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c-axis stress dependence of normal and superconducting state properties of YBa2Cu307
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We have apphed pressure (i.e., stress) to single-crystal YBa2Cu307 along the e axis to reduce
the separation between the copper-oxygen planes. For the normal state, increasing pressures up to
—1 kbar causes the c-axis resistivity to decrease dramatically and tend toward a metalliclike tem-

perature dependence. No change is observed in the ab-plane resistivity. The superconducting T,
increases with decreasing interplane separation with dT, /dP=0. 1 K/kbar. Some implications of
these findings for normal-state conduction mechanisms and models of high-T, superconductivity

for YBa2Cu307 are discussed.

A feature common to high-T, superconductors with
transition temperature T, ~ 40 K is the presence of Cu-0
planes which in turn lead to large anisotropy in the
structural and electronic properties of these materials. In
YBa2Cu307, for example, normal-state resistivity, '

Hall efI'ect, ' and thermoelectric power measurements
show dramatic anisotropies between the c axis and ab
plane (Cu-0 plane direction). Critical-field studies show
anisotropic behavior in the superconducting state as well.
Although the superconductivity mechanism in high-T, ox-
ides is not yet understood, numerous theoretical ap-
proaches exploit the low-dimensional electronic structure
of the Cu-0 planes. Indeed, in the highest-T, supercon-
ductors based on Bi and Tl, there appears to be a correla-
tion between T, and the number and separation of Cu-0
planes in the unit cell. On the other hand, the Ba-Bi-K-0
oxide superconductors have T, 's approaching 30 K but
are relatively isotropE'c electronically.

In this article, we describe experiments where pressure
(up to = l kbar) is applied along the c axis of single-
crystal YBa2Cu307 which eA'ectively squeezes the Cu-0
planes closer together. Both the absolute value and tem-
perature dependence of the normal-state c-axis resistivity
p, are dramatically infiuenced by the uniaxial stress. No
eff'ect on ab-plane resistivity is observed. As the Cu-0
plane separation is decreased, T, increases smoothly, sug-
gesting that in YBa2Cu307 the superconductivity is not
strictly confined to the two-dimensional Cu-0 planes, but
depends sensitively on interplane coupling. %'e examine
some implications of our results for normal-state conduc-
tivity and superconductivity mechanisms in YBa2Cu307.

Single-crystal specimens were initially grown by slow
cooling of a nonstoichiometric melt in a gold crucible as
described elsewhere. Ten crystals were used in this
study. The ab-plane resistance was measured on six crys-
tals, and the out-of-plane (c-axis) resistance was mea-
sured on four crystals. The onset temperature for super-
conductivity, T,o, was between 88 and 91 K for all crys-
tals, but transition widths varied from between 1 to over
10 K, with a typical value of —2 K. The crystals were
rectangular parallelopipeds with approximate dimensions
of 0.7x0.7x0. 1 mm .

c-axis pressure was applied to each YBa2Cu307 crystal
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FIG. 1. c-axis resistance vs temperature for selected e-axis
pressures in YBa2Cu307. Inset: Normalized resistivity data for
the two extreme pressures.
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by our sandwiching it between two small steel disks. A
thin film of Stycast epoxy electrically insulated the ab
planes of the crystal from the disks. During the measure-
ment cycle, a constant force (generated by a compressed
spring held at room temperature) was applied to the top
disk which transferred pressure to the crystal along the c
axis. Since no additional "gasket" was used between the
steel disks, the apparatus applied only uniaxial stress, and
no external pressure along the ab plane of the crystal.
Temperature was measured with a calibrated silicon diode
attached directly to the pressure cell with General Elec-
tric varnish. Electrical contacts to the crystal faces were
made by gold wires silver painted to fired-on silver pads.
The contacts were reliable and had resistances typically~ 0.25 0 at all temperatures. Crystal resistivities for the
ab plane and the c axis were determined by four-probe
contact configurations to eliminate effects of contact resis-
tances.

Figure 1 shows the c-axis resistance versus temperature
for a particular crystal at four difI'erent c-axis pressures.
All of the curves display the "semiconductorlike"

39 4231 1989 The American Physical Society



4232 M. F. CROMMIE et al. 39

I1.0-o
C

II 0 95
~O

0 90-CL

~O

T(K)
~ 295
~ 200
o 95

I I

YBa2Gu307

0.85
8894 —

(b)

88.90—
O
O 88.86—

88.82-$
l

0
I l I

0.5
c-axis pressure (kbar)

I

1.0

FIG. 2. (a) c-axis resistance vs pressure for selected tempera-
tures in YBazCu307. Solid lines are guides to the eye. (h) Su-
perconducting onset temperature vs c-axis pressure in

YBaqCu 307.

normal-state resistive upturn with decreasing temperature
(before dropping to zero at T,) first reported by Tozer et
aI. The c-axis resistance is lowered monotonically with
increasing pressure across the whole temperature range
from room temperature to T, . While the magnitude of
the resistive upturn varies between different samples, the
pressure dependence of the resistivity shows the same
trends in all the samples. R vs T curves for different pres-
sures in Fig. 1 are not simply related by a multiplicative
factor. This is shown more clearly in the inset of Fig. 1,
where the c-axis resistivities measured at two different
pressures (ambient and P=0.8 kbar) are shown as func-
tions of temperature. Both resistivities have been normal-
ized to room-temperature values. From the inset to Fig. 1,
it is apparent that an increase of the c-axis pressure
depresses the resistive upturn in the R vs T curve, i.e., the
c-axis resistivity tends toward a more metallic behavior.

Figure 2(a) shows the detailed pressure dependence of
p„ for three selected temperatures. p, is more pressure
dependent at lower temperatures: at T=295 K, (1/
p, )dp, /dP= —0.075/kbar; while at 95 K, (1/p, )dp, /
dP= —0.162/kbar. While these values are somewhat
sample dependent, the quoted numbers are representative.

Our contact configuration did not allow simultaneous
measurement of c-axis and ab-plane resistivities on the
same crystal. However, the ab-plane resistivity was mea-
sured on similar crystals under c-axis pressure. Between
295 K and T„no change was observed in p, b up to P =0.8
kbar, the maximum applied pressure. We note that
Borges et al. have reported a large drop in the resistance
of polycrystalline YBapCu307 with the application of 6.3-
kbar hydrostatic pressure. Although the polycrystalline
resistance is most probably dominated by ab-plane resis-
tivity, Borges et al. report that their measured eA'ect is
probably not an intrinsic crystal property, but is due rath-

er to a change in the geometry of their sample with pres-
sure. Another possibility is that polycrystalline resistance
may change as grain boundaries are pushed together with
the sample.

The c-axis stress dependence of T, was determined
from the c-axis resistivity data (since T, is a scalar, it
makes no difference from which component of the resis-
tivity tensor it is determined). Figure 2(b) shows the su-
perconductivity onset temperature T,o at selected pres-
sures for the same crystal that was used for Figs. 1 and
2(a). T,o was determined by the intersection of linear fits
to the R(T) curve just above and below the transition on-
set. Figure 2(b) shows that T,o is sensitive to c-axis pres-
sure, and hence interplane coupling. T 0 increases
smoothly with increasing pressure; the solid line repre-
sents dT, o/dP=0. 08 K/kbar. Although there is evidence
in Fig. 2(b) that dT, p/dP is nonlinear and increases
strongly near 1 kbar, experimental data at higher c-axis
pressure is needed to confirm this possibility. Our data
suggest that in the range 1 bar to 1 kbar, dT, o/dP is be-
tween 0.03 and 0. 1 K/kbar. Although no isotropic pres-
sure studies have been reported for single-crystal
Y8apCu3O7, polycrystalline measurements " indicate
dT, /dP =0.05-0.09 K/kbar up to 170 kbar; this pressure
dependence is of the same order of magnitude as observed
in the present c-axis pressure studies.

The agreement between the polycrystalline results and
the present single-crystal uniaxial stress results may be
fortuitous because of filamentary superconductivity' and
intergrain efIects in polycrystalline samples. If these com-
plications are ignored, then our findings would suggest
that the c-axis pressure dependence is dominant in the
polycrystalline results.

Since T, changes when the distance between the planes
is reduced, interplanar coupling is an important factor in
the determination of T,. Purely two-dimensional mecha-
nisms' for superconductivity which ignore interactions
between layers are likely to be inadequate. The role of
interplanar coupling found here is consistent with recent
observations on the Bi- and Tl-based high-temperature
superconductors, in which T, is found to be a function of
the number of Cu-O planes in the unit cell. Quantitative-
ly, the measured pressure coefficient of T, in YBazCu307
(=0.08 K/kbar) is quite small compared to that found in
the La-based high-T, materials. It is possible to account
for this relatively small shift in T, within the BCS theory
without having to assume unreasonable values for un-
known parameters. Indeed, Driessen et al. " have found
that by using y = 2.5 for the Gruneisen constant and
dink/dlnV=3 within the BCS theory, they obtain the
observed pressure coefficient of T, in YBa&Cu307.

The observed effect of pressure on the c-axis normal-
state resistivity is dramatic. Using a Young's modulus of
2X 10 kbar (Ref. 11), we estimate that the decrease in
the separation between planes is only about 0.05%/kbar
while the change in resistivity is measured to be over
16%/kbar at T=95 K. Since the details of the normal-
state c-axis conduction mechanism are unclear, we have
considered several aspects of transport theory. One sim-
ple interpretation of the pressure dependence of the c-axis
resistivity is that an increase in the transfer integral be-
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tween planes is responsible for the decrease in resistivity.
From considerations of anisotropic transport, ' the c-axis
conductivity is roughly proportional to i t & i, where t & is
the matrix element for interplanar charge transfer. As-
suming that the primary source for the measured pressure
dependence of o., is the variation of t & under pressure, we
estimate that d ln [ t & i /dP = —,

' d inn, /dP = +0.08/kbar at
95 K.

Both the qualitative temperature dependence and the
dramatic volume dependence (d lnp, /d lnV= 150 to 300)
of p, found in this study are suggestive of semiconducting
behavior. However, the data are poorly fitted b the
standard semiconductor model where p(T) —e't or
T O' . Over the limited temperature range, 90
K & T & 150 K, a fit to the exponential yields a small
value of s= 14 meV. The high temperature and pressure
dependences of the resistivity do not follow typical intrin-
sic semiconductor behavior. This lends some uncertainty
to the question of whether the standard band theory ap-
proach to transport properties is applicable to the c-axis
conduction in YBa2Cu307. Allen, Pickett, and Kra-
kauer' have made theoretical prediction for the resistivi-
ty and thermoelectric power for YBa2Cu307 using band
theory and the Boltzmann transport equations. While
some agreement is found with experiment, there are
several discrepancies between the band theory predictions
and experimental measurements, suggesting the possibil-
ity of nonband transport mechanisms.

Phillips' has suggested that the defect structure found
in the high-T, materials plays an important role in deter-
mining their properties. By considering the eff'ect of the
defects, he is able to account for some of the supercon-
ducting and normal-state properties of these materials. If
the defects such as oxygen vacancies are important, then
it is not unreasonab1e to interpret the c-axis conduction in
terms of hopping conduction as found in doped or amor-
phous semiconductors. ' In fact, the small activation en-
ergies found in the c-axis resistivity are similar to those
observed for amorphous semiconductors.

Using a model which involves a hybrid between amor-
phous semiconductor and metallic conductivity, we find a
good fit of the normal-state c-axis resistivity to

p(T) —T' t"' (1)
where a is in the range of 0.5 to 1.0. The upper two
curves in Fig. 3 show our c-axis resistance data taken at
two different pressures plotted as ln(R/T') vs 1/T for
a =0.7. At both pressures, a good fit is obtained over the
temperature range between T, and room temperature.
Also shown in Fig. 3 is the c-axis resistivity data of Tozer
et al. ' Equation (1) appears to describe their resistivity
accurately as well with a=0.7. The activation energy e
extracted from the plots of our data is about 22 meV at
ambient pressures. This value is larger than the value
found from our fitting the data to the standard semicon-
ductor model, and it decreases with pressure according to
de/dP = —0.75 meV/kbar. One physical interpretation
of Eq. (1) is that the exponential term arises from activat-
ed behavior similar to the conductivity in amorphous
semiconductors, while the T' term comes from the tem-
perature dependence of the mobility, and hence the
scattering time z. Possible sources of the temperature
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FIG. 3. Ratio of c-axis resistance to T' (a=0.7) vs 1/T at
ambient pressure and at P=0.8 kbar (this work). Also shown
are the c-axis resistivity data from Ref. l.

dependence of the mobility are the phonon occupation
number and the average carrier velocity. The measured
pressure dependence of the resistivity can be attributed to
pressure dependences in both the activation energy and
the mobility.

We have also considered the possible role of localization
of the carriers in the c-axis transport properties. Howev-
er, the data do not fit the standard strong localization for-
mula where lnp(T) —T 'i. ' We also note that no
transverse magnetoresistance is observed in the c-axis con-
duction at T=95 K for fields up to 1 kG at ambient pres-
sures.

One of the more novel proposals for the c-axis conduc-
tion in YBa2Cu307 is given by the model of Anderson and
Zou' in which hole solitons tunnel between layers in the
resonating-valence-bond state. Although the 1/T depen-
dence for the c-axis resistivity predicted by this model is
consistent with some previous resistivity measurements
over a limited temperature range, ' we are unable to get
a good fit to our data at temperatures below 150 K.

In conclusion, the c-axis stress and temperature depen-
dence of the normal-state c-axis conduction in YBa2-
Cu307 is inconsistent with band transport and other pro-
posed mechanisms, but is well described by the empirica1
expression p(T) —T'e'i with a=0.7 and e=22 meV.
The c-axis stress dependence of T, shows a strong sensi-
tivity of T, to interplane coupling, and rules out strictly
two-dimensional superconductivity.
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