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Magnetic and superconducting phase diagram of electron-doped Pr1ÀxLaCexCuO4
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We have investigated the magnetism and the superconductivity of the electron-doped Pr12xLaCexCuO4 by
means of zero-field muon spin rotation/relaxation and magnetic susceptibility measurements. At low tempera-
tures, a well-defined muon spin rotation free from the effect of rare-earth moments was observed for samples
with x<0.08 corresponding to the antiferromagnetic~AF! order of Cu spins. Bulk superconductivity was
identified in a wide Ce concentration range of 0.09<x<0.20 with a maximum transition temperature of 26 K.
Abrupt appearance of the superconducting~SC! phase atx;0.09 is concomitant with a destroy of the AF
ordered phase, indicating the competitive relation between two phases. Possible relation between the wide SC
phase and the lattice spacing is discussed.
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I. INTRODUCTION

Electron-hole symmetry of a pairing mechanism is one
the central issues in a research on high-Tc superconductivity.
It is widely believed that a universal role of magnetism exi
because either type of carrier doping into Mott insulat
induces superconductivity. For understanding the relati
ship between magnetism and superconductivity, electro
phase diagrams provide important clues. In the hole-do
La22xSrxCuO4 ~LSCO! system, antiferromagnetic~AF! and
superconducting~SC! phases are well separated: SC pha
exists in a wide range of 0.06<x<0.27 with a parabolic
doping dependence of the SC transition temperature,Tc ,
while AF phase is located in a narrow range ofx<0.02.1,2 In
contrast, in the electron-doped Nd22xCexCuO4 ~NCCO! and
Pr22xCexCuO4 ~PCCO! systems, the optimum supercondu
tivity adjoins a broad AF phase (0<x<0.14) and the SC
phase exists in a narrow doping range of 0.14<x<0.18.3–5

Therefore, it is important to clarify the origin of electron
hole doping asymmetry seen in the phase diagram an
reveal the universal feature in the relation between mag
tism and superconductivity irrespective of types of carrie

On the other hand, recent intensive studies on the LS
system by muon spin rotation/relaxation (mSR),6,7 nuclear
magnetic resonance,8 and neutron-scattering9 techniques
have claimed that a short-range AF ordered phase abox
50.02 persists in underdoped regions, and therefore coe
or phase separates with superconductivity. This penetra
seems to be a contrastive feature with an incompatible r
tion between AF and SC phases in the electron-doped
tems, suggested in the aforementioned phase diagram.
versal feature in the phase diagram of electron-doped sys
however, is still controversial due to the limited number
comprehensive studies on both magnetism and supercon
0163-1829/2003/67~1!/014514~5!/$20.00 67 0145
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tivity, and the difficulties in preparing samples, especially
single crystals.10

In this paper, we present the phase diagram of
electron-doped PLCCO system11 over a wide Ce concentra
tion range obtained by zero field (ZF)-mSR and magnetic
susceptibility measurements. An advantage of this system
that the SC phase is extending to a lower doping reg
compared to the case of PCCO system.12,13 Thus, by inves-
tigating the magnetic phase in the system, the relation
tween AF and SC phases can be clarified. Furthermore, c
pared to the NCCO system, a considerably smaller effec
the rare-earth moment is suitable for studying the inher
nature of Cu21 spins. Present study yields an important i
formation on the relation between the AF and SC phases~i!
Upon Ce doping the AF ordered phase is drastically s
pressed atx;0.09 where the SC phase abruptly appears
the ground state, suggesting a competition between the
phases, and~ii ! the SC region of the PLCCO (0.09<x
<0.20) is extending toboth lower and higher doping region
compared with that of PCCO (0.14<x<0.18).

The format of this paper is as follows. The sample pre
ration, the characterization and experimental details are
scribed in Sec. II. In Sec. III, the results of magnetic susc
tibility and mSR measurements are introduced, then
discuss the relationship between AF and SC phase and
sible origin of wide SC phase. The present research is bli
summarized in Sec. IV.

II. EXPERIMENTAL DETAILS

Single crystals (x50.08, 0.09, 0.11, 0.13, 0.15, 0.17, 0.1
and 0.20! and powder samples (x50.04, 0.06, 0.09, and
0.11! were grown using a traveling-solvent floating-zo
method and a solid-state reaction, respectively. Dried p
©2003 The American Physical Society14-1
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ders of Pr6O11, La2O3, CeO2, and CuO were mixed and
sintered in air at 980°C for 12 h with intermediate grinding
For themSR measurements and the crystal growth, the p
fired powders were pelletized (;1 mm in thickness and
;20 mm in diameter! and baked at 1040°C for 24 h, an
were shaped into cylindrical rods~6 mm in diameter and 150
mm in length! under hydrostatic pressure and sintered
1200°C for 12 h, respectively. Crystal growth was perform
in a double focussing mirror furnace. Growth conditio
were similar to those used to NCCO single crystal.10 A part
of each as-grown crystal rods (;6 mm in diameter and
;80 mm in length! is sliced into thin disk with the thicknes
of ;1 mm, and they are mainly used for investigating S
phase.

All samples are carefully annealed under argon gas fl
at 900–950°C for;10 h and single crystals are subs
quently annealed under O2 gas-flow at 500°C for;10 h.
Removed oxygen content per unit formula from as-gro
samples was determined to be 0.03–0.05 from the we
loss of the sample after the annealing treatment. For the c
acterization of samples, we examined the Ce content and
lattice constants by the inductively coupled plasma sp
trometer and the x-ray powder diffractometer, respectiv
Evaluated Ce concentrations are approximately the sam
the nominal concentrations. At room temperature botha- and
c-axis lattice constants, which are larger than those
PCCO,14 change monotonically withx. We measureed the
magnetic susceptibility with a superconducting quantum
terference device in order to determineTc .

mSR measurements are performed on powder (x50.04,
0.06, 0.09, and 0.11! and single crystal (x50.08) samples a
the pulsed muon source, RIKEN-RAL muon facility, Rut
erford Appleton Laboratory in UK. These chosen values fox
span the boundary between AF and SC phases. Positive
face muons with perfectly polarized spins parallel to t
beam and with the momentum of 29.8 MeV/c are implan
into sample. Then muon spins are depolarized by proec
ing around a local magnetic field at the muon sites. The
fore, the time evolution of muon spin polarization (mSR time
spectrum! obtained by the asymmetry of the decay positr
emission rate between forward and backward counters,A(t),
provides information on the distribution and/or the fluctu
tion of the local magnetic field and the volume fraction of t
magnetically ordered phase.15

III. RESULTS AND DISCUSSION

Figure 1 shows the susceptibility for the annealed sing
crystal samples in an applied field of 10 Oe after the ze
field-cooling process. SC transitions are observed in the w
Ce concentration range of 0.09<x<0.20, while no bulk su-
perconductivity is detected for 0.08<x samples. Based on
these results the lower critical concentration of the bulk
perconductivity is estimated to be betweenx50.08 and 0.09.
Note that onsetTc8s of thex50.09 and 0.11 powder sample
are identical with those of single crystals and supercond
ing transition was not observed in the 0.04 and 0.06 samp
Thus, we concluded that the phase diagram forx<0.11 can
be well characterized by using either powder or sing
01451
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crystal samples. We also note that the uniform magnetic s
ceptibility of PLCCO aboveTc is only ;1% of that of
NCCO, demonstrating an advantage of the PLCCO sys
for elucidation of magnetic properties of Cu spin.

In Fig. 2, the normalizedmSR time spectra after subtrac
ing time-independent background are shown for non-SCx
50.08) and SC (x50.11) samples. In both samples,
Gaussian depolarization is formed in the time spectra at h
temperatures consistent with a static nuclear-dipole field

FIG. 1. Magnetic susceptibility measured for single-crys
samples of the PLCCO system after the zero-field-cooling proc

FIG. 2. (ZF)-mSR time spectra of PLCCO with~a! nonsuper-
conducting (x50.08) and~b! superconducting (x50.11) samples.
Solid lines are results fitted with Eqs.~1! and ~2!. ~See text.!
4-2
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the rapid fluctuation of Cu21 spins. At lower temperatures
the time spectra change from a Gaussian-type depolariza
to an exponential one in both samples. This change sugg
the appearance of static or quasistatic internal magnetic
at muon sites possibly due to the development of Cu s
correlation and the slowing down of spin fluctuations. Up
further cooling to 4 K, an additional muon spin rotation co
responding to the magnetic order appears in thex50.08
sample, while such a clear rotation is not observed in thx
50.11 sample. Therefore, magnetic property changes
the phase boundary upon electron doping. Flat time spect
beyond;1 msec is clearly seen inx50.08 sample at 4 K,
meaning a negligible effect of the Pr spin fluctuation in co
trast to the case of NCCO.16,17

For the qualitative analysis of the time spectra, we fi
assumed a combination of Gaussian and exponential f
tions,

A~ t !5A1exp~2l1t !1A2exp~2l2
2t2!, ~1!

with A11A251, whereA1 andl1 , A2 andl2 are the initial
asymmetry att50 and the depolarization rate for the exp
nential and Gaussian components, respectively. The
spectra at the higher temperatures (>80 K) are well repro-
duced by this function.@In Figs. 2~a! and 2~b!, solid lines for
the time spectra at the highest temperature are the fitted
sults by Eq.~1!.# With the decreasing temperature,A1 in-
creases due to the development of spin correlation. We

FIG. 3. Fitting parameters of~a! initial asymmetryA1 of the
exponential component in Eq.~1!, ~b! A2, and~c! the frequencyf of
the rotation component in Eq.~2! for x50.08, 0.09, and 0.11
samples. Dashed lines are guides to the eye.
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fined a characteristic temperature asTN1 whereA1 exceeds
0.5 or the exponential component dominates.@See Fig. 3~a!.#
Then, to get more information regarding the ordered phas
low temperatures, the time spectra belowTN1 were again
fitted to the following equation:

A~ t !5A3exp~2l3t !1A4exp~2l4t !cos~2p f t1f!,
~2!

with A31A451, where the first and second terms expre
components of relaxation and rotation of muon spin. T
parametersA3 andl3 are the initial asymmetry and the de
polarization rate of exponential relaxation, respectively.A4
andl4 are those of rotation component andf andf are the
frequency and the initial phase of rotation. Solid lines for t
time spectra at lower two temperatures in Figs. 2~a! and 2~b!
are the fitted results by Eq.~2!.

In Figs. 3~b! and 3~c!, the obtained parameters ofA4 and
f, which represent the AF volume fraction and the relat
internal magnetic field at the muon site, respectively,
shown for the samples located near the boundary. We de
TN2 as the onset temperature for the appearance of m
spin rotation, corresponding to the existence ofstatic AF
ordered state. At low temperature, bothA4 and f decrease as
x increases. However, as seen in Fig. 3~c! the internal mag-
netic field at muon sites decreases upon electron doping
sibly due to the change in either the amplitude or in t
direction of staggered moment of Cu spins. In contrast, in
hole-doped LSCO system,f in the long-range AF ordered
phase is constant forx<0.0218,19 where the evidence20 of a

FIG. 4. Doping dependence of~a! TN1 ~closed squares!, TN2

~open diamonds!, and Tc~onset! ~closed circles! and ~b! initial
asymmetry for the rotation component ofA4 ~open squares! and
diamagnetic susceptibility~closed circles! at temperature below 4
K. Solid lines are guides to the eye. Shaded and hatched areas
upper figure correspond to AF and SC phases, respectively.
4-3
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phase separation between three-dimensional long-ra
ordered phase and spin-glass phase was observed.21,22There-
fore, the AF order degrades rather homogeneously in sp
upon electron doping in contrast to the inhomogeneous d
radation in the hole-doped system: In the electron-doped
tem, the magnetic structure and/or staggared moment
modified by doping, while in the hole-doped system, those
the undoped system persists in the slightly dop
compound.22,23 It should be noted that magnetic Bragg pea
were observed by elastic neutron-scattering measurem
below TN1,24 while no clear evidence for a static intern
field at the temperature betweenTN1 andTN2 was obtained
by longitudinal fieldmSR measurement.25 Thus, individual
Cu21 spins are fluctuating faster compared to the time sc
of mSR measurement~typically 1026–10211 sec), although
there existstime-averagedordered moment.~The state with
time-averaged moment is defined to be the Ne´el state.!

In Fig. 4~a!, the doping dependence ofTN1 , TN2 and
Tc~onset! are summarized. Upon electron doping, bulk s
perconductivity with optimumTc of 26 K abruptly appears a
x;0.09 like a first-order-transition andTN2 is dramatically
suppressed at the same time. Therefore, at the ground s
SC phase appears concomitant with the disappearance o
AF ordered phase as seen in the NCCO system,5,16 although
two phases are partially overlapped due to coexistenc
microscopic phase separation. This result combined wit
relation between the doping dependences ofA4 and the dia-
magnetic susceptibility,x, at low temperatures@Fig. 4~b!#
clearly demonstrates a competitive relation between AF
SC phases. Abrupt onset of optimum superconductivity
companied by the disappearance of AF phase is diffe
from the result in the hole-doped system showing a pene
tion of short-range AF ordered phase into the underdoped
one.6–9

Now we turn to the discussion on the doping range of
phase. As seen in Figs. 4~a!, Tc is insensitive to the Ce con
centration and this feature characterizes the wide SC ph
The wide SC phase would be related with the increase
effective carriers by La substitution suggested from resis
ity and Seebeck coefficient measurements.12,13 Arima et al.
reported a reduction of charge-transfer~CT! energy between
Cu 3d and O 2p bands as stretching Cu-O bond, i.e., latti
spacing.26 If the reduction of the CT energy is greater th
the loss from the decreasing orbital overlap,27 then the gain
in mobility would make the introduction of electrons into th
CuO2 plane easier, resulting in the wider SC phase. In ot
words, the narrower SC phases in NCCO and PCCO c
pared to that in PLCCO originate from the short lattice sp
ing.

*Electronic address: fujita@scl.kyoto-u.ac.jp
†Present address: Ishida Co., Ltd., Sakyo-ku, Kyoto 606-8392
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On the other hand, for the appearance of superconduc
ity in the 2-1-4 electron-doped systems, a reduction pro
dure such as heat treatment is necessary. Brinkmannet al.
reported an extension of SC phase in PCCO by an impro
reduction technique and Kurahashiet al. shows an occur-
rence of optimum superconductivity in the Nd1.85Ce0.15CuO4
by an adequate heat treatment.10,28 Therefore, SC composi
tion range depends on the reduction procedure. The sl
difference in the SC composition range for present crys
and powder samples of PLCCO system11,13 possibly relates
with differences in the heat treatment.

IV. SUMMARY

We have performed magnetic susceptibility andmSR
measurements for the PLCCO system in order to investig
the universal feature in the phase diagram of electron-do
system. AF order was observed in the sample with 0.04<x
<0.11. The AF order was dramatically suppressed ax
;0.09 which corresponds to the onset of the significan
wide SC phase (0.09<x<0.20) upon doping. The obtaine
phase diagram combined with the doping dependences o
volume fraction and internal magnetic field clearly demo
strates a competitive relation between AF and SC pha
Unlike the case of hole-doped LSCO in which the magne
structure and/or staggared moment of the undoped sys
persists in the slightly doped compound, those of PLCC
system are gradually modified by the electron doping. T
SC region of the PLCCO is much wider than that of PCC
Enlarged lattice spacing by the La substitution is a poss
reason for the introduction of carrier into the CuO2 plane
easier and the wider SC phase. Further comprehensive s
ies on single crystals are required to clarify the fundamen
features in the electron-doped superconductivity.
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