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Cu distance, the magnetic susceptibility does not exhibit the negative
temperature coefficient. Instead, the temperasture dependence is charac—
terized by the Curie-like behavior.
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Anisotropic Transport in Y-Ba-Cu-O
and Bi-Sr-Ca-Cu-O

A.Zettl, A. Behrooz, G. Briceno, WN. Creager, M.F. Crommie, S. Hoen,
and P. Pinsukanjana

Department of Physics, University of California at Berkeley, and
Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory,
Berkeley, California, CA 94720, USA

The anisotropic normal state transport properties of the
superconducting oxides Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0Q0 are
investigated by dc resistivity, thermocelectric power, high
frequency conductivity, and uniaxial stress effects in single
crystals. We also explore the superconducting state by
measurements of T, under c-axis stress, and oxygen isotope
substitution. Energy gap structure is investigated by break
junction single-crystal tunneling.

1. INTRCDUCTICN

The new classes of oxide superconductors based on Cu-0y sheets
have unusual superconducting and normal state propertiés. The
sheet structure gives rise to quasi-two-dimensional electronic
structure with large anisotropy in the normal state. The low
dimensionality has been exploited in numercus models of high-T,
superconductivity. The unusually high transition temperatures,
together with the cbserved reduced isctope effect, suggest a new
electron pairing mechanism. A good understanding of the
superconducting properties of a material necessitates a good
understanding of the normal state properties.

We here expleore anisotropy in the normal states, and to a
lesser degree in the superconducting states, of the oxide
superconductors Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-C. We find that the
electronic conductien in the normal state is not well described
by conventional mechanisms, in particular in the direction
perpendicular te the Cu-O; planes. Qur findings place
restrictions on the type of transport possible in the normal
state, and indirectly on the superconductivity mechanism.

2. ANISOTROPIC TRANSPORT IN YBagCuy07 .5

As first demenstrated by TOZER et al[l], the resistivity tensor
in YBayCuy 07 single crystals suggests & substantial
temperature-dependent anisotreopy. In fact, for many crystals,
the c-axis resistivity appears "semiconductor-like” while the
a-b plane resistivity appears metallic. For some crystals, on
the other hand. the “upturn" in the c-axis resistivity starts
only very close to T,[2]. The difference may be a combination
of impurities (including oxygen vacancy) and degree of twinning
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in the a-b plane. For any crystal, the upturn is easily
enhanced by depleting the oxygen content, i.e. increasing 5.

For a typical high purity crystal with full oxygen content,
the c¢-axis resistivity at room temperature is of order 10-20
m{lcm. In the tight-binding approximation, the electronic mean
free path is given by (3]

A = vyt = ho/dne?a (1)

where n is the carrier density, o is the conductivity in the
direction in question, and a is the lattice constant in the
directiaon wm ncmwnwou. The carrier concentration in YBa5Cuy is
of order 1042/em3. Eq. (1} then gives for the c-axis mean free
path A = 10774, clearly an unphysical value. This immediately
suggests that band transport is inappropriate to YBasCuzOy, at
least along the c¢-axis. In sections below we test various
predictions of band theory for the c-axis conduction, and
consistently find discrepancies.

Fig. 1 shows[2] the normalized c-axis resistivity for
YBaysCuy07 correspoending to three different oxygen
concentrations, § = 0, 0.5, and 0.7. We respectively label
these samples pristine oxygenated {PO), oxygen deficient (GD],
and very oxygen deficient (VOD). The VOD state is not
superconducting at any temperature. It is tempting to describe
the temperature dependence as “semiconductor like". Fig. 2a
shows the data of Fig. 1 plotted as log{gl vs 1/T. Only at high
temperatures does the conductance appear thermally activated,
with corresponding activation energies E,= 2.4meV, 41lmeV, and
450meV for PO, 0D, and VOD samples, nmwvonnw<mvw. At low
temperatures, the data curve away from exponential behavior in a
manner similar to low-dimensional disordered metals, where
carriers become localized with decreasing temperature. 1In a
regime of strong localization, one expects for a three
dimensicnal system a temperature dependence

L .—| L] ﬁ L] N
ar- \J/ . —
| RN {(/te) <OD. |
< ~ .
& / \ {17 €Y OD .
& 2= { iy i
W ! ~ .
e LN -
a ! PN - :
ey I —— — .
E 1~ | H ———
a | {Lec) PO
|
oF- 1 1 : _ L
0 100 200 300
TK)

Figure 1. Normalized c-axis resigtivity of ¥BajyCuy0,, for
different oxygen contents. The a-b plane resistivity is also
shown for a fully oxygenated sample.
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Figure 2. a) Fits to activated "semiconductar-like"
conductivity for c-axis conductance in YBayCu Cy. Data for
three different oxygen contents are shown. The data are

.activated only at high temperatures, where the activation energy

increases with decreasing oxygen content. b} Fits te the
Anderson-Zou hole soliton ¢-axis tunneling formula, Eg. (4).
The YBajCu;0, data fit the formula only for full oxygen content
and only at mwos tamperatures.

o = ggexpl- (To/T /4], (2)
while in the regime of weak localization one has
G =0, + mnmmAu\w\wuu<. (3)

The data of Fig. 1 fits neither Eg. (2} eor (3), nor their
analeogs for twe or one dimensicnal systems. We also note that
we have observed no unusual magnetoresistance effects in the
c-axis conduction, again giving evidence against standard

localization behavior.
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ANDERSON and ZQU[4] have suggested that if the normal state ) ! oo ' T

of ¥YBazCuy04 is described by a resonating valence bond (RVB] MMHMwWM
state, the c-axis conduction is dominated by tunneling between A U7e) OD =
planes of hole solitons with an expected temperature 1/T 20 a {//¢) VOD '

dependence, i.e.

A palycrystalline

Pc = A/T + BT {4)

where the term linear in T accounts for experimental
‘contamination" from

a-b plane conduction. To test Eq. (4), one plots p_T vs T2, as
was originally done by HAGEN et al[5]. Fig. Zb shows our c-axis
resistivity plotted in this way to test Eg. (4). It is apparent
that a reascnable ({linear) fit occurs enly for high oxygen
content, and even then only over a restricted temperature range.

thermoelectric power {pV/K)

A general empirical expression has been suggested[6] for the
c-axis resistivity in YBajzCu,07,

pe ~ TPexp [eg/kpT], {5}

where ¢ is a constant between 0.5 and 1.0 and £, represents a
reduced or effective gap for activated charge nmmﬁmmonn. Eq. : ] L ] L ]
{5) appears tc fit well the c-axis conductivity for different 0 100 200 300
«mmmnEWOq crystals with Jmnwmamc. This is shown in Fig. 3, T (3

o .
where 1n[pc/T¥] is plottéd versus 1/T, using data from two Figure 4. Thermoelectric power for YBa,CuyO, for different

different research groups. One physical interpretaction(6] of directicons in the crystal and for different Nx%oma contents.

Eq. {5} is that the exponential term arises from activated : -
behavior similar to the conductivity in amorphous The polycrystalline result for full oxygen content is also

gemiconductors, while the T® term comes from the temperature shown.

dependence of the mobility., and hence the scattering time T.

Possible sources of the temperature dependence of the mobility

are the phenen occupation number and the average carrier Another transport coefficient complementary to the

velocity. resistivity is the thermcelectric power (TEF). For a metal one
expects a TEP linear in temperature, neglecting phonen drag
effects. For a semiconductor with gap E,, the TEP is

proportional to mo\wme. In the superconducting state, the

T T T r superconducting electrons te first order short cut any thermally

—{10 induced EMF, hence the TEP is zero. Fig. 4 shows[6] the TEP for

different crystal directions and oxygen contents of ¥YBasCuy0q._x.

Also shown is the TEP for a polycrystalline sample. The mwr

plane TEP is not 1linear in T (and is similar to the

polyerystalline result), in contrast to what might be expected

from the a-b plane metallic resistivity. The c-axis TEP is
linear in T. and hence not of the semiconductor form.

ol P=1bar
—a P=0.8kbar

2 Tozer, et al.
L

R/T?- (1072 aK™)

=
o
L]

ALLEN et al[7] have investigated the phonon-induced
resistivity py ., Hall coefficient wmﬂu<. and TEP mnm for
¥YBasCuz0y based on band structure calculations using a
varjational solution of the Boltzman transport egquations. Some
of the data in Fig. 4 are consistent with these predictions, but

0
P /T (1074 0emK™)

] I 1 1 discrepencies exist. For example, the measured TEP is positive
4 8 12 {holelike} both in the a-b plane and aleng the c-axis, while
1T (1073~ 1y ALLEN et al predict that Sy, and Sy will be negative, and the
sign of S,, is dependent on the clidice of T{e} (x and y are in
Figure 3. Fits of c-axis conductivity in ¥BajyCuiy to Eg. (5}, the a-b plane, z is parallel te the c-axis).

with the specimen at ambient pressure and under c-axis pressure. !
Fits to data of ref. 1 are alsc shown. ;
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The electrical conductivity of metals and semicenductors is
frequency dependent. For a metal the odwnmnnmuwmnw energy for
frequency dependent conductivity is wr~1 {or w=- 10'%*Hz}, while
for a semiconductor it is hw/2m - mmm. From Eg. {(5) where the
effective "gap" energy is rmmjm%. we might expect fregquency
dependent conductivity near 8&x10 Hz for the ¢-axis conduction.
On the other hand, several non-band transport mechanisms
{including localization and variable range hepping) give
fregquency dependent conductivities at much lower characteristic
energies, often with power law dependences such as

olw ~ ws. {6}

TESTARDI et al {8] have reported unusually large dielectric
constants in thermally quenched (oxygen deficient}
polycrystalline YBapCuyl, at very lew (audio) frequencies, while
REAGOR et al(9] report a strong frequency dependent conductivity
in single crystal (nonsuperconducting) EusCuQs in the microwave
regime,

We have investigated the frequency dependent conductivity of
mmﬁwozum< single crystal specimens with different cxygen content
in the freguency range SHz to 1GHz. Figs. 5a,b show the dc and
ac {1GHz) conductivities from roem temperature to below Tg- For
neither the a-b plane direction nor the c-axis direction do we
observe any unusual freguency dependences. This is true
regardless of the oxygen content, and suggests that the
effective activation energy associated with Egq. {S) is a
meaningful energy scale. It also suggests that the unusual
dielectric (capacitance) effect observed by TESTARDI et al is
net an intrinsic effect, but is most probably due to
capacitances formed at grain boundaries in polycrystalline
specimens.

1.5
¥
(a) gt t . Y¥Ba;Cu30y
$ +
+ [
= Lol + + 4.0 + s dc
e + * + ac (1 GHz)
-m - ’ m- L..
4 L ° 0 .
. YBayCuz0 L (b)

m N . ¥ + .
g5k, + Te,
M ¥ + dec m 20— +, ) ._h .

e + ac() GHz) 3 . T 3t

+
0 | |
o 100 200 aon B a_o S
200 300
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Figure 5. dc and ac (1GH2) resistance of YBazCuy0y, {slightly

oxygen deficient) for a) a-b plame, and b} c-axis.
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Mechanism

The above results imply that conventional band transport does
not describe the c-axis conduction in ¥YBajCuqOy. The important
question thus arises, is the superconductivity at lower
temperature driven by a novel mechanism? OCne of the most
obvious concerns is the rele of the Cu-0O5 planes, i.e. the
dimensionality of the system. A number of models[10] take
advantage of the special properties of a two dimensional systen
{such as density of states anomalies) to account for the high
Te's {and other unusual features such as the reduced isotope
mnm.mmnﬂ- .

We have investigated the role of interplane coupling ir
¥YBayCu307 by directly changing the interplane separation
{througn externally applied uniaxial stress) and measuring the
affect on the resistivity tensor and T.[6]. Fig. 6 shows the
experimental cenfiguration. «c-axis stress (or pressure) is
applied to the single crystal using a steel-sample-steel
sandwich. An epoxy film electrically insulates the a-b plane
surfaces of the crystal from the steel discs. The a-b plane and
c-axis resistivities are determined by four-probe wire contact
methods. For c-axis pressures up to lkbar, there is no cbserved
effect on the magnitude or temperature dependence of the a-h
plane resistivity. The c-axis resistivity. on the other hand,
is dramatically changed, as demonstrated in Fig. 7. The general
trend is that increasing c-axis pressure {i.e. decreasing
interplane separation) leads to a decrease in p.. The inset to
Fig. 7 shows that the functional form of the p,.{T] curves is
altered by pressure: increasing pressure nmu%w to make the

600,
F. T T T ¥ “
§ .0 M=l :
temp, diode — X ol % 1bar
steel g - 4 %,
= ? o.m.c [ : \M/
H o by
Y e 2 1 -08'kbar
_stycast % 400 e L :
I [
epoxy 2 S I
P=1ibar C h ! N | x !
i 2 0 100 200 40
o 0.3 kbar
]
Figure 6 o 0.6 kbar JsmNNO_._wo.N
200 O0.8kbar
Figure 7 I 1 ! : 1
100 200 300
. L UK - ,
Figure 6. Pressure cell for applying uniaxial stress to single
crystals.
Figure 7. c¢-axis resistance vs T for selected c-axis pressures

in YBajyCu30y. The inset shows normalized resistivity data for
the two extreme pressures.
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pressure in YBapsCujOy. Decreasing interplanar spacing increases
T-.
C

c-axis resistivity more metallic. The most direct
interpretation of this effect is that c-axis stress increases
the matrix element t,; for interplanar charge transfer. From
consjiderations of non-band anisotropic conduction{ll], one may
crudely approximate

A AﬁF\n___M. {7)
The data cof Fig. 7 indicate dlnt)/dP = +0.08/kbar at 95X.

How does T, depend (if at all] on t]? Fig. 8 shows that T
increases smocthly as the c¢-axis stress is increased. In other
words, T. increases as the electronic coupling between the
planes is increased. With the measured dT./dP = 0.08K/kbar, we
find dT./dlnt) = 1. This result rules out strictly two
dimensional superconductivity mechanisms.

2.4

In a homogeneous single-crystal superconductor, the transition
temperature is usually well-defined. At T. the resistance
abruptly drops to zero and the specimen becomes (in low applied
field} a perfect diamagnet. Sample inhomogeneities can lead to
a smeared transition. Conductivity measurements always measure
the path of least resistance, and hence are not always a good
indicator of “bulk superconductivity"”; for this the dc
magnetization is in general a better probe.

Recent measurements(12] have indicated that in freshly
prepared high-T,. polycrystalline specimens, T, determined
resistively is as much as 2K higher than To determined
magnetically. The later measurement determines the bulk
transition termperature for the superconducting grains. The
discrepancy is evidence for filamentary superconductivity in
polycrystalline samples. The fact that the filamentary T, is
higher than the bulk T, suggests that a small part of the sample
{perhaps near the grain boundaries) is actually a different
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material, with a volume fraction too small for x-ray detection.
Alternatively, the potentially novel superconductivity mechanism
may be sensitive to sample geometry and boundary effects. In
this case, the filamentary superconductivity occurs in pure
YBasCuy0y but only where it is truncated geometrically. We have
mocanwNw that filamentary superconductivity in YBa Cu3Cy is
time dependent and disappears after several months. This makes
the first suggestion more probable, i.e. that the filamentary
superconductivity corresponds to an unstable phase which
degrades with a time constant of several months.

We have examined if the superconductivity mechanism for
filamentary superconductivity is the same as for the bulk
material . Isotope substitutiens on the oxygen sites was
performed cmwum polycrystalline specimens of ¥BasCu307. With up
to 95% of the 8o replaced with the 0 isotope, T, is found to
be decreased for both filamentary and bulk superceonductivity.
The relative decrease in T. for filamentary superconductivity
was slightly but not significantly greater. Assuming the
relation

Te ~ M & (8)
where M is the oxygen mass, we find[12] for filamentary
superconductivity o=0.028:.003 and for bulk supetconductivity
@=0.019%.004. These wvalues are the extrapolated values,
appropriate to 100% isotopic substitution. They are much
smaller than the standard BCS prediction o=0.5, and are
inconsistent with three dimensional phonon-mediated pairing in
general {12,13). It seems appropriate tc at least consider three
dimensional theory in 1light of the sensitivity of T, to
interplanar coupling and the relatively high transition
temperatures of the isotropic oxide superconductors
Ba-K-Bi-0[14]. The calculation has not been performed assuming
a dimensicnally restricted phonon interaction.

3. ANISOTROPIC TRANSPORT IN Bi-Sr-Ca-Cu-0

We have investigated two distinct Bi-Sr-Ca-Cu-Q single crystal
structures. The first is mwmmnmnmncNOm‘ a relatively well-known
compound with T_*=88K. This material shares common features
with mmmmncunJ. The usual crystals are mica-like platelets with
the c-axis perpendicular to the untwinned plate surface. It is
relatively easy to cleave the crystals in the a-b plane. We have
alse synthesized a new Bi-5r-Ca-Cu-0 structure[ls]. The
crystals grow with a long thin needle morpheology, with the
c-axis along the needle axis. The structure at room
temperature, determined from single c¢rystal x-ray analysis, is
orthorhombic, with unit cell dimensions a=13.12A, b=11.444,
c=74.69A. The c-axis dimension is less certain because of an
incommensurate superstructure present. The nominal compositieon
of the needle-like crystals was determined from SEM analysis to
be approximately Big 18rp sCajp jCug g0O,, i.e. compared to
standard Bi-Sr-Ca-Cu-0 compounds, this Bwnwnwww is extremely Ei
poor and Cu rich. T, onset is approximately 90X. Magnetization
studies indicate Ucwm superconductivity below T..
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shows the

BiySryCaCuz0g using the standard Montgomery method. The

resistances ww and R; have the usual meaning, and reflect (but
)

Fig. 9a registivity of single crystal

the c-axis and a-b plane resistivities,
respectively. The resistivity tensor is highly anisotropic and
again the c-axis conduction iz not metallic. The c-axis
resistance of a mwo.pmnw.mnmp.wncm.mow needle is shown in Fig.
Sb. There iz a dramatlc upturn in the resistance with
decreasing temperature above T.. We have attempted to fit the
c-axis conduction ¢f the needle crystals to formulas described
above for YBaj;Cuxlj. Figs. 10a-c show respectively fits to
simple monw<mnmw behavior (semiconductor-like), Eq. (4}
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Figure 9. a} anisctropic resistances R; and Ry from Montgomery

method for BipSrpCaCuj;0p. bl <¢-axis resistance of
Big 15rp zCaq, 1Cug g0y needle crystals.
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{appropriate to the RVB state), and the empirical expression Eg.
{S). Only Eq. (S) provides an accurate fit, with «=0.75 and
nouumamc.

We have measured the thermoelectric power of Bi SrpCaCuy0g
single crystals in the a-b plane. Fig. 11 shows the TEP from
room temperature to SOK. The rather unusual temperature
dependence is very similar to that observed for the a-b plane of
YBasCu3z0p. For mwmmnwnmn:NOw the TEP is always positive above
T, mcoomunwna in the simplest interpretation positive charge
carriers.

2.2 Tuaneling Measurements

Wa rm&m investigated the superconducting state in Bi mﬂmomncNOm
and Bip 3Srp pCay 1Cug 5O, single crystals by break junctisn
tunneling Emumnnmao:nuﬁpmmm Both SIS and Josephson tunneling
are observed. The break junctions are formed and the
measurements are carried out at 4.2K. Fig. 12a shows typical
and reproducible Josephson tunneling for Bi SryCaCupCyg. From
this plot we estimate an energy gap 24,/e = 45mV, which leads to
2A, = 5.9kgT.. Similar values are extracted from SIS tunneling
in the same material. This value correspends to the gap in the
a+b plane direction. Under certain conditions we find
reproducible peak structure in dv/dI plots at regular voltage
bias intervals, similar to that observed previously[l17] in
YBasCuyC; point contact tunnel junctions and interpreted in
terms of the coulcmb staircase.

We have also explored tunneling along the c-axis in
mwo.wmnw.woww.wonm.mo single crystal needles. This is shown in
Fig. 12b, where the m<\nH characteristics indicate an energy
gap at 2A,/e = 3TmMV, or 24, = 4.8kgT.. This is the gap in the
c-axis direction for this material.
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Figure 12. a} I-V characteristics of Bi;ScrpCaCu,Cg break
junction, a-b plane, at 4.2K. Josephson tunneling is cbserved.
b) dI/av characteristics of wwo.wmnm.man.H0¢m.m0% break
junction, c-axia, at 4.2K.

4. CONCLUSION

The normal state transport properties of Y-based and Bi-based
superconducting oxides are unusual and suggestive of non-band
transpert mechanisma. The superconductivity does not appear te
be confined to the copper-oxygen planes, and hence cannot be
considered a strictly two dimensional effect. However, we
expect the large anisectropy in the normal state to be reflected
in aniscotropic gap structure in the superconducting state.
Reliable tunneling measurements in various crystal directions
may resolve this interesting question.
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1. INTRODUCTIOM

ncrease of our knowledge due to the recent worldeide en-
thusiasa for high Tg research(1]. it is fair to say that we understand regret-
tably poorly the physics underlying the remarkable phonomenon. pne of the
porals clearly eperged from the efforts is that we really have to accumulate
reliable data and know the normal state alectronic structures pefore talking
about the mechanise of the high qn, Ye have witnessed many Cases in which what
appeared to be key experimental results. on which & certain class of theoretical
podels put their bases. were seriously questioned by more careful later studies.
1n this paper we present Somg of our recent experimental results on the
transport properties of the high T. copper oxides and related materials. Tepics
to he covered are (1)apisotropic stperconducting and normal transport properties
of single crystal YB2 Cuqq. - {2)metal-insulator transition. superconductivity
and magnetism in wmmmammnn_-aquuosmom+m. and (3)transport studies on some high

Te related cuprate materials.

Despite the enoraous i

9. ANISOTROPIC WORNAL TRANSPORT PROPERTIES CF YBayCugly. 5

Early experiments on high Tg materials were exclusively done on sintered
uopwnqmw”nppwuo sanples. As a result of intensive effort towards inprovesent of
crystal grosth tachnique. increasing number of experimental data on singie crys-
tols becane available. An eapirical rule, yhich eperged from the studies of
resistivity, Hall sffect and thermoelectric pover on single crystals. is that
the transport coefficients aeasured in sintered vo_«nnmmﬁsp_wzn samples basi-

cally reflect those in the basal pliane of single crystals

Tozer et al.[2] and Nurata et al. (3], imn their early work., reported quite
unusual temperaturs dependences of anisotrapic resistivity of <momn=ua4-q
single crystals. They found that while the ab-plane resistivity £ 5% shoved
petallic T-linear behavior similar to the uopmnﬂqmﬁowuwan data. the c-axis
resistivity was geziconductor-like. anderson and Zou[4] fitted the @, data
of Tozer et al, (2] to g functional form @, *° AT + B/T and suggested that the
igtrinsic behavior cf 2. wouid be ~1/T- The unusual temperature dependences.
pap~T and P LT were claimed by Anderson and 7oul4] to he neatly explained
w=ﬂworo»o=-muwnon transport scheee based on the resonating valence bond {RVB)

model originally proposed by Anderson(S].

The scinario for the electrical transport in the RV8 model is a8 follows: The
charge carriers in the two-dimensional Culy jayer are holons. Kolons are scat-
tered by spimons. with scattering rate propertional to the number of thersally
gxcited spinons. which is linear in T. This leads to @ ma]cq. Transport along
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