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Growth and anisotropic resistivity of PrBa,Cu,Og and Pr,Ba,Cu;05_, single crystals: A direct
probe of metallic Cu-O double chains
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We have successfully grown single crystals of Ri®aOg (Pr124 and PsBa,Cu;0,5 , (Pr247 by means
of a flux method under high pressure oxygen gas of 11 atm j@Abr MgO crucibles. The most appropriate
starting composition for the crystal growth was found to be Pr:B&C@:3 for both Pr124 and Pr247, by
examining the generated phases in samples prepared with widely varying composition and sintering tempera-
ture. The temperature dependence of resistivity of Pr124 single crystals exhibited no superconductivity, at least
down to 2 K. Resistivity along thb-axis direction showed a highly conductive behavior, of which the origin
is attributed to the double-chain site because of the large anisotropy beweaed b-axis resistivities. The
anisotropy in resistivity between ttee andb-axis directions was found to be about 17 at room temperature,
275 at 85 K, and 190 at 5 K.

I. INTRODUCTION rials, by means of an angle-resolved photoemission spectros-
copy (ARPES.? The result was interpreted as a strong indi-
The discovery of high-temperature superconductors hasation of spin-charge separation, an interesting claim in the
stimulated many studies of strongly correlated systems imelation with the nature of 1D systems. However, to the best
low-dimensional materials. While two-dimensioriaD) sys-  of our knowledge, no one has succeeded in doping SsCuO
tems have a direct relevance to high-temperature supercose far, and studying the metallic state of a 1D system using
ductivity, experimental studies on one-dimensiofi&)) sys- this compound is still not possible.
tems are of importance as well because of the existence of The three phases of the Y-Ba-Cu-O system also possess
exact solvable theoretical models. Particularly interesting igorner-sharing Cu-O chain structure. These phases,
the metallic state in a 1D system, the Tomonaga-Luttingel¥Ba,Cu;0;_,  (Y123), YBaCu,Og (Y124), and
liquid state, which is believed to be essentially different fromY,Ba,Cu;0,5_, (Y247), are characterized by the layered
the Fermi liquid state. perovskite structure with the possession of Cu-O chains and
In this context, the Cu-O chain structure found in somesuperconducting 2D CuQOplanes. The structural difference
cuprates is attracting interest, since they might exhibit 1Doriginates from the different stacking sequence of the Cu-O
metallic character if a proper amount of carriers were dopedchain: the repetition of a single-chain, that of the double-
There are two kinds of structurally different Cu-O chains inchain and the alternative repetition of a single- and double-
cuprates: an edge-sharing chain in which the edges of adjahain for Y123, Y124, and Y247, respectively. Resistivity
cent CuQ squares are shared, and a corner-sharing chaialong the Cu-O chains are reported to be metallic with a
consisting of corner linked squares. Accordingly, the bondtemperature squared dependence from the comparison be-
ing angle of Cu-O-Cu of the former type of CuO chains istween the resistivities along tleeandb axes both for Y123
90°, while that of the latter is 180°. (Ref. 3 and Y124 (Ref. 4 single crystals. Hence, these
Hayashiet al. studied magnetic and transport propertieschains can be thought of as possible candidates for studying
of polycrystalline (Ca,Y)CusO,q, which possesses the 1D metallic conductors. However, transport measurements
former type of chain, and claimed the formation of Zhang-can probe the chain sites only indirectly in the Y-Ba-Cu-O
Rice singlets in this systefnOn the other hand, Kinetal.  system, because of the presence of the highly metallic,CuO
studied SrCu@ one of the corner-sharing CuO chain mate-plane.
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It is well known that substitution of Pr for Y in Y123 sample was slowly cooled to 970 °C with a rate of less than
drastically suppresses superconductivity, and changes the°C/h followed with a furnace cooling to room temperature.
material to an insulatot.Similar to SrCuQ, ARPES study The reactant was crashed and checked by powder x-ray dif-
has recently confirmed the presence of separated dispersioftgction method using Cui radiation to determine the gen-
due to holons and spinons in the Cu-O chain site oferated phases. The x-ray diffractometer was also used for
PrBaCu0,_, (Pr123.° Further, unlike SrCu@’ the Cu-O  identifying the phase of the single crystals, while the detailed
chain in Pr123 was suggested to possess a metallic chdractefystal structure was examined by a precession camera with
from optical studies. However, the transport measurement§loK «. The composition of one of the single crystals was
revealed nonmetallic behavior along thexis direction of  quantitatively determined by inductively coupled plasma
Pr123? In contrast to Pr123, on the other hand, resistivitiesatomic emission spectrometry analysis. This crystal was used
measured on polycrystalline PrBau,Og (Prl24 and  as a standard reference for the determination of compositions
Pr,Ba,Cu;05-, (Pr247 samples behaved metallic with a of other crystals by scanning electron microscope energy dis-
positive temperature coefficient of resistivilfCR) below  persed x-ray micro analysiSEM-EDX). Electrical resistiv-

180 K (Refs. 10-13and 150 K!***respectively, although ity was measured with the DC four-probe methodd@ndb

no superconductivity was detected. The results of a highaxes in the temperature range 2—300 K.

pressure study of these phases suggested that the metallic
conduction is governed by the double Cu-O chains, while the
semiconducting behavior at higher temperature by the CuO
plane.12 A. Determination of the starting composition

The metall_ic behavior a_long the Cl.J'O chain.in Pr124.de- The Pr124 and Pr247 phases are usually stable at lower
Serves attentlon.because It may proylde an unique and Ir‘tefémperatures than the Pr123 phase. We have previously stud-
esting opportunity for testing theories of 1D conductors.jey the phase diagrams of Pri24 and Pr247 compositions by
Terasakiet al.™ measured magnetoresistance and Hall coefgpanging the sintering temperature and the oxygen pressure
ficient on ac-axis aligned Pri24 polycrystaline sample. up to 9 atm. According to that result, the oxygen pressure at

They have interpreted their results as an indication of a diWhich the Pr124 phase is adjacent to the liquid phase can be
mensional crossover at about 100 K, below which the systeMqiimated to be about 15-20 atm. Therefore. at PO

becomes 2D due to interchain conduction along dkexis

Ill. RESULTS AND DISCUSSION

=11 atm, which is the maximum pressure allowed for our
th db duction h ‘b bl : Turnace, a simple slow-cooling process from the liquid phase
€ a- andb-axes conduction nas not been possible SO 1algpq g result into the growth of Pr123 single crystals. If,

because of the lack of single crystals. however, the melt is quenched fast enough to a temperature

Here, we report on the successful preparation of Pri24here the Pri24 phase is stable, skipping the Pr123 region,

and Pr247 single crystals. We first determined the appropriémgle crystals of Pr124 might grow. To apply this idea, it is

ate clondlth?hs for_ smglet c;ystal grovvth_t_by progeshs'n?necessary to determine the composition where the width be-
samples with various —starting - composition -an €alveen the liquid and Pri124 phases is narrow enough along
treatment temperatures. Using those results, we have su

. fie temperature axis.
cessfully grown single crystals of Pr124 and Pr247, charac- We selected five compositions along each line connecting

terized them by x-ray diffraction methods, and studied thePrBebO with CuO (line A), PrBaQ with Ba,Cu,0, (line
X ' X

resistivity anisotropy of Pr124. B), and PyBaQ, with BaCu,0, (ine C) on the
Il. EXPERIMENT PrQ.-BaO-CuO ternary phase diagram as shown in Fig. 1.
In order to determine the ratio of Pr:Ba:Cu appropriate for PrO

X

the starting composition, we examined the sintering tempera-
ture dependence of the produced phases in samples, which
had fifteen different compositions and were heat-treated un-
der pure oxygen gas with a pressure of 11 atm. The presin-
tered samples were prepared by mixing appropriate amounts A

of Pr;0,,, Ba0,, and CuO, and subsequently calcinating the PrzBan
\\/

mixture at 800 °C for 20 h and at 830 °C for 20 h in air with \
intermediate regrounding. These powders were then pressed PrBa®
into pellets and sintered for 20 h at a temperature that was -
varied for each sample in the range of 975-1000 °C with an
interval of about 5 °C under P(=11 atm.
As will be described in detail below, the ratio of Pr:Ba:Cu

of the starting composition most appropriate for the crystal
growth was determined to be 1:2:3. Therefore, the single

crystals were grown from presintered Pr123 powders by BaO Ba Cu.O \ Cuo
means of a high-oxygen pressure flux method with J(O 8T
=11 atm in AbO; or MgO crucibles. The heat-treatment Ba,Cu,0,

profile is as follows; presintered powders of 50 g in weight  FIG. 1. PrG-BaO-CuO ternary diagram indicating the fifteen
was heated up to 1040 °C and held there for 12 h. After rapi@ompositions selected for the determination of the appropriate start-
cooling down to an appropriate temperatufg)(in 0.5 h, the  ing composition for the crystal growth by solid squares.



GROWTH AND ANISOTROPIC RESISTIVITY & . .. 6329

PRB 61
1000 — — r
+ PrBaO,
¥ Pr123+PrBaO,
995 | A Pr247+Pri24
+PBO + X AOS®
O Priz4 A AA
—_ O Pr124+BaCu0, + X
© 900 | +CuO+PBO + X A AA -
T @ Pr124+PBO
2 AAA
g 985 |- e
E
©
[t
+ + AAA
980 [ + + 000 A
975 N 1 1 N 1 1 N
0.0 0.2 0.4 0.6 0.8 1.0
(@ PrBaO, CuO at% Cuo
1000 T T T T T T
@ P124+PBO ]
QO P124+BCO
Cuo
995 AA X X X v ‘boa7apB0
X P123+BCO
+Cu0O
. A Pi23+P124
O 990 | AA X X X PO S
s | AV v X X .
©
@ @& O
& oe5| K _
E
@
'_ | B
& O O @]
980 - e
&b O O O
975 2 1 2 1 " 1 M 1 M
0.0 0.2 0.4 0.6 0.8 1.0
(b PrBao; Ba,Cu,0, at.% Ba,Cu,0,
1000 — —
O P1244PBO+ |
BaCuO,+Cu0
995 |- @ Pi124+PBO
¥ P123+PBO
X P123+PBO
90F @ X X X ¥ BaCuo, |
° |
I3 \
2 985 -
I
[«5]
g
2 980 - @ X X X X =
975 - O O O O O° -
970 L 1 1 L 1 1 L
0 20 40 60 80 100
(c) Prea7 Ba,Cu,0, at% Ba,Cu,0,

1040 °C rapid cooling

12h S in 30 min.
g 970 °C

=

cooling rate of
less than 1 °C/h

FIG. 3. The heat treatment profile for the growth of Pr124 and
Pr247 single crystals.

These samples were sintered at various temperatures in the
range of 975-1000°C under P{>-11 atm, and were
characterized by the powder x-ray diffractometer method.
The relations of the resultant phases to the sintering tempera-
ture and composition are shown in Figga2-(c). The solid

lines in these figures indicate the melting temperature, which
was roughly estimated from the change in the shape of the
pellet and the amount of melt flowed out during heat-
treatment. Along lineA, the ratio of PrBgO, to CuO is
changed, and hence, Pr:Ba is fixed to 1:2. As shown in Fig.
2(a), none of the Pr-Ba-Cu-O phases are detected at all when
CuO is poor. With increasing the content of CuO, Pr123
starts to grow, followed by the appearance of Pr124 and
Pr247 phases. The Pr124 phase becomes stable even at high
temperature in the CuO-rich region, indicating that CuO pro-
motes the synthesis of Pr124. On the other hand, the results
along linesB andC [Figs. 2b) and(c)] show that the simul-
taneous increase of Ba and Cu unfavors the growth of Pr124
and Pr247 phases. Therefore, CuO rich starting composition
is suitable for our purpose. However, if the starting compo-
sition contains too much CuO the amount of crystals would
decrease because of the relative decrease in the amount of Pr.
Altogether, we concluded that the most appropriate starting
composition for the single crystal growth of Pr124 and Pr247
is Pr:Ba:Cu=1:2:3.

B. Growth and characterization of Pr124 and Pr247
single crystals

Single crystals were first grown in fD;5 crucibles using
the heat profile shown in Fig. 3 with variou$g (T
=1040, 1025, 1020, 1005, and 1000°C). X-ray diffraction
patterns of the resultants are shown in FigT4=1040°C
means that no rapid cooling process was involved in the heat
treatment, and, as evident from Fig. 4, the Pr-Ba-Cu-O phase
thus obtained was the 123 phase. The intensity of the diffrac-
tion peaks due to PrBa{phase increased with the width of
the rapid cooling stegdecreasingdl). This is probably be-
cause PrBa@is stable at 1040°C, and the increase in the
cooling step quenches this high-temperature phase. Further,
with increasing the width of rapid cooling, diffraction peaks
due to Pr247 and Pr124 phases appeared, indicating that the
rapid cooling process is indeed effective for the formation of
these phases. In fact, we could pick up Pr247 single crystals
from the reactants processed with=1020 and 1005 °C,

FIG. 2. The processing temperature and composition deper@nd c-axis oriented mosaic Pri24 samples from that with
dence of the generated phases in samples heat-treated undes=1000°C.

P(G,)=11 atm. The composition was changed along lkéa),

line B (b), and lineC (c) of Fig. 1.

We have also carried out the same heat treatment using
MgO crucibles. In this case, Pr124 single crystals were ob-
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FIG. 4. Powder x-ray diffraction patterns of samples grown by o / \ a W
the heat treatment shown in Fig. 3 with variolis. , 5 % %
tained with T,=1020°C, although Pr247 single crystals : / l \
were grown with the same value @t in Al,O3 crucibles. ) . _
The difference in the grown phase with the safgdor these FIG. 5. A SEM image(@) and a ©ik0) precession patteri) of

two crucibles is probably because Al has a much higher solu@n€ ©f the Pri24 single crystals.

bility into the liquid phase than Mg and/or because these two

impurities substitute different Cu sites. Eebal® reported  Pr124 The long edge of the crystal in Fig(& is theb-axis

that the melt of Pr-Ba-Cu-O in AD; crucibles is contami- direction(// chain. Using this sample as a standard, the crys-
nated with 5 wt% of Al. On the other hand, Tagafnie-  tallographic axes of the other crystals were determined with
ported that Mg contamination from MgO crucible is only a polarizing microscope. In most Pr124 crystals, the longer
about 0.02 wt% for the same composition. This difference inedge was parallel to the-axis direction, probably because
the impurity level should alter the phase diagram. In otheithe as-grown Pr124 crystals are orthorhombic, and an aniso-
words, Al contamination probably leads to the decrease ofropic growth have taken during the synthesis. Such aniso-
the peritectic temperature of Pr247 and Prl124. Further, Atropic growth in theab plane is not observed for the 123
ion prefers to substitute for Cu in the single chain, but not inphase due to the tetragonality of as-grown crystals. The com-
the double chaifl! Therefore, 247 and 123 phases are ex-position of the Pr124 crystal analyzed by the techniques de-
pected to grow easier in the presence of Al impurities. scribed in Sec. Il was PrBgaCuz 9gVlgg0Og. Mg is re-

A SEM image of one of the Prl24 single crystals isported to substitute preferentially for Cu in the Guglane
shown in Fig. %a). The size of this crystal was approxi- in Y123° Supposing that all Mg impurities go similarly into
mately 2<0.4X0.04 mn¥, which is the largest of the Pr124 the CuQ plane in Pr124, it means that 2 at% of Cu in each
crystals grown in this study. The shape of the crystal is rectlayer is substituted by Mg.
angular, and the surface is very smooth. Most of the other A SEM image of one of the Pr247 single crystals is
Pr124 crystals are similar in the shape. The x-ray diffractiorshown in Fig. §a). The size of this crystal was approxi-
study revealed that the surface is thk plane, and no im- mately 0.3<0.5x0.04 mni. This crystal has a plate shape
purity phase was detected. Figurdpbis a photograph of the and the surface is rather rough with many steps. The x-ray
(hkO) reciprocal plane taken with a x-ray precession camerdliffraction study revealed that the surface is tie plane,
with the incident beam along tH@01) direction. The result and no impurity phase was detected. Tiek(@) reciprocal
shown in Fig. Bb) together with a similar result obtained plane observed using a x-ray precession camera is shown in
with the incident beam along th@ 00 direction indicates Fig. 6(b). This result indicates that the crystal is free from
that the crystal is free from twins and consists of a singletwins and apparently consists of a single grain. However, the
grain. In addition, this crystal was found to be orthorhombic(h0l) reflections observed with the incident beam along the
with the space groupAmmmand lattice parameters af (010 direction revealed circumferentially streaked spots,
=3.881(4) A,b=3.900(2) A, andc=27.42(3) A, be- which suggests that the growth along thexis direction
ing consistent with the result of the study on polycrystallinecontains small fluctuation. The lattice parameters of the
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: mally doped high-temperature superconductors. The resistiv-
= 0 ity along thea-axis direction increases with decreasing tem-
I perature(negative TCR from room temperature down to

140 K, and exceeds 12@tm. However,p, then starts to

/ i t 5 \ o decrease below 140 Kpositive TCR, becomes about
Wordstindisndn il . 4 mQ cm at 2 K. This behavior was reproduced in all crys-
FIG. 6. A SEM imagga) and a hk0) precession patter) of tals, for whichp, was measured.
one of the Pr247 single crystals. Figure 7b) shows the temperature dependence of resistiv-

ity measured along the-axis (// chain direction (p,). The

Pr247 single crystal are found to te=3.864(4) A,b  values ofp, of all measured twenty crystals ranged from
=3.900(2) A, andc=50.28(3) A, showing a larger 100 w cm to 150 ) cm at room temperature. This value
orthorhombicity and a shorteraxis length than polycrystal- is in good agreement with the resistivity along the double
line Pr247'2 The origin of these differences may be attrib- chain site of Y124 single crystals as reported by Hussey
uted to oxygen deficiency and/or substitution effect of Al for et al® On the other hand, the temperature dependence of the
Cu in the single crystal. Pr247 single crystals grown inmeasuregy, was sensitively affected by an even slight mis-
Al,O; crucibles were rather irregular in shape as shown iralignment of the voltage electrodes because of the large an-
Fig. 6(@ and the surface tends to be rough. Such imperfectisotropy in resistivity. For instance, some crystals showed a
ness in crystal shape can seriously affect the results of tranéacalizationlike behavior at low temperatures and some ex-
port measurements in a strongly anisotropic material likéhibited a resistance peak at about 140 K. However, these
Pr247. Therefore, in the study of transport measurementgehaviors were poor in reproducibility, and must have re-
reported below, we focused only on Pr124 crystals grown irsulted from voltage drops along tlee and a-axes, respec-
MgO crucibles, which were rectangular in the shape and hatlvely, due to imperfectness in the crystal shape. We checked
smooth surface¥® carefully the reproducibility, and conclude that the intrinsic
behavior along thés-axis direction is metallic in the whole
temperature range up to 300 K, as shown in Fidp).7The
metallic behavior indicates the presence of a finite density of

Using the Pr124 single crystals grown in MgO crucibles,states at the Fermi energy in Pr124. In addition, the large
we measured the temperature dependence of resistivity alorggisotropy in resistivity between tree and b-axes strongly
a- andb-axis directions. Superconductivity was not detectedsuggests that the metallic behavior along kexis direction
down b 2 K for the measured forty single crystals. As shownoriginates from the double chain site. The temperature de-
in Fig. 7(a), the temperature dependence of resistivity alongpendence of 1K;1—pg1) did not follow theT? dependence
the a-axis (L chain direction (p,) possesses a maximum at near room temperature, which was claimed for the Y
about 140 K. The value op, is about 4 nfl cm at room  systems*

C. Anisotropic resistivity of Pr124 single crystal
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300 - l - l - and/or pressure dependence of theT curve, which would
be the subject of a near future work.

Finally, we would like to comment on the absence of
superconductivity in Pr124. Recently, superconductivity was
reported for Pr123 in single crystals prepared by the travel-
200 | A ling solvent floating zone method or in sputtered thin film

with T.=80 K (Ref. 22 and 76 K(Ref. 23, respectively.
\ On the other hand, Tagami and ShiolfAragrew

Pr,_,Ba . ,Cu0; single crystals witte=0.01-0.29 by the
crystal-pulling method and found that the resistivity of the
crystal with z=0.01 is three orders of magnitude smaller
100 |- ] than that withz=0.29 at room temperature, but found no
indication of superconductivity. As described above, our
Pri124 crystals contain small amounts of Mg. The reported
result of Y123 indicates that substituting Mg for 2% of Cu in
the CuQ planes lowerdl; from 91 K to 72 K, but it is not

P./Py

0 . L . L . enough to completely destroy superconductigiyEurther,
0 100 200 300 our previous Rietveld refinement of neutron diffraction pat-
Temperature(K) terns measured on Pr124 polycrystalline samples showed

that Pr ions are hardly substituted for Ba in Pri24jore-
over, the results of thermogravimetry measurement on poly-
crystalline samples indicated that oxygen is very stable in
Pr124 up to 800 °C. Therefore, it is very unlikely that either
It is also important to study the behavior ofaxis con-  substitution of Pr for Ba, oxygen deficiency or impurities
duction in the relation with the interchain interaction alongcaused the absence of superconductivity in our Pr124 crys-
this crystallographic direction as Hussetyal. pointed out in  tals. Zouet al. reported that when the-axis lengths are plot-
their work on Y124° However, although we measured thor- ted as a function oR®** (R=Y or rare earth elementsonic
oughly and carefully the resistivity alongraxis for many radius, superconducting Pr123 lies on the curve that was
samples using a quasi-Montgomery method, the results we@awn through the data of othé&Ba,Cu;0,, while non-
poor in reproducibility, especially at low temperatures. Thissuperconducting Pri23 has a substantially shoctexis
is probably because the samples are too thin and are highlgngth?* We made a similar check for our crystals, and
anisotropic. Therefore, the intrinsic behavior @éxis con- ~ found that thec-axis length of the crystals is well consistent
duction in Pr124 requires further studies. with the ext_rapolatlon of the published d%f’ta_:f RB&,Cu,Og _
Figure 8 shows the anisotropy of the resistivity as a funcPolycrystalline samples. Therefore, we behevg that Pr124 is
tion of temperature. The in-plane anisotropy/py,, is about not a superconductor, even in case that ¢raxis length is

20 at room temperature, increases with decreasing tempergl—“cﬁcIently large.
ture, and exceeds 200 below 130 K. Therefore, the electronic

conduction in Pr124 is highly anisotropic at low tempera-

tures. There are at least two possibilities for the origin of the

peak in thep,-T curve. One is thap, reflects the conduction We have successfully prepared Pr247 and Prl24 single
only along the Cu@ plane in the whole temperature range. Crystals by means of a flux method under 11 atm of pure
In this case, the peak must have its origin in the gp@ane.  0xygen gas using AD; and MgO crucibles. The growth of
The second possibility is that interchain conduction acrosé€ crystals was possible even though both phases are not
Cu-O chains becomes allowed at low temperatures, whil@djacent to the liquid phase on the phase diagram. The suc-

CuO, layer remains essentially semiconductive, and the peaR€SS Of the crystal growth was achieved by thoroughly study-

indicates the switching between these two sites as the dom{l9 the starting composition dependence of the generated

nant conduction path. Terasakit al. have proposed that phases and by skipping the high-temperature stable phases

Pr124 undergoes a dimensional crossover at about 100 K b ith a rapid cooling step during the heat treatment. The elec-
. . onic conduction of the Pr124 single crystal was found to be
lowering the temperature, and the conduction becomes 2D at

low temperaturé® The presence of a similar dimensional extremely anisotropic with the highest conductivity along the

crossover have been argued for quasi-1D organicl?'ax's direction, i.e., along the double chain site.

conductorg?! If the conduction along the Culplane can be
neglected at low temperature in Pr124, we can estimate the
ratio of the transfer integral along the double chain to that
across the chain$gnain/tinter-chain t0 be about 14, using the We would like to thank Dr. Yuh Shiohara for helpful
formula p/p’=(t/t")%. This value is consistent with that es- suggestions in the single crystal growth. S.H. was financially
timated by Terasaket al'* To shed more light on the rela- supported by the Japan Society for the Promotion of Science
tion with the peak in the,-T curve and the proposed dimen- (JSPS. This work was partially supported by New Energy
sional crossover, however, further studies on single crystaland Industrial Technology Department Organization
are necessary, like transport measurement in magnetic fieldNEDO).

FIG. 8. Temperature dependencepgf py, of Pr124 single crys-
tal.

IV. CONCLUSION
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