'® Typical crystals are platelets 1
mm across and 4 gm (2:2:0:1) or 50 um (1:2:3) thick.
High-quality contacts of low resistance were made by us-
ing an Ag paste which was cured in O; at 250°C. The
resistivity components were measured using a generaliza-
tion of the Montgomery method with the contacts placed
on the ab-plane surfaces.?

Figure 1(a) shows the temperature dependence of the
in-plane resistivity p, for two 2:2:0:1 crystals grown un-
der conditions indicated. In the nonsuperconducting sam-
ple ps has a minimum at T,;, =70 K, with a slope of
Apap/AT =1.88 pQcm/K above Ti,. The extrapolated
residual resistivity of po=800 u 2 cm can be used to esti-
mate a disorder parameter of (krl/)s =3.7. We found
that by increasing the Sr/Bi melt ratio T, decreases. By
choosing a reduced Po, of 4% (of 1 atm) during growth,
we obtained superconducting crystals with T,.=6.5-8.5
K. In Fig. 1(a) the superconducting sample shows a re-
markable linearity of p,, from above T. to 700 K. The
pab =0 transition is at 7. =6.5 K. We obtain a slope of
Apa/AT =0.74 pQcm/K and a residual resistivity of
po=70 uQcm, which yields (krl) =43. For a super-
conducting sample with 7,=8.5 K the corresponding
values are Ap,/AT =1.06 u Q@ cm/K, po=100 uQ cm and
(krl)ap =30. In both cases the values of the disorder pa-
rameter indicate clean-limit superconductivity. Xiao et
al.'' reported measurements on ceramic samples of
2:2:0:1, where a linear temperature-dependent resistivity
was observed from 10 to 300 K with 7. =7 K; however,
the data reflect a polycrystalline average of p,, and p,.

The linear temperature dependence of the in-plane
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FIG. 1. In-plane (a) and out-of-plane (b) resistivities mea-
sured in 2:2:0:1 crystals: a nonsuperconductor (O) grown with
Sr/Bi=1.22 and Po,=20%, and a superconductor (O), with
Sr/Bi=1.0 and Po,=4%. Curve in (a) is a fit assuming BG;
curves in (b) are power-law fits. Inset (a) shows v=d[ln(pas
—p0)1/d[InT] vs T for the superconducting sample (®) as com-
pared with BG fits with 83 =10 K (dashed), 35 K (solid), and
80 K (dotted). Inset (b) illustrates p. is non-Arrhenius.

resistivity is one of the characteristic features of normal-
state transport in high-7, superconductors. Novel models
of the mechanism of high-7. superconductivity predicting
pas < T include the resonating-valence-bond (RVB) mod-
el by Anderson and Zhou,'? the quantum percolation
model by Phillips,'? and the marginal Fermi-liquid model
by Varma er al.'* Until recently, measurements of the
normal-state properties in high-T, materials have not pro-
vided especially strong support for novel types of charge
transport. It was possible to argue that classical electron-
phonon scattering as described by the BG model is valid if
T.=90 K.'* The BG model predicts in 3D an initial 7>
increase of the resistivity for T < ©3 and a linear temper-
ature dependence for T > 63, where the transport Debye
temperature ©3 can be typically a factor of 2-4 smaller
than the thermodynamic Debye temperature ©p for ma-
terials with a small kr. For 1:2:3 83 was found to be as
low as = 200 K.!5 Thus down to T, = 90 K the deviation
would not be substantial enough to be apparent.

The low temperature behavior of p,; shown in Fig. 1(a)
for the nonsuperconducting sample is found to be caused
by weak localization effects in 2D which are studied in de-
tail elsewhere.'® For the superconducting sample a BG fit
with 65 =35 K is shown as the nearly linear solid line.
In the inset of Fig. 1(a) the logarithmic derivative v
=dlIn(pgss —po)1/d(UnT) is plotted versus T. The sensi-
tivity of v to the choice of 3 is analyzed in detail by plot-
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ting the data (denoted by @) and, for comparison, BG fits
with 635 =10 K (dashed curve), 35 K (solid curve), and
80 K (dotted curve). The data show a smooth decrease
from v=1.05 at 700 K to 0.97 at 120 K followed by a pro-
nounced increase at lower temperatures. Within a devia-
tion of * 5% the linearity of p,; with T can be asserted
over a range of T'=50-700 K. A characteristic test of BG
behavior is the onset of the nonlinearity v> 1 at low tem-
peratures. The BG fit for 83 =35 K describes the data
best, e.g., v=1.1 is attained at 7=40 K in both the data
and the fit. In contrast, neither 63 =10 K nor 65 =80 K
adequately fit at the onset of nonlinearity. Although it is
in best agreement with data, there is no clear understand-
ing for such a small value of ©3 =35 in terms of electron-
phonon scattering. The thermodynamic Debye tempera-
ture is expected to be 6p==350 K, as found in the related
high-T, compound Bi;Sr,CaCuOyg (2:2:1:2).'7 A reason-
able lower limit would therefore be 83 =80 K, which de-
viates from the data significantly. Interestingly, in the
nonsuperconducting La-Sr and La-Ba cuprates the resis-
tivities reported for polycrystalline materials resemble
clals:ical metals, deviating from linearity near 175-300
K.

The lack of any saturation of pa(T) up to 700 K is
another similarity between 2:2:0:1 and the high-7, ma-
terials. It implies a weak scattering mechanism and im-
poses an upper limit of A <0.1 for the electron-phonon
coupling constant.'® If we assume only phonon scattering,
then the resistivity slope provides the following quantita-
tive estimate: '’

A=(0.246 eV 240 ~'cm ~'/K) (Aps/ATIE? ,
where
E,=(1.8x10%eVA)(1+1)"?/7,(0)

is the plasma energy and A.(0) the London penetration
depth. Taking A;(0) =3100 A (Ref. 20) and an average
slope of 0.9 1 Q cm/K, we obtain A =0.08, suggesting par-
ticularly weak electron-phonon coupling.

Figure 1(b) shows the temperature dependence of the
resistivity perpendicular to the Cu-O planes measured in
the same 2:2:0:1 crystals. We find that p. is nonmetallic
and typically several orders of magnitude larger than pg,
as in other layered cuprates.’ The nonmetallic behavior
and the explicit form of the temperature dependence of p.
is an important issue for understanding the normal-state
transport mechanism. In high-7, materials the accessible
low-temperature range is limited, thus obscuring the dis-
tinction between thermal activation and power-law behav-
ior. In 2:2:0:1, however, measurements down to 4-8 K
clearly indicate inconsistency with an Arrhenius law, as
shown by the inset of Fig. 1(b), for both superconducting
(denoted by O) and nonsuperconducting (denoted by D)
samples. Rather, better fits are obtained for a power law,
pc<T ~¢ with a=0.61 for the nonsuperconductor and
0.52 for the superconductor, as shown by the solid curves
in Fig. 1(b). For comparison, we have previously found
that @==1 adequately describes the temperature depen-
dence of p. in 2:2:1:2.%! In the RVB model of high-T su-
perconductivity proposed by Anderson and Zhou,'? the
temperature dependence of p. is expected to be inverse to
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FIG. 2. Temperature dependence of resistivity anisotropies
for crystals of (a) 2:2:0:1 and (b) 1:2:3 with 7. =90 K (x) and
60 K (+), grown under different conditions. Curves are
power-law fits.

that of p,s. Although it was observed in the high-T7,
materials,' “3?! our measurements in superconducting
2:2:0:1 crystals suggest a weaker power law for p. than
given simply by ps .

Figure 2(a) shows the anisotropy p./pa for 2:2:0:1
samples grown with different Sr/Bi ratios in the melt com-
position and under different Po,. Sample A is the open
circles and sample C is the open squares of Fig. 1. Sam-
ples A and E are superconducting with 7, =6.5 and 8.5 K,
respectively. For both samples Po,™=4%, but Sr/Bi=1 for
A and 1.5 for E. The results imply that the change in
Sr/Bi ratio in the melt has led to a decrease of the anisot-
ropy by nearly an order of magnitude at 7, and two orders
of magnitude at 300 K. The nonsuperconducting samples
were grown under the following conditions: Sr/Bi=1 (B),
1.22 (C,D) and Po,=20% (B,C), 10% (D). The results
in Fig. 2(a) suggest that the anisotropy becomes smaller
as the Sr/Bi ratio is increased and Po, is decreased. The
presence or absence of superconductivity, however, ap-
pears to be more strongly affected by Po, The solid
curves are fits to a power law p./psp & T ~P with B =0.64
(4), 1.07 (B), 0.84 (C), 1.57 (D), and 2.1 (E). Subtract-
ing the residual resistivity po=70 uQcm, we obtain
B=1.40 for sample 4. The results suggest that § tends to
increase towards the value 2, as the anisotropy decreases.
It is striking that the sample with the highest T, E, has a
power-law exponent like that observed in high-7, materi-
als and predicted by the RVB model.

In Fig. 2(b) the resistivity anisotropies are plotted for
Y-Ba-Cu-O crystals with 7,=90 K (denoted by x) and
T.=60 K (denoted by +), where oxygen content was
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FIG. 3. Anisotropies just above T, vs T, for several layered
cuprates and layered dichalcogenides (Refs. 22-24). The inset
shows the temperature dependence for 2H-TaSe,.

controlled by postannealing. We find that the lower-T,
crystal has an order of magnitude larger anisotropy, as
also reported by Brawner, Wang, and Ong.? The temper-
ature dependence of the anisotropy can be fit to a power
law (solid lines) with B=1.73 for the 60-K sample and
2.01 for the 90-K sample. Note again the tendency of 8 to
approach the value 2 as the anisotropy decreases.

Furthermore, we find an indication of a higher 7, being
correlated with a stronger coupling between the Cu-O
planes. This feature is illustrated in Fig. 3, where the an-
isotropy values just above T, are plotted versus 7T, for the
layered cuprates 2:2:0:1 (7.=0, 6, and 8 K), 2:2:1:2
(T.=87K), and 1:2:3 (T, =60, 80, and 90 K). The 80-K
1:2:3 sample was annealed in an oxygen deficient atmo-
sphere. The error bars shown for these data and for
2:2:1:2 indicate typical variations of the anisotropy mea-
sured in several samples. For comparison, results on lay-
ered dichalcogenides are also plotted. The temperature
dependence of p./pss for 2H-TaSe; is drawn in the inset.
This material undergoes a charge-density-wave transition
at 7=110 K, below which we find that the anisotropy also
increases with decreasing temperature, as in the layered
cuprates. The remaining data are taken from other re-
ports for 4Hb-TaS,,2? 17-TaS,,? and 2H-NbS,.2* We
see in Fig. 3 that the anisotropies in layered dichal-
cogenides are of similar magnitudes as in 1:2:3 samples
(=102 to 10*). The layered Bi compounds are, however,
more strongly anisotropic (=10* to 10), the 2:2:0:1 sam-
ples showing variation with growth conditions.

In conclusion, a linear temperature dependence of the
ab-plane resistivity from above T.=7 to 700 K was mea-
sured in superconducting 2:2:0:1 crystals, which cannot be
accounted for by classical electron-phonon scattering.
Nonmetallic behavior was found for transport perpendicu-
lar to the Cu-O planes, which appears to be universal.
Anisotropies of p./pas =10 to 10° were found near 7.
and show tendencies to decrease with higher 7.

We acknowledge many useful discussions with M. Gur-
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