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Magnetic ordering in double-chain PrBa2Cu4O8
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We have successfully synthesized a single-phase sample of double-chain PrBa2Cu4O8 at ambient oxygen
pressure by employing the nitric pyrolysis method. Electrical resistivity, ac magnetic susceptibility, and
neutron-diffraction measurements were performed to study the basic magnetic properties of the system. The
system displayed metallic conduction, and no superconductivity was observed for temperatures down to 4.2 K.
An anomaly was evident in the temperature dependence of the ac susceptibility around 200 K, where a
shoulder in the resistivity was also clearly seen. The Pr spins were found to order at 17 K, with a magnetic

structure that may be characterized by$ 1
2

1
2 l % wave vectors withl 5whole integers and half integers, showing

that the couplings between the Pr spins are antiferromagnetic in nature. Another transition of unknown origin
is also evident around 2 K.@S0163-1829~99!03729-7#
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I. INTRODUCTION

Among the rare-earth cuprates, the compou
PrBa2Cu3O7 ~Pr123! has distinguished itself from others b
its unique properties, such as the absence of supercondu
ity, the semiconducting electrical behavior, an anomalou
high Néel temperature and small saturated moment for the
spins, and a relatively large electronic contribution to t
specific heat.1–3 Although the general properties of the r
lated compounds have been intensively investigated, the
gins of the distinct properties of single-chain Pr123 and
roles that the chains play remain puzzling. Recently, h
quality samples of double-chain PrBa2Cu4O8 ~Pr124! have
been successfully synthesized.4–7 This provides the opportu
nity to study the effect of the presence of an extra chain la
on the basic properties of the system. It has been found8 that
the Cu-O bonding in the chain layers in double-chain co
pounds is much stronger than in single-chain compoun
which results in a much more stable oxygen content aga
thermal agitation for the former than for the latter. Therm
gravimetric analysis has shown that the oxygen conten
the Pr124 system remains stable up to 800 °C, wherea
begins to become unstable at 300 °C in the Pr123 syste
The critical contentxc of the Pr ions, where superconducti
ity is completely suppressed, is much higher in double-ch
Y12xPrxBa2Cu4O8 (xc50.8) than that in the single-chai
Y12xPrxBa2Cu3O7 (xc50.55).9,10 In addition, unlike the
semiconducting behavior observed in the Pr123 syst
Pr124 has been found to be metallic.10,11Similar to what has
been widely observed in the Pr123 systems,12 the transition
at 17 K, which is generally believed to signify the Pr sp
ordering,2,13 is also present in specific-heat and magneti
tion measurements made on Pr124 compounds.10,11

In this article, we report on the results of studies made
the basic magnetic properties of a polycrystalli
PRB 600163-1829/99/60~6!/4212~8!/$15.00
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PrBa2Cu4O8, using resistivity, ac magnetic susceptibilit
and neutron-diffraction measurements. Three anomalies
17 and 200 K are clearly evident in the temperature dep
dence of the ac susceptibility. The anomaly at 17 K is as
ciated with the ordering of the Pr spins, while that at 200
may originate from the ordering of the Cu spins. The tran
tion around 2 K is sensitive to an applied dc field, but
origin is not clear at the present time.

II. SAMPLE CHARACTERIZATION

About 7 g of a powder sample of nominal compositio
PrBa2Cu4O8 was prepared at ambient oxygen pressure
employing the nitric pyrolysis method. The details of th
sample fabrication procedure can be found in Ref. 7. X-r
diffraction measurements were used first to characterize
sample. No obvious difference was found among the diffr
tion patterns taken on the different portions of the samp
The precise crystal structure was then determined by a c
plete structural analysis using high-resolution neutro
diffraction measurements performed on BT-1, the 3
detector powder diffractometer at the NIST Resea
Reactor. The high-resolution diffraction patterns covere
range of scattering angles from 3° to 168°, and were c
lected with the sample loaded in a cylindrical aluminum ca
A Cu~311! monochromator crystal was used to select
wavelength ofl51.5401 Å for the incident neutrons. Angu
lar collimators with horizontal divergences of 158, 208, and
78 full width at half maximum~FWHM! acceptance were
employed for the in-pile, monochromatic, and diffract
beams, respectively.

The diffraction pattern was analyzed using the gene
structure analysis system~GSAS! program of Larson and
Von Dreele,14 in which the Rietveld refinement method15,16

was followed. In the refinement process, the portions of
4212 ©1999 The American Physical Society
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PRB 60 4213MAGNETIC ORDERING IN DOUBLE-CHAIN PrBa2Cu4O8
diffraction patterns containing peaks from the aluminu
sample holder were excluded. Several models with differ
symmetries were assumed in the preliminary analysis.
final refinement was carried out assuming the symmetry
space groupAmmm, with a structure consisting of two
(Pr1231CuO) blocks stacked one on top of the other b
shifted by1

2 b as suggested in previous studies.17,18All struc-
tural and lattice parameters were allowed to vary simu
neously, andRW , the weightedR factor,16 differed by less
than one part in a thousand in two successive cycles.

Figure 1 shows the observed and fitted patterns take
room temperature, with their differences plotted at the b
tom. Clearly, the calculated and the observed patterns a
very well, showing that the proposed structure is corre
Careful analysis of the occupancy factors of the oxygen
oms shows that the oxygen sites are almost full with
oxygen content of 7.98~2! for the compound, which gives
chemical formula of PrBa2Cu4O7.98 for the compound. The
compound crystallized into an orthorhombic structure of l
tice constantsa53.8875(2) Å, b53.9041(2) Å, and c
527.3423(16) Å at room temperature. Table I lists the
fined structural parameters, where the center of the unit

FIG. 1. Observed~crosses! and fitted~solid lines! neutron pow-
der diffraction pattern collected at room temperature, where t
differences are plotted at the bottom. The short vertical lines sh
below the pattern mark the calculated positions of the Bragg refl
tions.
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is defined to be at a Pr site. Figure 2 shows a portion of
difference density map viewed along thea-axis direction,
where the triangles and the circles mark, respectively,
Cu~1! and O~4! atoms in the CuO-chain layers. The ma
shown covers a size of 7.81313.67 Å, and the contours ar
drawn at densities of 17, 13, 9, 5, and 1 Å3 from inside out.
Clearly, the upper-half and the lower-half planes are ide
cal but shifted, one respect to the other, by~01

20!, such that
each O~4! is bounded to three Cu~1! ions which results in a
much more stable oxygen content for the 124 compou
than for the 123 compounds. In addition, this analysis w
also directed at searching for impurity phases, especially
the Pr123 phase. No trace of impurity phases such
PrBa2Cu3O7, PrBaO3, PrCuO3, BaCuO3, and CuO2 were
found, showing that this sample is essentially single pha
We estimated that any impurity phases in the sample are
than 2%.

III. EXPERIMENTAL DETAILS

Electrical resistivity, ac magnetic susceptibility, an
neutron-diffraction measurements were all performed

ir
n

c-

FIG. 2. A portion of the difference density map viewed alo
the a-axis direction. The upper-half and the lower-half planes
identical but shifted, one respect to the other, by~01

20!. Clearly,
each O~4! ion is bound to three Cu~1! ions.
TABLE I. Refined structural parameters of PrBa2Cu4O7.98 at room temperature, whereB represents the
isotropic temperature parameter.

PrBa2Cu4O7.98, space groupAmmm, room temperature
a53.887 51(20) Å,b53.904 14(23) Å,c527.3423(16) Å

Atom x y z B~Å2! Occupancy

Pr 0.5 0.5 0 1.98~9! 1
Cu~2! 0 0 0.0640~1! 2.49~9! 1
O~2! 0.5 0 0.0565~3! 2.69~6! 1
O~3! 0 0.5 0.0570~3! 3.77~8! 1
Ba 0.5 0.5 0.1382~2! 1.72~5! 1
O~1! 0 0 0.1450~1! 2.73~6! 1
Cu~1! 0 0 0.2135~1! 2.47~8! 1
O~4! 0 0.5 0.2168~2! 2.50~8! 0.99~1!

Rp(%)59.66 RW(%)512.38 x51.823
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4214 PRB 60W.-H. LI et al.
study the basic magnetic properties of the system. Resist
was measured employing the standard four-probe metho
the temperature range of 78–260 K with leads evaporate
a sintered pellet. The ac susceptibility measurements w
performed using a conventional ac susceptometer. In th
measurements, the sample was subjected to a weak dr
ac magnetic field, with and without an applied dc field, a
the response of the system was then measured using
identical sensing coils connected in opposition. During th
measurements,;1 g of the sample was loaded in a cylindr
cal plastic container, and both the in-phase and out-of-ph
components were measured. A pumped4He cryostat was
used to cool the sample, and the lowest temperature obta
was 2.1 K.

The neutron magnetic diffraction experiments were c
ducted at the NIST Research Reactor, using the BT-9 tri
axis spectrometer operated in the double-axis mode with
using an analyzer crystal. A neutron wavelength ofl
52.351 Å, defined using a pyrolytic graphite PG~002!
monochromator crystal, was employed. Collimators w
horizontal divergences of 408, 488, and 488 FWHM accep-
tance were used for the in-pile, monochromatic, and
fracted beams, respectively. For these measurements,;7 g
of the sample was loaded in a cylindrical aluminum c
filled with helium exchange gas to facilitate thermal condu
tion. The sample was cooled using a pumped4He cryostat
operated between 1.6 and 250 K.

IV. RESULTS AND DISCUSSION

The temperature dependence of the ac susceptibility, m
sured using driving fields of various strengths and frequ
cies, was determined first to study the basic magnetic
sponse of the system. In employing such a technique one
the advantage that the measurements can be performed
an extremely weak probing field, which then reveals the
trinsic properties of the system excluding effects that mi
be induced by the applied field. Neutron-diffraction patte
covering certain temperature regimes, where the suscep
ity shows anomalies, were then collected to search for m
netic signals.

A. Pr spin ordering

Shown in Fig. 3 is the temperature dependence of
in-phase component of the ac susceptibilityx(T) measured
using a weak driving field of rms strength 1 Oe and f
quency 1000 Hz. Thisx(T) observed for the double-chai
Pr124 is very similar to that for the single-chain Pr123. T
main feature seen is the inflection point at 17 K, which
believe is associated with the ordering of the Pr spins~see
below!. This anomaly occurs at almost the same tempera
at which the Pr spins in Pr123 order,2 irrespective of the
difference in their chain structure. Below 17 K,x(T) in-
creases as the temperature is further reduced to the lo
temperature studied ofT52.1 K. This behavior is similar to
what is usually observed in other Pr containing high-Tc sys-
tems, where the cusp inx(T) anticipated for antiferromag
netic ordering of the Pr spins is not seen.

In Fig. 4 we show the magnetic diffraction pattern o
tained at 6 K, where the diffraction pattern taken at 22
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which serves as the nonmagnetic background, has been
tracted from the data to isolate the magnetic signal. Th
magnetic peaks at the$1

2
1
2

1
2%, $1

2
1
2

3
2%, and $1

2
1
22% positions, as

indexed based on the nuclear unit cell, are seen. We de

the $ 1
2

1
2 l %-type of reflections withl 5half integer andl

5whole integer as the half-integral and whole-integ
peaks, respectively. Clearly, both half-integral peaks a
whole-integral peaks are observed. The appearance of
$1

2
1
22% peak strongly suggests the existence of other who

integral peaks, such as$1
2

1
20% and $1

2
1
21% reflections. Unfortu-

nately, the expected angular separations among the$1
2

1
20%,

$1
2

1
2

1
2%, and$1

2
1
21% reflections are less than 0.3°. This makes

difficult to separate them with the present instrumental re
lution, while the weak intensities make it impractical to im
prove the angular resolution significantly. It is thus possi
that each peak observed might contain more than one re
tion.

The Pr ions form a base-centered (b-c plane in our nota-
tion! orthorhombic sublattice, hence a triangular lattice in t

FIG. 3. Temperature dependence of the in-phase compone
the ac susceptibility measured using a weak driving field of r
strength 1 Oe and frequency 1000 Hz. A transition is clearly evid
at 17 K, which is associated with the Pr spin ordering. The so
line shown is a fit of the data obtained between 25,T,180 K to
the Curie-Weiss expression.

FIG. 4. Magnetic diffraction pattern obtained at 6 K, where t
indices shown are based on the nuclear unit cell. The solid cu
shown are the fit of the data to the proposed structure, usin
Gaussian resolution function for the peak profiles.
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PRB 60 4215MAGNETIC ORDERING IN DOUBLE-CHAIN PrBa2Cu4O8
b-c plane, where the nearest-neighbor distance between
Pr ions in thec-axis direction is a factor of about 3.5 longe
than that in thea-b plane. Thus in the 124 materials th
magnetic interactions along thec axis are much weaker tha
within the a-b plane, leading to two-dimensional behavi
for the rare-earth magnetic system.19 There are two Pr ions in
the magnetic unit cell along both thea andb axes, and the
simplest arrangement for the Pr spins in thea-b planes is
that the nearest-neighbor Pr spins are aligned antiparalle
has been observed for many of the rare earths in the lay
cuprates. The presence of the half-integral peaks indic
that the magnetic unit cell is double the nuclear one along
three crystallographic directions and all the couplings
tween the Pr spins are thus antiferromagnetic in nature
collinear structure then gives a zero net interaction betw
layers (a-b plane!, making the netc-axis interaction ex-
tremely weak. In the Dy124 material, for example, this re
ders the magnetism truly two dimensional.20 In the present
case we have both half-integral and whole-integral pea
rather than just a two-dimensional profile, which clearly
dicates that there is ordering along thec axis. These two
types of peaks could belong to separate magnetic struct
~macroscopically!, as the delicate balance of interactions h
been found to very sensitive to the metallurgical state of
sample.21 Alternatively, the two types of peaks could orig
nate from the same region of the sample, indicating a n
collinear structure for the Pr spins. If this is the case,
presence of both types of peaks would indicate that the
base-centered Pr spins cannot simply point in opposite di
tions. Based on these constraints, model calculations w
performed using the intensity formula22,23 for noncollinear
spin structures. Two spin configurations, one collinear a
the other noncollinear, were found to fit reasonably well
the observed patterns, with the goodness of the fit of
noncollinear one about 8% better than that of the collin
one. Their configurations in theb-c plane are shown in Fig
5~a! ~collinear! and Fig. 5~b! ~noncollinear!, where the scale
used for theb axis is expanded by a factor of two for clarit
of presentation. For the noncollinear structure, the spin
rangements in the two adjacent layers are quite differen
one layer it is collinear, whereas in the other it is strong
canted and noncollinear. This is improbable since the Pr s
are in identical local environments, and a similar spin str
ture in each layer may be anticipated. Allowing the Pr sp
in the z50 and z51 planes to depart from being exact
antiparallel resulted in poorer fits~even poorer than the col
linear configuration!. We therefore favor the collinear struc
ture shown in Fig. 6, even though the fit is not quite as go
as the noncollinear one.

In the present calculation any coupling of the Pr to the
magnetic structure was not considered. Pr-Cu coupling
been observed13,24–27 in the 123 systems, and can cause
counter rotation of the Cu spin axes as the Pr spins or
However, the details of the magnetic structures and this c
pling are quite different in doped24,26,28 and high-purity
crystals27 and powders.2,13 In the present case any ordere
Cu moment is small, the magnetic structure is not known
is not known if the chain-type Cu ions carry a moment, a
there is no firm evidence yet to support any Pr-Cu coupl
for the 124 systems. We therefore have not included a c
tribution from the Cu spins in the calculation. We rema
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that the observed Curie-Weiss behavior for the hig
temperaturex(T) ~see below! alone is not strong enoug
evidence, we believe, to conclude a Pr-Cu coupling in
present Pr124 system. The solid curve shown in Fig. 4 is
calculated intensity based on the proposed structure, wi
saturated moment^mZ&50.66(4)mB ~obtained by comparing

FIG. 5. Configurations of the Pr spins in theb-c plane for the
two magnetic structures found that fit reasonably well to the da

FIG. 6. The proposed magnetic structure for the Pr spins
PrBa2Cu4O8, where the nearest-neighbor Pr spins in the basala-b
plane are aligned antiparallel.
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4216 PRB 60W.-H. LI et al.
the magnetic intensities to the nuclear ones!. This saturated
moment found for the Pr spins in Pr124 is about 10% sma
than what was found2 for the Pr spins in Pr123. We remar
that this proposed structure for the Pr spins is not quite
same as the one proposed in a separate study,29 where only
whole-integral peaks were observed that suggested th
spins along thec-axis direction are parallel. This may b
related to small differences in the oxygen concentration
has been widely observed in other high-TC compounds.21

In Fig. 7 we show the temperature dependence of the p
intensity at the$1

2
1
2

1
2% position, where the solid curve is only

guide for the eye. This plot shows the variation of the squ
of the magnetization with temperature, and reveals a typ
order-parameter curve for a polycrystalline sample. The
dering temperature of the Pr spins, as determined by
inflection point of the order-parameter curve, isTN'17 K,
which matches the temperature at whichx(T) shows an
anomaly. This ordering temperature found for the Pr spin
Pr124 is essentially the same temperature at which the
spins order in Pr123 despite the difference in their spin str
tures. It is expected that the ordering temperature would
similar, since the coupling within thea-b plane should
dominate the Pr spin ordering, and the ordering tempera
is mainly determined by the coupling strength in these pla
as expected from the anisotropic crystal structure of th
materials.

B. High-temperature transition

AboveTN , x(T) may be described using the Curie-Wei
law for antiferromagnetic coupling, which is mainly contrib
uted by the paramagnetic Pr spins. The solid curve show
Fig. 3 is the fit of the data between 25 and 180 K to t
expressionx01C/(T2u), where C and u are the Curie-
Weiss constant and Curie-Weiss temperature, respectiv
and the temperature independent termx0 represents the para
magnetic contribution from the conduction electrons. The
ted values are listed in Fig. 3. A negative value ofu5
24.9 K was obtained from the fit, indicating an antiferr
magnetic character for the Pr spins which agrees with
neutron-diffraction results. Calculation of the effective m
ment using the fitted value forC gives meff52.74(5)mB ,
which is only 8% larger than the value of 2.54mB expected

FIG. 7. Temperature dependence of the peak intensity at

$ 1
2

1
2

1
2 % position, showing the variation of the square of the sta

gered magnetization with temperature. The Ne´el temperature of the
Pr spins isTN'17 K.
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for the free Pr41 ions and is much below the value of 3.58mB

for the free Pr31. Note that similar values are usually ob
tained for the Pr in Pr123 systems3 as well, suggesting tha
the paramagnetic behavior of Pr in Pr123 and in Pr124 s
tems is alike. We believe that the splitting of the free-i
ground-state term by the crystal field and hybridization b
tween the Pr 4f and O 2p orbitals plays an essential role i
the reduction of the effective moment.

If the fit is performed using the data obtained between
and 320 K, a difference of;4% in all fitted values results
The reason that we choose to use the data between 25
180 K to find the Curie-Weiss parameters for the param
netic Pr can be seen in Fig. 8, wherex(T) measured using a
stronger driving field with an rms strength of 25 Oe
shown. An anomaly is clearly evident at 200 K, signali
that a phase transition occurs at this temperature.x(T) for
temperatures above and below 200 K follow separate Cu
Weiss curves. The separation becomes larger if a stron
driving field is used. In Fig. 8, the solid curve in the low
temperature data is the same curve shown in Fig. 3, and
solid curve in the high-temperature data is a fit of the d
obtained between 230 and 320 K to the Curie-Weiss exp
sion.

The transition at 200 K is also evident in the temperat
dependence of the resistivityr(T) shown in Fig. 9. This
resistivity observed for the Pr124 is about two orders-
magnitude smaller than what is usually observed for
Pr123 systems. The basic transport property of Pr124 is
tallic but a shoulder appears around 200 K, which agr
with what is observed in other studies.4,11 This observation is
in sharp contrast with what is observed30,31 for the Pr123
system, where semiconducting behavior is seen. It has b
well established that both the single CuO chain in Y123 a
the double CuO chains in Y124 are metallic.32–34 NMR and
nuclear quadrupole resonance~NQR! measurements hav
shown that the spin susceptibilities of the CuO2 planes and
CuO chains are markedly different, suggesting that these
conducting channels may act independently.35,36 Both the
Pr123 and Pr124 contain the same CuO2-Pr-CuO2 layers.
The major differences are due to their chain structure. I
then the chain structure that is mainly responsible for

e

- FIG. 8. Temperature dependence of the in-phase compone
the ac susceptibility measured with a driving field of rms stren
25 Oe and frequency 1000 Hz. An inflection point is clearly evide
at 200 K, showing that a phase transition occurs at this tempera
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PRB 60 4217MAGNETIC ORDERING IN DOUBLE-CHAIN PrBa2Cu4O8
difference in the transport behavior between Pr123
Pr124. Apparently, double chains are capable of suppor
significant conductivity, which in turn gives rise to a metal
conduction.

No structural change was observed between 1.6 and
K. One possible origin for the transition at around 200 K
that it is associated with the ordering of the moments on
as has been suggested37 in NMR and muon-spin-relaxation
measurements and has been observed27 in Pr123 single crys-
tals. We note that the expected magnetic intensities ass
ated with the Cu ordering are smaller than those associ
with the Pr spins, since a smaller moment for the Cu
anticipated. The difference between the neutron-diffract
patterns taken at 150 and 240 K does show small magn
signals at the positions of the half-integral peaks. Unfor
nately, based on our powder neutron data no definitive c
clusion can be made at the present time, due to the la
error bars for the observed signals, and it may not be feas
to study this issue using powder samples. Measurement
ing single crystals are likely necessary before definitive c
clusions can be drawn concerning the origin of this tran
tion. We further note that a Curie-Weissx(T) is also
expected for a noninteracting two-component paramagn
system.38,39 If the Cu spins do order at 200 K, the observ
Curie-Weissx(T) above 200 K is then contributed by bo
the paramagnetic Pr and paramagnetic Cu moments. Tre
these two components as being statistically independe38

and using the paramagnetic parameter obtained at low
peratures for the Pr moment, we then obtained an effec
moment ofmeff50.99(4)mB for the Cu. This value seem
reasonable for Cu moments, and is close to the value
1.24mB expected for the free Cu21 ions.

C. Low temperature transition

At low temperatures, another transition is evident. In F
10 we show the low-temperature portions of thex(T) and
dx/dT measured with applied dc magnetic fields. Above
K, x(T) is essentially not affected by the applied field, sho
ing that 10 kOe is not strong enough to alter the param
netic Pr spins. Below 17 K,x is suppressed by an applie
field, and thex(T) measured with different applied field

FIG. 9. Variation of the resistivity with temperature, showin
that the basic transport property of the Pr124 is metallic, howeve
shoulder is evident around 200 K.
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depart from each other. Cusps inx(T) are clearly evident in
the Hdc>5 kOe curves. We may expect that a cusp sho
also be presented in thex(T) measured with a smaller ap
plied field if the temperature is further reduced, as thedx/dT
for the Hdc50 curve begins to show an upturn at 2.1 K, t
lowest temperature achieved in this study. Specific-he11

and resistivity5 measurements performed in other studies a
reveal anomalies at these temperatures. Naturally, one c
ask whether this is associated with the Pr spin ordering o
separate transition. First, a ferromagnetic character for
transition at low temperature is suggested as the peak p
tion shifts to higher temperature when the strength of
applied field is increased, while the coupling between the
spins is antiferromagnetic in nature as shown above. Sec
dx/dT shown in Fig. 10 indicates that the low-temperatu
transition occurs below 5 K, while the order parameter d
shown in Fig. 7 reveals that the Pr ordering saturates aro
8 K. These observed phenomena lead us to believe that
low-temperature anomaly is associated with a transit
other than the Pr spin ordering atTN'17 K. It is also un-
likely to be associated with the type of change in the s
structure observed in high-purity single crystals,27 since in
that case at low temperature the structure along thec axis
becomes fully antiferromagnetic. This transition is also o
served in zero-field measurements of both the resistivity5 and
specific-heat11 measurements. Without an applied field t
peak inx(T) is expected to appear at 1.5 K by extrapolatio
No magnetic signal was observed to develop between
neutron-diffraction patterns taken at 1.6 K~lowest tempera-
ture available in this study! and 6 K. We remark that an

a

FIG. 10. Effects of an applied dc field onx(T). Above 17 K,
x(T) is essentially unaffected by the applied field, whilex(T) is
suppressed below 17 K. Cusps inx(T) are clearly evident in the
Hdc>5 kOe curves.
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anomaly at 5 K in both the specific-heat and susceptibi
data was also seen2 in the Pr123 system. Its origin remains
be clarified.

V. CONCLUSION

In summary, double-chain PrBa2Cu4O7.98 has been suc
cessfully synthesized using the nitric pyrolysis method
ambient oxygen pressure. The compound crystallizes into
orthorhombic symmetry of space groupAmmm. No struc-
tural phase transition was observed in the temperature ra
of 1.6–320 K. The system displays metallic conductio
which we believe is mainly attributed to the double-Cu
chains. An anomaly is evident at around 200 K in both the
susceptibility and resistivity, which could be associated w
the ordering of the Cu spins. The coupling between the
spins is antiferromagnetic in nature, and they order at 1
with a collinear structure. Apparently, the presence of
extra chain layer and a triangular spatial arrangement for
n

H
.

-
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.
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t,
J

.

o

o

y

t
an

ge
,

c
h
r

K
n
e

Pr spins in theb-c plane does not significantly alter th
ordering temperature of Pr. The coupling within the ba
plane dominates the Pr magnetism, as expected from the
isotropic crystal structure of this class of materials. Simi
to what has been observed in the Pr123 system, ther
another transition that occurs at a lower temperature, wh
origin remains to be clarified.
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