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a b s t r a c t 

To examine the thermodynamic properties of Pr 2 Ba 4 Cu 7 O 15 - δ compounds with metallic CuO double 

chains, we measured the specific heats of superconducting and non-superconducting polycrystalline sam- 

ples at low temperatures (1.8–40 K) under various magnetic fields (up to 9 T). In the as-sintered non- 

superconducting sample, a λ- like enhancement in the specific heat measurement appeared near the an- 

tiferromagnetic transition temperature T N = 17 K. In contrast, the reduced superconducting sample with 

T on 
c = 26 . 5 K exhibited no obvious superconducting anomaly in its specific heat data, but a Schottky-like 

broad maximum appeared at low temperatures. The Schottky-like anomaly was attributed to low-lying 

quasi-triplet splitting of Pr 3+ ions under the crystal field effect. 

© 2015 Elsevier B.V. All rights reserved. 

1

 

s  

t

p  

d  

o

 

P  

h

(  

a  

d  

t  

w  

g  

C  

h  

c  

t  

b  

t

 

t  

d  

(  

c  

t  

s  

p  

I  

t  

c  

h

0

. Introduction 

Since the discovery of high- T c copper-oxide superconductors,

trongly correlated electron systems have been extensively inves-

igated. Besides the physical properties of two-dimensional CuO 2 

lanes, researches have focused on the physical role of one-

imensional (1D) CuO chains in some families of high- T c copper

xides. 

Structurally, the Pr-based cuprates, PrBa 2 Cu 3 O 7 - δ (Pr123) and

rBa 2 Cu 4 O 8 (Pr124), are identical to their corresponding Y-based

igh- T c superconductors, YBa 2 Cu 3 O 7 - δ (Y123) and YBa 2 Cu 4 O 8 

Y124). Pr123 and Pr124 compounds have insulating CuO 2 planes

nd are non-superconductive [1,2] . The suppression of supercon-

uctivity in the Pr substitutes has been explained by the hybridiza-

ion of Pr-4 f and O-2 p orbitals [3] . The crystal structure of Pr124

ith CuO double chains differs from that of Pr123 with CuO sin-

le chains. It is well known that CuO single chains in Pr123 and
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uO double chains in Pr124 show semiconducting and metallic be-

aviors, respectively [4] . The carrier concentration of doped double

hains of Pr124 is difficult to vary, because it is thermally stable up

o high temperatures. In addition, Pr ions in both Pr123 and Pr124

ecome antiferromagnetic ordered at the antiferromagnetic transi-

ion temperature T N = 17 K [5,6] . 

The compound Pr 2 Ba 4 Cu 7 O 15 - δ (Pr247) is an intermediate be-

ween Pr123 and Pr124. In this compound, CuO single-chain and

ouble-chain blocks are alternately stacked along the c -axis [7,8]

see Fig. 1 ). The physical properties of the metallic CuO double

hains can be examined by controlling the oxygen content along

he semiconducting CuO single chains. Anisotropic resistivity mea-

urements of single-crystal Pr124 have revealed that metallic trans-

ort arises by the conduction along the CuO double chains [9] .

n oxygen removed polycrystalline Pr 2 Ba 4 Cu 7 O 15 - δ, superconduc-

ivity appears at an onset temperature T on 
c of ∼ 15 K [10] . Hall

oefficient measurements of superconducting Pr247 with T on 
c = 15

 have revealed that at intermediate temperatures below 120 K,

he main carriers change from holes to electrons, as the temper-

ture decreases. Accordingly, this compound is an electron-doped

uperconductor [11] . In our previous study, we examined the

http://dx.doi.org/10.1016/j.physc.2015.12.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/physc
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Fig. 1. (a) Typical crystal structure of Pr 2 Ba 4 Cu 7 O 15 - δ compound. Blocks of CuO sin- 

gle chains (denoted S ) and CuO double chains ( D ) are alternately stacked along c - 

axis. (b) TEM image of superconducting Pr 2 Ba 4 Cu 7 O 15 - δ compound with a supercon- 

ducting onset temperature T on 
c of 26.5 K. 
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effect of magnetic fields on the superconducting phase of Pr247

[12] . Despite of the resistive drop associated with the super-

conducting transition, we found that the diamagnetic signal was

strongly suppressed as expected in the 1D superconductivity of

CuO double chains. We also reported the temperature dependence

of the Hall coefficient in superconducting Pr247 with a higher

T on 
c ∼ 27 K [13] . Our findings indicated that the superconduct-

ing transition temperature increased because the density of doped

electron carriers became denser under the reduction treatment,

consistent with a theoretical prediction [14] . 

In this paper, we demonstrate the thermodynamic prop-

erties of the electron-doped metallic double-chain compound

Pr 2 Ba 4 Cu 7 O 15 - δ, which has a higher T on 
c (26.5 K), under dif-

ferent magnetic fields. Fig. 1 displays the typical crystal struc-

ture of Pr 2 Ba 4 Cu 7 O 15 - δ, in which the CuO metallic double

chains and semiconducting single chains are alternately stacked

along the c -axis. Section 2 outlines the experimental methods,

and Section 3 presents the magneto-transport and magneto-

thermodynamic properties of polycrystalline Pr247 samples. Along

with the magneto-transport data, we report the temperature de-

pendences of the specific heats in the as-sintered and reduced

Pr247. These results are discussed in terms of a three-level sys-

tem (quasi triplet), in which the ground-state of the Pr 3+ ions is

split by the crystal field effect. The final section is devoted to a

summary. 

2. Experiment 

Polycrystalline samples of Pr 2 Ba 4 Cu 7 O 15 - δ(Pr247) were synthe-

sized by the citrate pyrolysis method [15] . After several annealing
rocesses, the resulting precursors were pressed into a pellet and

alcined at 875–887 °C for an extended period over 120–180 h un-

er ambient oxygen pressure. The oxygen in the as-sintered sam-

le was removed by reduction treatment in a vacuum at 500 °C for

8 h, yielding a superconducting material. Typical dimensions of

he pelletized rectangular sample were 9.9 × 2.4 × 1.7 mm 

3 . The

r247 sample with T on 
c = 26 . 5 K was observed by high-resolution

ransmission electron microscopy using a JEOL3010 microscope op-

rated at 300 kV at Tohoku University. The local crystal struc-

ure was analyzed from images obtained by the high-angle annular

ark-field scanning transmission electron microscope method [16] .

he oxygen deficiency in the sample with T on 
c = 26 . 5 K prepared

y the citrate method was estimated to be δ = 0 . 56 from gravimet-

ic analysis. As a function of the oxygen deficiency, the T on 
c rises

apidly at δ ≥ ∼0.2, then monotonically increases with increasing

, and finally saturates around 26–27 K at δ ≥ ∼0.6 [17] . Accord-

ngly, the carriers in the present sample are concentrated around

he optimally doped region. 

The electric resistivity in zero magnetic field was measured by

he dc four-terminal method. The magneto-transport up to 9 T was

easured by the ac four-probe method using a physical property

easuring system (PPMS, Quantum Design) , increasing the zero-

eld-cooling (ZFC) temperatures from 2 K to 40 K. The high field

esistivity (up to 14 T) was measured in a superconducting mag-

et at the High Field Laboratory for Superconducting Materials, In-

titute for Materials Research, Tohoku University. The electric cur-

ent I was applied longitudinally to the sample ; consequently, the

pplied magnetic field H was transverse to the sample (because

 ⊥ I ). The specific heats in the ZFC mode were measured to be

etween 2 K and 40 K by the PPMS. For comparison, the tem-

erature dependence of the specific heat of the superconducting

 2 Ba 4 Cu 7 O 15 - δ (Y247) compound prepared by the high-pressure

xygen method [8] was separately measured in zero field at NIMS.

The dc magnetization was performed under ZFC in a commer-

ial superconducting quantum interference device magnetometer

Quantum Design, MPMS). Magnetic fields of 0.002 T, 0.01 T, 1 T, 3

, and 5 T were applied. 

. Results and discussion 

Fig. 1 shows the typical crystal structure and a TEM image of

he superconducting Pr 2 Ba 4 Cu 7 O 15 - δ compound with T on 
c = 26 . 5 K.

 and D denote CuO single-chain and double-chain blocks, respec-

ively. We observe a regular stacking structure of {-D-S-D-S-D}. In

he X-ray diffraction pattern of polycrystalline Pr 2 Ba 4 Cu 7 O 15 - δ syn-

hesized by the citrate pyrolysis method, a clear peak correspond-

ng to the Miller index (004) of Pr247 was observed, but peaks of

r123 or Pr124 phases were absent (data not shown) [12] . 

Fig. 2 plots the temperature dependences of the magnetic sus-

eptibilities of the non-superconducting and superconducting sam-

les under various magnetic fields (up to 5 T). In the as-sintered

ample, a typical anomaly in χ occurs near 17 K. This anomaly

s associated with an antiferromagnetic transition of the Pr sub-

attice, as previously reported in Pr123 and Pr124 systems [5,6] .

n the contrary, the 48-h-reduced sample becomes superconduc-

ive below T on 
c = 26 . 5 K. The superconducting volume fraction f

as estimated from the magnetic data taken at 10 mT by f =
· ρ/ 4 π × 100 , where χ and ρ denote the magnetic susceptibility

er unit weight and the sample density (5.3 g/cm 

3 ), respectively.

s displayed in the inset of Fig. 2 (b), the volume fraction reaches

30 % at 4 K, indicating bulk superconductivity. 

However, under high fields, the magnetic data of the super-

onducting sample monotonically increases as the temperature de-

reases to below 17 K and saturate at low temperatures. This

rend reflects the ferromagnetic character of the sample. As high-

ighted in our previous paper [12] , the diamagnetic signal is
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Fig. 2. Low-temperature dependences of magnetic susceptibilities χ of 

Pr 2 Ba 4 Cu 7 O 15 - δ compounds under various magnetic fields (1 T, 3 T, and 5 T). 

(a) Non-superconducting as-sintered sample and (b) superconducting 48-h-reduced 

sample with T on 
c = 26 . 5 K. Inset plots are magnetic data recorded at 10 mT, from 

which we estimated T on 
c = 26 . 5 K. Superconducting volume fractions estimated 

from present data are also plotted (right vertical axis in inset). 

s  

c  

s  

m  

h  

c  

m  

r  

i  

r  

t  

o

Y  

a  

m  

n  

i

 

r  

t  

P  

μ  

s  

m  

s

 

s  

o  

m

Fig. 3. Low-temperature dependences of electric resistivities of Pr 2 Ba 4 Cu 7 O 15 - δ

compounds measured under various magnetic fields. (a) As-sintered non- 

superconducting sample, measured at 0 T, 3 T, 6 T, and 9 T, and (b) 48-h-reduced 

superconducting sample with T on 
c = 26 . 5 K, measured at 0 T, 3 T, 6 T, 9 T, 12 T, and 

14 T. For comparison, inset plots resistivity data of both samples versus T (between 

2 K and 300 K). 
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uppressed despite the resistive drop associated with the super-

onducting transition. This observation is closely related to the 1D

uperconductivity of CuO double-chains. In contrast to the positive

agnetization data at higher field, the resistivity data of the 48-

-reduced sample substantially drop as the transport currents be-

omes superconducting (see Fig. 3 (b)). The clear difference in the

agnetic behavior between the as-sintered and reduced samples

eflects the different magnetic interactions among the Pr magnetic

ons. The Pr atoms in Pr124, are well separated, so their antifer-

omagnetic ordering is not dominated by the superexchange in-

eraction. Instead, we consider that the antiferromagnetic coupling

f the Pr sublattice occurs due to the Rudermann–Kittel–Kasuya–

oshida (RKKY) interaction and is mediated by itinerant carriers

s noted by Xu et al. [19] . In Pr247, the vacuum reduction treat-

ent varies the distance between the Pr ions, and the ferromag-

etic property of the reduced sample occurs through the RKKY

nteraction. 

From the magnetic susceptibility measurements over a wide

ange of temperatures range (20–200 K), we estimate the effec-

ive magnetic moment μeff of the Pr ions by the Curie–Weiss law.

erforming the calculation, we obtained that μeff = 3.02 and 3.26

B for the non-superconducting and superconducting samples, re-

pectively. These values are almost consistent with the effective

oment of Pr124 ( μeff = 3 . 11 μB ) [6] . In particular, the μeff of the

uperconducting sample is close to that of Pr 3+ (3.54 μB ). 

The magnetoresistance of the as-sintered and 48-h-reduced

amples also differ at high temperatures (above T on 
c = 26 . 5 K). In

ur next paper, concerning the effects of external pressure on the

agneto-transport of superconducting and non-superconducting 
r247, we will link this difference to the electronic phase diagram

f the 1D zigzag CuO chain model. 

Fig. 4 plots the temperature dependences of the specific heats

 / T of the non-superconducting and superconducting Pr247 com-

ounds under several magnetic fields (up to 9 T). The C / T of the

on-superconducting as-sintered sample exhibits a λ-like enhance-

ent associated with the antiferromagnetic transition of Pr ions, as

reviously reported in non-superconducting Pr123 and Pr124 sys-

ems [6,18] . As the external magnetic field increases, this sharp

ncrease is suppressed and peaks at lower temperatures. At 9 T,

he thermodynamic peak is considerably depressed and is located

round 15 K. At low temperatures (below 5 K), the specific heat

lso exhibits a strong field dependence, for reasons which have

ot yet been clarified. On the other hand, the C / T of the super-

onducting sample is not enhanced at temperatures above 15 K,

egardless of the applied magnetic field. The absence of λ− like

nhancement in reduced Pr247 appears to be consistent with the

orresponding magnetic behavior, which shows no clear AFM tran-

ition. At temperatures below 15 K, the C / T of the superconducting

ample shows a broad peak around 8.5 K. This broad anomaly is

trongly suppressed under a magnetic field. For comparison, Fig. 4

lso plots the temperature dependence of the specific heat of su-

erconducting Y247 in the absence of magnetic field, which was

repared by the high pressure oxygen method. Oxygen removed

 2 Ba 4 Cu 7 O 14 , with no superconductivity down to 2 K, exhibits a

 / T magnitude and temperature dependence similar to those of the

uperconductor Y247 [20] . Accordingly, because Y247 and Pr247

hare the same crystal structure, we roughly assumed the low-

emperature specific heat of superconducting Y247 to be the lat-

ice component of the Pr247 sample. We further assumed that
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Fig. 4. Temperature dependences of specific heats of Pr 2 Ba 4 Cu 7 O 15 - δ compounds 

under various magnetic fields (up to 9 T). (a) The non-superconducting as-sintered 

sample and (b) the superconducting 48-h-reduced sample with T on 
c = 26 . 5 K. For 

comparison, zero-field specific heat data of superconducting Y 2 Ba 4 Cu 7 O 15 - δ (Y247) 

prepared in high-pressure oxygen are also plotted. 

Fig. 5. Temperature dependences of specific heat differences �C / T observed in 

Pr247 and Y247 ( C Pr247 / T and C Y247 / T , respectively). Dashed curves are calculated 

Schottky heat anomalies due to crystal field splitting of Pr 3+ . Parameters under zero 

field were fitted as E 1 = 23 . 2 K and E 2 = 46 . 4 K . 

 

 

 

 

 

 

l

f  

v  

t  

C  

i  

d  

u  

t  

s  

g  

e  

[  

t  

fi

 

0  

e  

t  

 

g

C

w  

e

 

fi  

T  

c  

t  

o  

f  

c  

3  

o  

b  

t  

a  

d  

c  

e  

t  

s  

a  

w  

c  

c

4

 

d  

m  

s  

u  

a  

h  

1  

s  

t  

1  

p  

l  

t

the low-temperature dependences of the electronic components of

both Y247 and Pr247 were significantly smaller than those of the

lattice parts. 

Fig. 5 plots the specific heat differences dC / T between the su-

perconducting Pr247 and Y247 data ( C Pr247 / T and C Y247 / T , respec-

tively) versus temperature. Comparing our results with the previ-

ous data obtained using Pr-based 123 [21] , it is evident that the
ow-temperature specific heat data of PrBa 2 Cu 3 O 7 and PrBa 2 Cu 3 O 6 

ollow temperature trends, similar to those of as-sintered and

acuum-reduced Pr247, respectively. The common features include

he λ-like enhancement in the former compounds and the broad

 / T maximum in the latter. To analyze the low-temperature peak

n the specific heat trends of PrBa 2 Cu 3 O 6 , Hilscher et al. [21] intro-

uced a Schottky type specific heat contributed by a thermal pop-

lation of electrons. In this study, we followed Hilscher’s approach

o understand the broad maximum in the C / T of the corresponding

uperconducting Pr247 [22] . In the Pr123 system, the crystal field

round state of the Pr ion is a quasitriplet and is separated by sev-

ral tens of meV from the group of remaining crystal field levels

21,23] . Accordingly, we assumed that at temperatures below 30 K,

he energy levels of the Pr ion are split into three by the crystal

eld effect. 

Assuming that for three energy levels E i (i = 0 , 1 , and 2) E 0 =
 K and E 1 < E 2 , we then get a partition function for the three

nergy level system, Z = 1 + e −βE 1 + e −βE 2 ( β = 1 /kT ). Substituting

he above formula into a general expression for a specific heat, C =
1 

kT 2 
d 2 log Z 

dβ2 , a Schottky-type specific heat with three energy levels is

iven by 

 Sch = k B 
x 2 e −x + y 2 e −y + (x − y ) 2 e −x −y 

(e −x + e −y + 1) 2 

here x = E 1 /T and y = E 2 /T denote the temperature reduced en-

rgy levels. 

As shown in Fig. 5 , the zero field data below 30 K are roughly

tted by the Schottky expression with E 1 = 23 . 2 K and E 2 = 46 . 4 K .

he energy levels fitted to the curves of the superconducting Pr247

ompound are similar to the experimental and calculated crys-

al field levels of the 3 H 4 multiplet in PrBa 2 Cu 3 O 6 , which has

rthorhombic crystal field parameters. For example, as predicted

rom inelastic neutron scattering measurements of PrBa 2 Cu 3 O 6 , the

rystal field splitting of this compound is E 1 = 19 . 7 K and E 2 =
9 . 4 K [21] . The low-temperature peak in the specific heat of the

xygen-removed superconducting sample is reasonably described

y the Schottky anomaly (see Fig. 5 ). The small discrepancy be-

ween the calculated curve and the experiment data is probably

ttributed to magnetic interactions among the Pr ions. The re-

uced superconducting sample shows no obvious anomaly asso-

iated with the superconducting transition, inconsistent with the

xperimentally observed resistive drop and diamagnetic signal as

he temperature decreases. As shown in the inset of Fig. 2 , the

uperconducting volume fraction is several percent around 15 K,

nd rapidly increases as the temperature falls below 10 K. Thus,

e infer that the superconducting anomaly of metallic CuO double

hains is masked by the Schottky like broad enhancement in C / T

aused by the crystal field effect of the Pr ions. 

. Summary 

We demonstrated the thermodynamic properties of supercon-

ucting and non-superconducting Pr 2 Ba 4 Cu 7 O 15 - δ compounds with

etallic CuO double chains. For this purpose, we measured the

pecific heats of the polycrystalline samples at low temperatures

nder varying magnetic fields (up to 9 T). The specific heat of the

s-sintered non-superconducting sample displayed the λ- like en-

ancement near the antiferromagnetic transition temperature T N =
7 K. This anomaly around the superconducting transition was ab-

ent in the reduced superconducting sample for reasons related to

he small superconducting volume fraction at temperatures above

5 K. As the temperature decreased below 15 K, the C / T of the su-

erconducting sample broadly peaked around 8.5 K. This Schottky-

ike broad maximum was attributed to low-lying quasi-triplet split-

ing of Pr 3+ ions under the crystal field effect. 
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