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We report the magnetotransport and dc magnetic susceptibility of the polycrystalline samples
of ProBasCurO15_5, to examine the effect of magnetic field on the superconducting phase of the
metallic CuO double chain. The resistive critical magnetic field is estimated to be about 21 T at
low temperatures from the resistive transition data. On the other hand, the corresponding critical
field determined from the magnetization measurements gives rise to a very low value of ~ 0.3 T at 2
K. These discrepancies in the magnetic response between the resistivity and magnetization data are
caused by disappearance of the magnetically shielding effect even in relatively lower fields. In spite
of the observation of the resistive drop associated with the superconducting transport currents,
the suppression of the diamagnetic signal is probably related to the superconductivity of quasi
one-dimensional CuO double-chain. The behavior of Seebeck coefficient in the superconducting
PrsBasCuzO15-5 is discussed on the basis of the double chain model from the density functional

band calculation.

PACS numbers: 74.25.Ha,74.25.F-,74.90.+n

I. INTRODUCTION

Since the discovery of high-T. copper-oxide supercon-
ductors, extensive studies on strongly correlated elec-
tron system have been in progress on the basis of phys-
ical properties of two-dimensional (2D) CuO: planes.
Moreover, from the viewpoint of low-dimensional physics,
particular attention is paid to the physical role of
one-dimensional (1D) CuO chains included in some
families of high-T. copper oxides. It is well known
that the Pr-substitution for Y-sites in YBasCuzOr_;
(Y123) and YBayCusOg (Y124) compounds dramati-
cally suppresses T, and superconductivity in CuO, planes
disappears beyond the critical value of Pr , z.=0.5
and 0.8, respectively.l2 Such a suppression effect due
to Pr-substitution on superconductivity has been ex-
plained in terms of the hybridization model with re-
spect to Pr-4f and O-2p orbitals.2 Intermediate be-
tween PrBasCuszOr7_s (Pr123) with CuO single chains
and PrBa;CusOg (Pr124) with CuO double chains is
the PryBasCuz015_5 (Pr247) compound with an alter-
native repetition of the CuO single chain and double
chain blocks along the c-axis, isostructural with super-
conducting YoBasCuzO15 5 (Y247).45 For the Pr247
compound, it is possible to examine physical properties
of the metallic CuO double chains by controlling oxygen
content § along the semiconducting CuO single chains.
From the anisotropic resistivity measurement of single
crystal Pr124, we note that its metallic transport is re-
sponsible for the conduction in the CuO double chains.®

Matsukawa et al., discovered that oxygen removed
polycrystalline ProBayCu; O15_s with metallic CuO dou-

ble chain shows superconductivity around the onset
To" =~ 15 K.7 In the Hall coefficient measurement of
the superconducting Pr247, it is found that the main car-
rier is varied from hole to electron at intermediate tem-
peratures below 120 K upon decreasing temperatures,
indicating an electron doped superconductor.® A nuclear
quadrapole resonance experiment conformed that the su-
perconductivity of the reduced Pr247 is realized at the
CuO double chains.? For the appearance of Pr247 su-
perconductor, it is essential to remove oxygen from the
as sintered sample of Pr247 through reduction procedure
and then electrons are probably doped to the CuO double
chain layeres.”1%:1! High-resolution transmission electron
microscopy (TEM) analyses of the heterogeneous Pr247
sample exhibits that there exists an irregular long-period
stacking structure along the ¢ axis such as {D-S-S-S-S-
D} sequence, where S and D denote CuO single chain
and CuO double chain blocks, respectively.l! Recently,
Toshima et al., reported the effect of pressure on the
magnetization, and transport properties in the nominal
composition ProBasCu;0O15_s5 synthesized by a sol-gel
technique.l? Their work reveals that the higher super-
conductivity of T2 =~ 30 K for the 6 = 0.94 sample
is achieved and is enhanced up to 36 K under the ap-
plied pressure of 1.2 GPa. From the theoretical point
of view, the superconductivity of Pr247 was clarified by
using the CuO double chain model.2417 Sano et al., pro-
pose an electronic phase diagram including the supercon-
ducting phase in the weak coupling limit on the basis of
the Tomonaga-Luttinger liquid. The doping dependence
of superconductivity obtained in ref1212 ig qualitatively
consistent with the experimental results in Pr247.
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Fig. 1: (color online) (a)Typical crystal structure
of the electron-doped metallic double-chain compound
ProBasCur015_5. The CuO double chain structure is parallel
to the direction of b-axis. (b) TEM image of the high-T, sam-
ple exhibiting T°® = 30.5 K prepared by a sol-gel technique2.
S and D denote CuO single chain and double chain blocks.

In this paper, we demonstrate the effect of magnetic
field on the superconducting phase in the electron-doped
metallic double-chain compound PrsBasCu7;015_5 with
higher T2 = 26.5 K. In Figlll let us display a typical
crystal structure of ProBasCu;015_5, where the CuO
metallic double chain and semiconducting single chain
stack alternatively along the c-axis. In the next section,
the experimental outline is described. In Sec. III, we
show the magnetotransport and dc magnetic susceptibil-
ity of the polycrystalline samples of Pr247 with a mag-
netic phase diagram. The temperature dependence of
Seebeck coefficient in the as-sintered and reduced Pr247
is given with the magneto thermal transport data and is
discussed on the basis of the density of state calculated
by the double chain model. The final section is devoted
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Fig. 2: (color online) The x-ray diffraction pattern of the
ProBasCurOi5-_5 with To" = 26.5 K synthesized by a citrate
pyrolysis method. The inset represents the low angle diffrac-
tion data enlarged near 20 = 5° — 8°. The allow points to
the peak corresponding to the Miller index (004) of Pr247.
Neither peaks of Pr123 nor Pr124 were visible.

to the summary.

II. EXPERIMENT

Polycrystalline samples of PryBasCu;O;5_5(Pr247)
were synthesized using citrate pyrolysis and sol-gel
methods.2312 After several annealing processes, resul-
tant precursors were pressed into a pellet and it was then
calcined at 875~887 °C for a long time over 120-180 h
under ambient oxygen pressure. The reduction treat-
ment on its as-sintered sample in vacuum at 500 °C for
48 h yields oxygen removal, resulting in a realization of
the superconductivity. A typical dimension of the pel-
letized rectangular sample is 9.9 x 2.4 x 1.7 mm?®. High-
resolution transmission electron microscopy of the Pr247
sample with 79" = 30.5 K was observed with an FEI-
Titan microscope operated at 300 kV at Tohoku Univer-
sity. Experimental images were obtained by using the
high-angle annual drak-field scanning transmission elec-
tron microscope (HAADF-STEM) method for local crys-
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Fig. 3: (color online) (a) Temperature variation of the electri-
cal resistivity for the ProBasCu7O15-5 sample reduced for 48
h in vacuum. For comparison, the data of the as-sintered sam-
ple are shown. The inset displays the enlarged data of the re-
duced sample around T,. (b) Temperature dependence of the
magnetic susceptibility M/H of the reduced PraBasCuzO15_5
measured in a magnetic field of 2 mT after zero-field and field
cooling (ZFC and FC). In the inset, the magnified data are
plotted to clarify the definition of T2™.

tal structure analysis.2? The oxygen deficiency estimated
from gravimetric analysis attain 6 = 0.56 for the sam-
ple with 72" = 26.5 K prepared by the citrate method.
For the sample synthesized by sol-gel method, § is 0.96
for 72 h reduction, giving T™ = 30.5 K. The electric
resistivity in zero field was measured with dc four ter-
minal method. The measurement of magnetotransport
was carried out with the ac four-probe method using the
Physical Property Measuring System (Quantum Design,
PPMS) from 2 K up to 40 K in zero field cooling. The
electric current is applied to the longitudinal direction of
the sample, ranging from 0.02 mA up to 1 mA. The ap-
plied magnetic field H is perpendicular to the direction
of the applied electric current I (H L I). Seebeck coeffi-
cient S(T') was determined from both measurements of a
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Fig. 4: (color online) (a) Temperature variation of the

electrical resistivity in various magnetic fields H =
0,0.01,0.1,0.5,1,2,4,6, and 8 T for the reduced sample of
ProBasCuzO15_5. The applied current I =1 mA is perpen-
dicular to the magnetic field H (H L I). The data are col-
lected upon warming T after zero field cooling. The inset
displays the magnetoresistance effect as a function of mag-
netic field up to 8 T both at 2 and 5 K, where the allows
denote H;°™. (see the caption of Fig[f]) In the case of I =0.1
mA in H =0,1,2,4,6, and 8 T, the resistivity data are pre-
sented in (b). For comparison, the resistivity data taken at
I =0.02 mA are added both in 0 and 8 T.

thermoelectric voltage and temperature difference along
the longitudinal direction of the measured sample. The
magnetic field H perpendicular to the thermal current @
(H L Q) was applied up to 12 T in a superconducting
magnet at the High Field Laboratory for Superconduct-
ing Materials, Institute for Materials Research, Tohoku
University. The Seebeck coefficient of copper lead was
subtracted from the measured values using the published
data. The thermal conductivity data were collected with
a conventional heat flow method. The dc magnetization
was performed under the zero field cooling (ZFC) pro-
cess of 0.002~1 T using the commercial superconduct-
ing quantum interference device (SQUID) magnetometer
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Fig. 5: (color online) (a) Temperature dependence of the dc
magnetic susceptibility in H = 0.005,0.01,0.1,0.15,0.2, and
0.3 T for the reduced sample of ProBasCu7rO15_5 after zero
field cooling. In (b), its magnified data are presented. The
arrows denote the superconducting transition onset tempera-
ture T.". After ZFC, the field dependence of the isothermal
magnetization up to 1 T at 2 K is displayed in the inset of

(b).

(Quantum Design, MPMS).

IIT. RESULTS AND DISCUSSION

First of all, let us show in Fig[I(b), the TEM image of
the high T, sample with 72" = 30.5 K obtained by the
HAADF-STEM method.2? We find out that there exists
an irregular long-period stacking structure along the c
axis such as {-D-D-D-S-5-S-D-D-S-S} sequence.! Here,
S and D at the bottom of (b), denote CuO single chain
and double chain blocks along b-axis. This finding is close
to higher carrier concentration with § = 0.94, resulting in
higher T, in comparison to the regular stacking case of {-
D-S-D-S-D}. Figure[2shows the x-ray diffraction pattern
of the PryBasCuy 0155 with 79" = 26.5 K synthesized
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Fig. 6: (color online) Temperature dependence of the super-
conducting(SC) critical field Hc(T') of the reduced sample of
ProBasCu7O15_5. The onset T, (T5") and the midpoint T¢
(T™id) are determined from the resistive data as described
in the text. The zero-point T. (T7°"°) denotes the value of
the critical temperature reaching the zero-resistance state.
The value of HZ**® is defined from the field sweep data as
the magnetic field where the zero-resistance state is violated
upon increasing the field. For comparison, the inset shows
the phase diagram separating between the diamagnetic(DM)
and paramagnetic (PM) phases established from the dc mag-
netic susceptibility measurement in Figlsl HZ**° means the
magnetic field where the diamagnetic signal vanishes upon
increasing the field at fixed temperatures.

by a citrate pyrolysis method. The inset represents the
low angle diffraction data enlarged near 260 = 5°—8°. The
allow points to the peak corresponding to the Miller index
(004) of Pr247. No peak of Pr123 or Pr124 phase was
detected except for a small amount of BaCuO, around
260 = 28° — 30°.

Now, the temperature variation of the electrical resis-
tivity for the 48 h reduced sample in vacuum is shown
in Figl3l (a). For comparison, the data of the as-sintered
sample are plotted. The reduction treatment in vacuum
results in the appearance of superconducting state with
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Fig. 7: (color online)(a)Temperature dependence of See-

beck coefficient for the reduced and as-sintered samples of
ProBasCuzO15_5. In the inset, Seebeck coefficient data of
the reduced sample at lower temperatures are given under
several magnetic fields of 0, 1, 4, 8, and 12 T after zero field
cooling. (b) The energy derivative of the DOS, %‘;—g, as a
function of the electron density n. The parameters used in
this calculation are listed in ref2.

T9"=26.5 K. Furthermore, to check the bulk supercon-
ductivity, let us measure the magnetic susceptibility M/H
of the reduced Pr;BasCuz7015_s5 measured in a magnetic
field of 2 mT after zero-field and field cooling. Figure [3
(b) exhibits a diamagnetic signal below T2"=26.5 K both
in the ZFC and FC curves, which is in good agreement
with the resistive onset temperature. In particular, the
superconducting volume fraction due to the shielding ef-
fect is estimated to be ~30 % from the ZFC value at 5 K,
indicating the appearance of the bulk superconductivity.

Next, we try to measure the magnetotransport prop-
erty of the present sample, to examine the magnetic ef-
fect on the superconducting phase of the metallic double
chain. The resistivity starts to decrease below T>"=26.5
K,then follows a substantial drop, and finally achieves a
zero-resistance state at T7°*° =~15 K. The behavior of

the resistive transition in zero field is changed to a widely
broad resistive transition at the presence of magnetic field
as shown in Fig. @(a). At the maximum field of 8 T, we
observe T"=20.0 K from 26.5 K at 0 T , and the value
of TZ*™ is considerably lowed down to 2 K at 8 T from
15 K at 0 T. Further, to check the motion of magnetic
flux due to the Lorenz force, we examine the behavior of
the resistive transition under magnetic fields at the lower
current I =0.1 mA.(Fig. @(b)) It seems that there exists
no large differences in the magnetic field effect on the re-
sistive drop between 1 mA and 0.1 mA. In Fig. @(b), we
present the resistive transition data of ProBasCu;015_5
taken at the lowest current of 0.02 mA. In the applied
field of 8 T, we notice a small variation of the value of
Tz¢™ from 2 K at 1 mA through 2.5 K at 0.1 mA to 3
K at 0.02 mA, indicating that these resistive drops are
not caused by the motion of flux. Figure [l displays the
temperature dependence of dc magnetic susceptibility in
H = 0.005,0.01,0.1,0.15,0.2, and 0.3 T for the identi-
cal sample of PrsBasCu;015_s5 as used in the resistive
measurement. The arrows in Fig. Bl(b) represent the su-
perconducting transition onset temperature T2". From
the temperature dependence of M/H, the diamagnetic
signal almost disappears at relatively lower values above
~0.3 T. The isothermal magnetization curve measured at
2 K in the inset of Fig[l(b) is changed from its negative
towards positive value across almost 0.2 T. This finding
seems to be in disagreement with the resistive transition
data reported here. This discrepancy in the magnetic re-
sponse between the resistivity and magnetic susceptibil-
ity is caused by a strong suppression of the magnetically
shielding effect in the latter measurement. Here, we eval-
uate from the resistive data taken at /=0.1 and 1.0 mA
the temperature dependence of the superconducting criti-
cal field, to establish the superconducting phase diagram.
The onset T, (T2") is determined from the intersection
of the two lines extrapolated from the normal-state and
superconducting-state resistivity, just above and below
T., respectively. The midpoint T, (T™¢) is defined at
the temperature where the resistivity decreases by a half
of its value at T°". The values of 7", T4 and Tzer
are determined from the temperature sweep data, while
the value of HZ™ is defined from the field sweep data.
The critical field at 0 K is estimated to be ~21 T from
fitting the data of the onset T using the parabolic func-
tion formula of the critical field. For comparison, let us
show in the inset of Fig. [6] the phase diagram separating
between the diamagnetic and paramagnetic phases estab-
lished from the dc magnetic susceptibility measurement
in Figlll As mentioned before, the resistive critical field
is, by about two orders of magnitude, much grater than
the value of the critical field estimated from the magne-
tization data, which is closely related to the supercon-
ducting state of the CuO double chain. Following several
theoretical works of a 1D interacting electron gas, it is
well known that a 3D long-range ordering phase can ex-
ist only due to the finite interchain coupling. The super-
conducting transition temperature, where 3D ordering of



superconducting state is established in a quasi 1D sys-
tem, is derived from the quantity T, ~ ¢ /t.2! Here, t;
and ¢t stand for intrachain and interchain transfer inte-
grals, respectively. For a quasi 1D system, we point out a
crucial role of coupling between chains due to Josephson
tunneling when the 3D superconducting state is formed
upon decreasing 7. Thus, the upper limit of 7 is esti-
mated to be 29 K using a typical value of t, ~0.5 eV and
tp/te ~14, where t;, is the transfer integral along the b
axis of the CuO double chain and ¢;/t, is the ratio of the
transfer integral along the double chain to that across
the chains. The value of #; is taken from ref1® and the
ratio of t,/t,® at low temperatures for single crystalline
PrBasCuyOyg is utilized as the experimental parameter.

Finally, let us show in Figl[ll temperature depen-
dence of Seebeck coefficient S(T') of the polycrystalline
PryBasCuy;O5_5, to examine some differences in the
electronic state between the reduced and as-sintered sam-
ples. We note that the .S behavior of both as-sintered and
reduced samples prepared by a sol-gel method!? is, in
its magnitude and temperature dependence, very similar
to the present data. Upon decreasing temperature, the
value of S of the superconducting sample reaches a broad
maximum around ~230 K, then shows a rapid decrease
below 200 K, and finally follows a substantial drop associ-
ated with the superconducting transition at low temper-
atures below 79" = 26.5K. On the other hand, S of the
non superconducting sample shows a stronger tempera-
ture dependence than that of the superconducting one at
higher temperatures, and then approaches a very small
value (~ 1uV/K) at the intermediate temperatures below
100 K. These findings of the as-sintered ProBasCuy;O15_5
are in good agreement with the temperature variation of
S of PrBayCuyOg(Pr124)22 over the whole range of tem-
perature. In the quarter filling of the 1D CuO double
chain the static charge ordering does not appear due to
the interchain transfer and instead of it charge freezing is
observed in NQR experiment of Pr124.22 We thus expect
that the anomalous behavior of Seebeck coefficient for
both the as-sintered Pr247 and Pr124 is closely related to
the presence of charge freezing. The 1D upper and lower
bands of CuO two single chains in each double chain are
separated by charge gap at the absence of the interchain
transfer. Because of weak interaction between the two
single chains, both band edges of the double chain reach
Fermi energy and yield a small overlap in energy, leading
to the compensated half metallic state. It seems that the
value of S oscillates along the horizontal axis upon low-
ering temperature below 100 K, indicating the existence
of two kind of carriers such as electrons and holes. If
in the half metal picture one lower band is almost filled,
and another upper band is nearly empty, we then expect
that holes are almost compensated with electrons. The
present two band model also reproduces the experimen-
tal result that Hall coefficient Ry of the as-sintered Pr247
below 100 K is, in its magnitude, much lower than that
of the electron doped sample by reduction treatment.®

For conventional metal, Seebeck coefficient is expressed

in such a way,

_ (mk)’T (dIn(N(E))
S(T) = 3?6 { dE }E:EF’

(k)T [ 1 dN(E)
T 3¢ N dE [pp’

where N(E) is the density of electronic state (DOS).2
Here, we assume the energy dispersion F(k) of the dou-
ble chain model given in ref.8. The inter-chain hopping
integrals are neglected since their contribution to the en-
ergy derivative of the DOS is very small except for the
band edges near n ~ 0. By using the following formula
and calculating the energy derivative of the DOS as a
function of the electron density n,

1dN 1 (_i va2>

NdE ~ 1/vp, +1/vp, Uf}l _U%Z

the density functional band calculation then gives the
calculated data as shown in Fig[f(b). Here, vp, and vp,
represent two Fermi velocities in the double chain model,
v = dE/dk, and v' = dv/dk. From Fig[f(b), the elec-
tron density up to n =~ 0.4 gives rise to S > 0 in the
case of e < 0, which is consistent with the experimental
result. Moreover, lower S of the reduced sample at high
temperatures near 250 K in comparison to that of the as
sintered one supports a monotonous decrease of the abso-
lute value of % ‘é—g due to electron doping. The value Ry
for the citrate sample measured at 20 K is —0.77 x 1073
cm?®/C (not shown here), which is not so far from the
data of Pr247 prepared by high pressure synthesis. The
effect on magnetic field on Seebeck coefficient of the su-
perconducting sample is qualitatively similar to that on
the resistivity as displayed in the inset of Fig[f{a). The
field dependence of S for the superconducting Pr247 up
to 12 T does not approach the behavior of the as-sintered
non-superconducting S.This finding also supports a quite
difference in the electronic state between the as-sintered
and reduced samples in Pr247.

IV. SUMMARY

We have investigated the magnetotransport and dc
magnetic susceptibility of the polycrystalline samples of
PryBasCu;O15_s, to examine the effect of magnetic field
on the superconducting phase of the metallic CuO double
chain. The resistive critical magnetic field is estimated
to be about 21 T at low temperatures from the resistive
transition data. On the other hand, the corresponding
critical field determined from the magnetization measure-
ments gives rise to a very low value of ~ 0.3T at 2 K.
These discrepancies in the magnetic response between
the resistivity and magnetization data are caused by dis-
appearance of the magnetically shielding effect even in



relatively lower fields. In spite of the observation of the
resistive drop associated with the superconducting trans-
port currents, the suppression of the diamagnetic signal
is probably related to the superconductivity of quasi one-
dimensional CuO double-chain. We report temperature
dependence of Seebeck coefficient S(T') of the polycrys-
talline ProBasCu;015_5 , to examine some differences in
the electronic state between the reduced and as-sintered
samples. The behavior of S(T") in the superconducting
Pr247 is discussed on the basis of the double chain model
from the density functional band calculation.
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