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Unusually large T. enhancement in superconducting PrBgCus;O, under pressure
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Pressure effects ol of superconducting PrBEu;O, were investigated by electrical-resistance measure-
ments under hydrostatic pressure up to 10 GPa, using single crystals with different oxygen contents. Large
positive-pressure coefficients at., dT./dP, with a maximum of+7.4 K/GPa, have been observed. The
zero-resistanc&. was enhanced to 105 K at a pressure of 9.3 GPa, and still keeps positive vdllig/dP.

The maximuniT . increase was as large as 50 K. The unusually l&genhancement far exceeds that observed
for the isostructural YB#u;O, compounds, while x-ray diffraction under high pressure indicates that the
compressibility of PrBgCu,0, is about 6.%10 3 GPal, a value comparable to that of YR2u0, .
[S0163-182698)50326-9

Since the discovery of the high: oxide superconductors tween the structure of the present superconducting and the
in 1986, PrBaCu;O, (Pr123 has been believed as the ex- conventional semiconducting Pr123, such as a lowgaxis
ceptional material being nonsuperconducting among the isdattice parameter coming from a slight modification of the
structural RBa,Cu;0, (R=rare earth compounds. A huge structure, the clarifying of the mechanism appears to still be
number of papers have been published to report and explaimeeded. As a means to help understanding about the origin of
the nonsuperconductivity of the Pr123 compound, as well athe superconductivity, pressure dependenceTgfin a
the suppressing effects of Pr substitution to the supercorPrBaCuO, crystal with optimum oxygen content was mea-
ducting R-Ba-Cu-O systems for these several yedios ex-  sured, and a remarkable, enhancement has been observed
ample, Refs. 1-8 Some nice models, such as magnetic pairand briefly reported® In this paper, we report the details of
breaking, hole filling, carrier localization, and so on, havethe studies of the pressure effects on the superconducting and
been proposed to explain the phenomena. Among them, thaructural properties of the PrBau;O, single crystals with
model that the hybridization of Prf4and O 2 orbitals leads different oxygen contents, by means of electrical resistance
to the localization of holes sounds most plausible and isneasurement and x-ray diffraction.
widely accepted at present. Tig decrease with increasing Two Pr123 single crystals grown by TSFZ method with
pressure observed in ¢Y,,Pr)BaCuO, for x>0.4 (Ref.  different T./'s (sample A, T¢e0=56.5 K, size: 0.75
9) seems to be a good supporting fact to this idea. X 0.25x0.20 mn?, sample B, Te(zero= 81 K, size: 0.90

However, superconductivity in PrB@ausO, thin films has X 0.40x0.30 mnf) were used for the investigation of pres-
been recently reported by Blacksteatlal,'® and very re- sure effect. The bulk superconductivity of the samples was
cently by Usagawat all! On the other hand, Zoet al'?>  recognized from the magnetic susceptibility measurement
have grown superconductive Pr123 single crystals by theising a superconducting quantum interference device vari-
traveling-solvent floating-zone(TSF2 method. Further able temperature susceptométefhe single crystallinity of
investigation§1* to the crystals revealed the following the crystals was confirmed using an x-ray precession camera.
items: (1) the atomic ratio of metallic elements is close to Figures 1a) and (b) show the precession photograph of the
1:2:3 stoichiometry(2) the valence state of Pr is3, and(3) hkO andhOl reflections of the sample Kaken after unload-
the structure is isostructural to YBauO, (Y123) com- ing). The crystal is orthorhombic, which can be recognized
pounds. Although some differences have been revealed b&om the splitting ofhkO reflections. The lattice parameters
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FIG. 2. Temperature dependence of electrical resistivity of
PrBaCu;0 ¢ measured at various pressures.

under high pressure up to 10 GPa was measured using a
cubic anvil apparatus, which consists of six anvil tops made
of tungsten carbide. Fluorinert liquid was used as the pres-
sure transmitting medium to generate hydrostatic pressure.
The gasket with a Teflon inner cell is made of a mixture of
amorphous boron and epoxy resin. The pressure was
changed at room temperature. As soon as the pressing pro-
cedure was accomplished, the sample started to cool. The
electrical resistivity was measured with the usual four-probe
dc method(on ab plang. Au wires were used as lead wire
for the samples. The contact between Au wires and sample
was made with Ag paste. The electrical current applied dur-
ing measurement was 1 mA, 5 mA, and 10 mA. The mea-
surement was in the Ohmic condition. In fact, the measured
data fell on the same temperature-resistivity curve.

(b) The structural changes of the compounds under high pres-
sure were investigated using a Mao-Bell-type diamond anvil
cell (DAC) at room temperature. The sample, powdered
from single crystals of Pr123, was loaded in a brilliant-cut
diamond anvil. A 4:1 mixture of methanol:ethanol was used
as the pressure transmitting medium. The pressure was de-
termined by using the ruby fluorescence method. X-ray dif-
fraction was carried out using (&il1)-monochromatized Mo

K« radiation. A collimator with a diameter of 300m was

FIG. 1. Zero layer x-ray precession photographs of the
PrBa,Cu;0; ¢ single crystal in(a) [001] and (b) [100] zone axes.

werea=3.883(1) A,b=3.948(1) A, andc=11.823(3) A.
A very weak ringlike diffusing can be observed in strong
reflections ofhOl, indicating existence of stacking faults
along thec axis introduced during single-crystal growth.
This is consistent with the observation from a scanning elec ) 3 )
tron microscope photograph that a growth pattern along used to confine the x-ray beam on the. sample. The intensity
axis is visible in the surface of the as-grown TSFZ cry&tal. data were recorded on a bended imaging plate placed behind
The defects might have relevance to the relatively larger suth® DAC, and read out in a scanning step of 5. The
perconducting transition width observed in the samples. two-dimensional diffraction patterns were then integrated
Since the sample size is very small, it is difficult to deter-into one-dimensional 1 data from which lattice parameters
mine the oxygen content of the sample directly using arknder pressure were calculated by the Rietveld refinefient.
appropriate chemical analysis method. Here, we presumed Figure 2 shows the temperature dependence of electrical
that the relation betweefi, and oxygen content as reported resistivity p of PrBgCu;Og g measured at various pressures.
for isostructral YBaCu;O, (Ref. 19 is also available in It can be seen that the temperature dependence of electrical
PrBaCu;0,, and estimated oxygen content from the valueresistivity in the normal state displays a semiconducting be-
of T.. The oxygen contents in samples A and B as estimatetlavior at ambient pressure. With increasing pressure, the
were about 6.6 and 6.8, respectively. magnitude ofp decreases rapidly, and the semiconducting
The temperature dependence of the electrical resistivitpehavior at normal state tends to be depressed and transfers
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. . FIG. 4. Relative volume change of Prf8a,0, (x~6.6) under
FIG. 3. Pressure dependence of superconducting transition temyqostatic pressura/, is the unit cell volume at ambient pressure.
perature in PrBgCusO, single crystals. Open and solid circles rep- +14 sojid line is a guide to the eye.
resent onsefl; and zero-resistance temperature of BBa0Og g,
while open squares are ondgtof PrBaCu:Og ¢ Triangles referto  5rqund 92 K up to~3 GPa and decreases with pressure
onsetT, of YBa,CusOx (x=6.85-7.0) single crystals’ The dot-  Jpove 4 GPa. For othé®Ba,Cu,0, (R123) superconduct-
ted lines are guides to the eye. ors, the pressure effects oF, were reported to increase
slightly with increasing rare-earth siz&!® However, zero-
into metallic behavior above 5 GPa. For higher pressureesistance temperature above 100 K has not been observed in
range,p decreases further but much more slowly. The de-a series 0lR123. Although there is a pap#treporting that
crease ofp and the suppression of semiconducting behaviothe onsetT, of a Y123 polycrystalline sintered sample ex-
with increasing pressure indicate a significant increase in theeeded 100 K at 14.9 GPa, the maximum enhanced zero-
carrier density with the pressure in the oxygen deficientesistancd in their sample was lower than 80 K. Therefore
Pr123 compound. For sample B, where the oxygen conterdur results demonstrate unambiguously that the pressure co-
approaches the optimum value, the temperature dependenefficient for Pr123 is a large positive value, and the pressure
of electrical resistivity in the normal state is metallic for enhancedr, value far exceeds those observed in other isos-
whole pressure range. tructuralR123 superconductors.
Along with the decrease in electrical resistivity with in- |t is proposed that hole localization due to strong hybrid-
creasing pressure, the superconducting transition temperatugition between Pr #and O 2 orbitals is a main origin
in both samples shows a significant increase. Figure 3 plotsulting in the nonsuperconductivity of the conventional
the pressure dependence df, observed in the two Pr123 compound® If we assume that the application of
PrBaCu;O, single crystals, along with those reported for pressure decreases the distance between Pr &)ca@ms,
YBa,CusOy (x=6.85—7.0)(Ref. 17 as a comparison. In the the hybridization between Prf4and O 2 orbitals might be
figure, the open and solid circles represent the value of on-setxpected to increase under high pressure. This increasing
and zero-resistance temperaturelgffor PrBaCu;Og 6. The  hybridization may lead to the stronger localization of carrier,
squares represent the on-Jgt value of PrBaCu;Ogg in and result in the negative pressure effects in REBgO, , as
which the transition width of the sample was about 4 K. Theobserved in the Pr doped YB2au,0, compounds. How-
triangles refer to on-s€l of Y123, which was determined ever, the present research shows opposite results with this
from the one-set of the ac susceptibility by Kiazal!’ It expectation, raising a question as to the explanation of the
can be seen from the figure th@t in Prl23 samples was nonsuperconducting Pr123.
enhanced rapidly with increasing pressure. The enhancement One of the key parameters controlling thgvalue of the
rate dT./dP (P: pressurg at initial stage was about 7.4 superconducting cuprates is considered to be the carrier con-
K/GPa for PrBaCu;O5 5 and 3.8 K/IGPa for PrB&uwOs s centration in the Cu@planesT, as a function of hole con-
The maximum value of onset and zero-resistafigeen-  centration is found to follow a parabolic curve for many hole
hanced under pressure in PeBaOg ¢ is 109 K and 105 K doped high¥, superconductors. Under high pressure, the
at 9.3 GPa, and in PrB@u;Ogg 106 K and 102 K at 9.7 hole concentration in Cufplane increases due to the carrier
GPa, respectively. Zero-resistan€e in both samples ex- transfer from Cu-O chain, which is caused by the structure
ceeds 100 K, and still shows potential to increase. It is nomodification, leading to the increase Ty. The initial hole
table that in PrBgCu;0g 6, the netT . increase from ambient concentration in Cu@plane at ambient pressure thus has a
pressure to 9.3 GPa is about 50 K, which is probably thesensitive influence on the pressure effect, as indicated by
champion data among various high-superconductors re- some theoretical and experimental stude€ From this
ported up to now. In Y123 with the optimum oxygen con- point of view, the difference observed in the pressure coef-
centration, by contrast, th€. changes little with pressure ficient of the two PrBgCu;0, samples with different oxygen
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content are understandable. However, the maxirfynen-  be recognized. The compressibility;d In V/dP varied
hanced in Pr123 far exceeds the limit observed in Y123slightly with the oxygen content of the sample. The average
And, it is of great interest to notice that the maximum en-—d In V/dP value was about 6010 2 GPa?, which is
hanced T, in Pr123 even exceeds those reported foronly slightly larger than that reported for Y123
YBa,Cu,0g,2% where there exists double Cu-O chains being(6.4xX10 % GPa?),?® but smaller than that in Y124
considered responsible for the large pressure effects conf8.2x10 2 GPal).?® The compressibility of such a magni-
pared to the Y123 compound, which contains a single Cu-Qude seems difficult to give out a good explanation to the
chain. unusually largeT, enhancement in Pr123. Further study of
Since the Pr123 has the same layered orthorhombic pethe structural parameters of Pr123 under high pressure is in
ovskite crystal structure as oth@i.23 compounds, the maxi- progress, which is believed to supply more concrete informa-
mum T, enhanced under pressure should be comparable f&on of carrier distribution in the compound.
the R123 superconductors, as tfig at ambient pressure be-  In summary, ouiT(P) measurement of superconducting
haves. This is indeed iRBa,Cu,Og superconductors, where Prl23 revealed a large positive pressure effect, which is op-
the maximumT, enhanced under high pressure was reportedposite those reported for the Pr-substituted Y-Ba-Cu-O com-
about the same for different rare eatfhTherefore, the un- pounds with high Pr concentration. The pressure coefficient
usually highT, observed in our experiment indicates that theof T¢, dT./dP, was found to decrease with increasing oxy-
pressure effects in Pr123 could not be explained by a simplgen content of the compound, in a similar manner as the
carrier transfer model. Initial differences in carrier distribu- isostructural Y123 compound behavésiowever, the maxi-
tion of Pr123 coming from its different rare-earth element, agnum enhanced . value (T¢erg=105 K) far exceeds the
well as some other factors unknown at present may also corimit observed for Y123 compounds. The unusually lafge
tribute to theT, increase. enhancement suggests that superconducting state, including
Figure 4 shows the relative volume change ofcarrier distribution in the present compound, should be
PrBaCu,0, (x~6.6) under high pressure measured using deconsidered.
diamond anvil cell up to 7 GPa. In accordance with an in-
crease in the applied pressure, unit cell volume showed a The authors thank Dr. J. Tang and T. Kosaka for technical
monotonical decrease. No trace of structural transition couldssistance.
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