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Transport Properties of a YBa,Cu4Og Crystal under High Pressure
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Measurements of the temperature dependence of the resistivity,, resistanceR., and
thermoelectric powek,, a;, a. for a YBa,Cu,Og crystal under high pressure verify that the GuO
sheets are oxidized by pressure-induced electron transfer from the Gh€ets to the Cu(1)-O
double chains. The anomaly in the Cu6heet resistivityp, at T = 170 K, which moves to a
higher temperature on oxidation of the CuGheets, is correlated to a change in the character of
R.. Our data also demonstrate unambiguously the contribution to the transport properties from Cu-O
chains. [S0031-9007(96)01634-1]

PACS numbers: 74.25.Fy, 72.15.Jf

In this Letter we report measurements on single-crystabrobe method. In all cases, Cu wires &@n in diameter
YBa,Cu,Og of resistivity and thermoelectric power (TEP) were attached to the crystal with silver epoxy. All high-
versus temperatur€ alonga, b, andc axes individually —pressure measurements were carried out in a self-clamped
and their behavior under high pressure. Naturally stoiapparatus with silicone oil as a pressure medium and
chiometric (no dopants or oxygen vacancies) YBa,Og  manganin coil as a manometer. We have monitored the
is chemically stable (no observable weight or structurapressure at all temperatures for each experiment. The cool-
change to 850C [1]) and twin free [2]; yet it contains un- ing rate is controlled at 0.2 Knin in order to maintain
derdoped Cu@Y-CuO, superconductive layers separatedhydrostatic pressure. The Cu-lead contribution was sub-
by BaO-Cy0,-BaO, layers having edge-shared Cu(1)-O tracted from all TEP measurements. Because of some un-
charge-reservior double chains perfectly oriented paralletertainty in the measurements of the geometric factor the
to the orthorhombib axis. A single-crystal measurement calculated magnitude of the resistivity has an uncertainty
of p,(T) and TEP«,(T) avoids any chain contribution to of 20% about the value given, and we have plotted the
the conductivity of the Cu@sheets. We have therefore resistanceR.(T) rather thano.(T). We defineT, as the
been able to verify the widely held assumption, for ex-temperature below which the resistance vanishes with a
ample [2—4], that pressure induces electron transfer fromanovolt meter; we use the pressBrat T, in our calcula-
the CuQ sheets to the Cu(1)-O double chains, and weion of dTy/dP. All the measurements have been carried
use pressure to vary the Cu(UQu ratio in the Cu@ out onthe same crystal, and the basic features of the results
sheets without chemical doping. This procedure allowsvere reproduced in another crystal. The ambient-pressure
us to show the following: (a) the previously observed [5]value of p(T) and«a(T) was recovered after releasing the
anomaly inp,(T) at a temperaturép is inconsistent with  pressure.
an opening of a spin gap beldly, but may be associated
with a change in the-axis resistanc®.(T); (b) a corre-
lation of T, with a low-temperature enhancemei (7) 04  H,=10e N
of the TEP supports our earlier claim that this correlation ~ i
is a general property of the copper oxides; (c) an impor- ’
tant negative contribution to the-axis TEPa,(T) from
metallic and superconductive Cu(1)-O double chains; anc
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(d) a correlation between the superconductive-pair con-E -104 "‘.\
centrationn, within the chains and the chain contribution = |
to the enhancemerdta (T) in the TEP. g l‘»_,
Single crystals were grown under high oxygen pressure & 157 \
[6] with a maximum size ofl.2 X 0.4 X 0.1 mm. ac sus- Ei JUUUUTTUTUURUUOUUUPPOR: S L Q)
ceptibility, e.g., Fig. 1, showed that superconductivity at 20-
T. =81 K in all crystals used is not flamentary. The re- e ——
sistive transition al., e.g., Fig. 3, is extremely sharp. The 72 76 80 84
Montgomery method, which is suitable for platelike sam- TX)

ples with a strongly anisotropic conductivity, was used t0F|G. 1. ac susceptibility versus temperature for a YBa,Os
measurep, andp,; R, was obtained with a simple four- crystal.
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Figures 2(a) and 3(a) show, respectively, and p, it is similar to the «, obtained on a fully oxidized,
versus temperature for several pressures. The ambiergerfectly detwinned YBg&Cw0O,_5 crystal [8] and also
pressure data are consistent with the literature [5], i.eQn polycrystalline cuprates having no charge reservoir
a change in slope op, vs T near 170 K, a Bloch- in the intergrowth layer [9,10]. The sharp difference
Gruneisen (BG) conductivity along the axis, and a betweena, and a; unambiguously demonstrates strong
p4(300 K)/p»(300 K) = 4 that is indicative of a higher anisotropy due to the existence of one-dimensional Cu-O
conductivity along the double chains than in the GuO chains. The positive slope af, vsT that is introduced by
sheets. Pressure reduges dramatically with a coeffi- the dominant chain contribution thus confirms our earlier
cientd(Inp,)/dP = —0.014 (kban~!, whereas @(Inp,)/  deduction from polycrystalline measurements of a negative
dP ~—7.8x10"*(kban~! shows a weak pressure de- TEP enhancement from the chains below 300 K in both
pendence of the chain’s resistivity. After taking into YBa,Cu;0;_s and YB&aCu,Og samples [4,11].
account the difference in the compressibility, which is . shows a semiconductor behavior below room tem-
a factor of 2 [4], the resistivity changes with respectperature followed, on cooling, by a change of curvature
to the lattice-parameter change along th@nd b axes near7T = 170 K, Fig. 4(a). The TEP along the axis,
show a large differencédInp,/dIna)/(dInp,/dIinb) ~  Fig. 4(b), is small and only weakly dependent on tem-
10. The superconductive transition increases with hyperature and pressure, which indicates that neither a band
drostatic pressure. AT,/dP ~0.58 = 0.02K/kbar was model nor a simple polaronic model is appropriate to de-
obtained from measurements of the resistivity and TERcribe thec-axis transport.
alonga, b, andc axes. This dependence is similar to  The highly anisotropic resistivity, p,(300 K)/
that obtained with polycrystalline and single-crystal sam-,, (300 K) =~ 4, indicates that the crystal is of high
ples [4,7]; it has been widely assumed to indicate &uality because any contamination from the crucible,
pressure-induced electron transfer from the Gelleets to  for example Al, reduces the conductivity from the Cu-O
the double chains. Although this inference is supported byhains. Under high pressure, and p, behave dif-
high-pressure neutron-diffraction refinement [2,3], meaferently; a derived ratio(dInp./dIna)/(dInp,/dInb)
surement of the pressure dependence of the Ta?dP, s about 10. To interpret this ratio, a pressure-induced
can provide the surest verification of this conjecture. charge transfer between Cy@heets and Cu-O chains,

Figures 2(b) and 3(b) show, respectively, the T&EP  \hich is verified by the TEP results, as well as band
and «, versus temperature for several pressures. Aproadening under pressure, should be taken into account.

ambient pressure and temperature, the slope.o¥s T |n a classical picture of metallic conduction, only a small
is negative, whereas that af, vs T is positive. The

a, curve reflects the contribution from the CuGheets;
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T&) FIG. 3. The resistivity (a) and TEP (b) along the axis
FIG. 2. The resistivity (a) and TEP (b) along thaxis versus versus temperature under several pressures. Inset: detail of
temperature under several pressures. The curve of 12.7 kbére resistivity near transition temperature and superconductive
has been corrected to a constant pressure. transition temperatur@, versus pressure.
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5- A spin gap has been predicted by magnetic models
(@) o 1bar [12] and confirmed by NMR [13,14] in the underdoped
4 T Kb cuprates. According to these models and experimental
data, 7, falls below T, at optimal doping. IfTp is
to be associated witl, the linear part ofp, vs T
~ 34 . : .
a at low temperature should disappear at optimal doping.
E High pressure induces a charge transfer, which is verified
o 27 by a decrease of, under pressure, see Fig. 2(b), and
also by a large coefficientT./dP = 0.59 K/kbar. This
14 . pressure-induced charge transfer adds holes to the, CuO
°, f : sheets and electrons in the Cu-O chains. Sihceoves
04 TK) P (kbar) at Ty to 86 K from 81 K under the pressure uset, should
) o © drop significantly. Therefore the temperature range in
10+ M which p, vs T shows a linear dependence abo¥ge
8 S v should be reduced under high pressure, a prediction that
4 64 MW“ is inconsistent with what we observed. Moreover, the
E low-temperature extrapolation of this linear part g
5 vs T intersects a negative resistivity @& = 0 K. The
2- o 1bar same feature has been foundgp of a twin-free, fully
0. 4 10.5 kbar oxidized Y-123 crystal in which the CuQsheets are

‘ ‘ f ‘ ‘ slightly overdoped [15].

50 100 150 200 250 300 In the superconductive copper oxides, the Guebeets
TK) have a TEPa = a¢ + da(T), where ay is determined

FIG. 4. The resistance (a) and TEP (b) alongdfeis versus by the hole concentration; the enhancement téwue{7)

temperature under several pressures. The dashed line is §as a characteristic maximum affa,, = 140 K and de-

exponential fitting to the resistance at 1 bar. Inset: detail Ofcays to near zero by 300 K, where aff300 K) ~ aq is
the resistivity near transition temperature and superconductiv ’ 0

transition temperatur&, versus pressure. found [9]. Therefore the reduction of, (300 K) by pres-
sure, Fig. 2(b), verifies the inference that pressure oxi-
dizes the CuQ sheets by electron transfer to the chains.
Pressure also increases the magnitudé®f(7) at lower
fraction of electronic states nedfr, i.e., kT/Er, are temperature as well dE., again showing the association
involved in the transport. Band broadening by pressuref T, with da,(T) that has been previously emphasized
or shifting of the Fermi level should not influence the [4,16]. Moreover, pressure also redueedT), Fig. 3(b),
conductivity remarkably. The temperature and pressurghich signals an increase of the negative enhancement
dependence o, are typical of conventional conduction. term 8 «,(T) of the chain contribution. The enhancement
The conduction in the CuQsheets, however, is very Sa(T) in «a,(T) is unigue to highT. cuprates; it appears
sensitive to the charge carrier density. The temperaturto be related to the superconductivity in the Gusheets
dependence op, is also different from that of a con- [9]. The negative enhancementan (T) looks similar to
ventional metal, say a BG conduction, and that of othethe enhancement in,(T), which indicates that the phe-
cuprate superconductors. There are two temperaturgomenon associated with superconductivity in the sheets
ranges wherep, shows a linear dependence (Bucherinduces a similar phenomenon in the chains.
et al.[5] have demonstrated the linear dependence in The work on single crystals allows us to clarify that the
the high-temperature range). A change of slope occurpolycrystalline«(T) data [4,17] are due to a combination
over a broad temperature range near 170 K. Undeof «,(T) ande,(T). The temperatur&, found by Tallon
high pressure, this same feature is maintained. The lowt al.[17], who claimed a relation between, and T
temperature part op, aboveT. has been fit to a linear based on the TEP data in their polycrystalline sample, is
curve. The temperature whepg deviates from this linear not present in ouw,(7) anda,,(T) at all. TEP is a basic
dependence, as marked with an arrow in Fig. 2(a), movesansport measurement that is very sensitive to the opening
to a higher value under pressure. Buckerl. [5] have of a gap or pseudogap in an electronic spectrum. Our
referred to the temperature of this change of slopg.Jn measurements of both resistivity and TEP do not support
as Tp, and they suggested it correlates with the openinghe influence on transport properties from a spin gap.
of a spin gap af in the underdoped cuprates. Opening Both detwinned YBaCu3;O; and Y-124 show a strong
a spin gap would eliminate a spin-scattering channel sanisotropy in their transport properties due to the presence
as to enhance the conductivity beldly. If this is the of Cu-O chains. These Cu-O chains are coupled via a
case, the linear temperature dependenqge,of the range c-axis oxygen to the Cu@sheets. On review of the
100 = T = 150 K would represent a state in which the resistivity along thec axis [18], all cuprates, except
scattering is caused by nonmagnetic interactions. detwinned YBaCu;O, and Y-124, show semiconductive
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behavior of p. from underdoped to optimally doped We summarize our conclusions of this paper as fol-
compositions. However, a detwinned YEB2u;0, crystal lows: (a) Measurements on a Y-124 crystal show a
shows a metalligp.. Correspondinglyp, in this crystal  strongly anisotropic resistivity; and a large ratiéinp,,/
changes linearly with temperature, but with a relativelydina)/(dInp,/dInb) = 10 has been found, which indicates
high slope [15]. The same feature is found pm,  anunusual sensitivity of the conduction in the Gigbeets

of Y-124, Fig. 2(a), in the rangd00 = T = 150 K.  to charge density. (b) The temperature dependence of the
Interestingly, R. shows a change from semiconductiveresistivity p,, TEP «,, and their behavior under pressure
behavior above 170 K to a state with a positiiz./dT at  do not support the influence of a spin gap or pseudogap
lower temperatures. It is likely that the linear dependencen the transport properties. (c) A larg&./d«(300 K)

of p, in the rangel00 = T = 150K is related to a that deviates from the universal plot is due to a pair con-
coupling along the axis between the Cuisheets and the tribution from the Cu-O chains. (d) A change of slope in
Cu-O chains. To be more specific, the linear dependence, is correlated to a change R. and the formation of a

in p, appears to be related to a dynamic lattice modulatiomlynamic lattice modulation in the Cu-O chains.

in the Cu-O chains. This modulation has been found The authors are grateful to the National Science
recently by neutron diffraction at room temperature forFoundation Grants No. DMR-9528826 (J.B.G.) and
a YBa,Cu;Og g3 Crystal [19], and the same modulation No. DMR-91-20000 (B. D.) for financial support.

occurs below 170 K in Y-124 [20]. In addition, infrared
data [21] show a decreased charge-carrier scattering rate
in the CuQ, sheets below* = Tp that correlates with

the sharpening of a-axis pseudogap. However, the

*On leave from the Institute of Low Temperature and
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absence of any influence om. at Tp and a reduced Wroclaw, Poland.
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