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Magnetic and superconducting phase diagram of electron-doped Rr,LaCe,CuO,
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We have investigated the magnetism and the superconductivity of the electron-depgdae CuO, 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 antiferromagneifd=) order of Cu spins. Bulk superconductivity was
identified in a wide Ce concentration range of Gs08<0.20 with a maximum transition temperature of 26 K.
Abrupt appearance of the superconductiSg) 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 tivity, and the difficulties in preparing samples, especially in
single crystals®

Electron-hole symmetry of a pairing mechanism is one of In this paper, we present the phase diagram of the
the central issues in a research on highsuperconductivity. — electron-doped PLCCO systéhover a wide Ce concentra-
It is widely believed that a universal role of magnetism existstion range obtained by zero fiel F)-uSR and magnetic
because either type of carrier doping into Mott insulatorssusceptibility measurements. An advantage of this system is
induces superconductivity. For understanding the relationthat the SC phase is extending to a lower doping region
ship between magnetism and superconductivity, electronicompared to the case of PCCO systént Thus, by inves-
phase diagrams provide important clues. In the hole-dopetigating the magnetic phase in the system, the relation be-
La,_,Sr,CuQ, (LSCO) system, antiferromagnetid\F) and  tween AF and SC phases can be clarified. Furthermore, com-
superconductingSCO) phases are well separated: SC phasepared to the NCCO system, a considerably smaller effect of
exists in a wide range of 0.86x<0.27 with a parabolic the rare-earth moment is suitable for studying the inherent
doping dependence of the SC transition temperatlige, hature of C&* spins. Present study yields an important in-
while AF phase is located in a narrow rangexsf0.02%In  formation on the relation between the AF and SC phaggs:
contrast, in the electron-doped NgCeCuQ, (NCCO) and  Upon Ce doping the AF ordered phase is drastically sup-
Pr,_,CegCu0Q, (PCCO systems, the optimum superconduc- pressed ak~0.09 where the SC phase abruptly appears at
tivity adjoins a broad AF phase €x<0.14) and the SC the ground state, suggesting a competition between the two
phase exists in a narrow doping range of &s34<0.183-5  phases, andii) the SC region of the PLCCO (0.6%
Therefore, it is important to clarify the origin of electron- <0.20) is extending tdoth lower and higher doping region
hole doping asymmetry seen in the phase diagram and teompared with that of PCCO (0.8&k=<0.18).
reveal the universal feature in the relation between magne- The format of this paper is as follows. The sample prepa-
tism and superconductivity irrespective of types of carrier. ration, the characterization and experimental details are de-

On the other hand, recent intensive studies on the LSC@®cribed in Sec. II. In Sec. lll, the results of magnetic suscep-
system by muon spin rotation/relaxatiop$R) &7 nuclear  tibility and SR measurements are introduced, then we
magnetic resonande,and neutron-scatterifigtechniques ~discuss the relationship between AF and SC phase and pos-
have claimed that a short-range AF ordered phase akove sible origin of wide SC phase. The present research is bliefly
=0.02 persists in underdoped regions, and therefore coexis&!mmarized in Sec. IV.
or phase separates with superconductivity. This penetration
seems to be a contrastive feature _with an incompatible rela- Il EXPERIMENTAL DETAILS
tion between AF and SC phases in the electron-doped sys-
tems, suggested in the aforementioned phase diagram. Uni- Single crystalsX=0.08, 0.09, 0.11, 0.13, 0.15, 0.17, 0.18
versal feature in the phase diagram of electron-doped systerand 0.20 and powder samplesx&0.04, 0.06, 0.09, and
however, is still controversial due to the limited number of0.11) were grown using a traveling-solvent floating-zone
comprehensive studies on both magnetism and supercondutiethod and a solid-state reaction, respectively. Dried pow-

0163-1829/2003/61)/0145145)/$20.00 67 014514-1 ©2003 The American Physical Society



M. FUJITA et al. PHYSICAL REVIEW B 67, 014514 (2003

sintered in air at 980°C for 12 h with intermediate grindings.
For the uSR measurements and the crystal growth, the pre-
fired powders were pelletized~1 mm in thickness and
~20 mm in diameterand baked at 1040°C for 24 h, and
were shaped into cylindrical rod6 mm in diameter and 150
mm in length under hydrostatic pressure and sintered at
1200°C for 12 h, respectively. Crystal growth was performed
in a double focussing mirror furnace. Growth conditions
were similar to those used to NCCO single cry$?a part

of each as-grown crystal rods~6 mm in diameter and
~80 mm in lengthis sliced into thin disk with the thickness

ders of PgO,;, La,0;, CeQ, and CuO were mixed and Prl_xLaCexCuO4
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of ~1 mm, and they are mainly used for investigating SC -0.015 i
phase. ) T SN
All samples are carefully annealed under argon gas flow 0 10 20 30

at 900-950°C for~10 h and single crystals are subse-
quently annealed under,Qyas-flow at 500°C for~10 h. Temperature(K)

Removed oxygen content per unit formula from as-grown
samples was determined to be 0.03—0.05 from the weight FIG. 1. Magnetic susceptibility measured_ for sin_gle—crystal
loss of the sample after the annealing treatment. For the chaf@mples of the PLCCO system after the zero-field-cooling process.
acterization of samples, we examined the Ce content and the
lattice constants by the inductively coupled plasma specerystal samples. We also note that the uniform magnetic sus-
trometer and the x-ray powder diffractometer, respectivelyceptibility of PLCCO aboveT, is only ~1% of that of
Evaluated Ce concentrations are approximately the same &#8CCO, demonstrating an advantage of the PLCCO system
the nominal concentrations. At room temperature lzstand  for elucidation of magnetic properties of Cu spin.
c-axis lattice constants, which are larger than those in In Fig. 2, the normalize@ SR time spectra after subtract-
PCCO;* change monotonically wittx. We measureed the ing time-independent background are shown for non-$C (
magnetic susceptibility with a superconducting quantum in—=0.08) and SC X=0.11) samples. In both samples, a
terference device in order to determimg. Gaussian depolarization is formed in the time spectra at high
1SR measurements are performed on powder@.04, temperatures consistent with a static nuclear-dipole field and
0.06, 0.09, and 0.21and single crystalX=0.08) samples at
the pulsed muon source, RIKEN-RAL muon facility, Ruth-
erford Appleton Laboratory in UK. These chosen values<for Prl_xLaCexCuO4
span the boundary between AF and SC phases. Positive sur- . . .
face muons with perfectly polarized spins parallel to the (a) +=0.08
beam and with the momentum of 29.8 MeV/c are implanted e
into sample. Then muon spins are depolarized by proecess- 1.0 ety o ny
ing around a local magnetic field at the muon sites. There-
fore, the time evolution of muon spin polarization$R time
spectrum obtained by the asymmetry of the decay positron
emission rate between forward and backward counggy,
provides information on the distribution and/or the fluctua-
tion of the local magnetic field and the volume fraction of the
magnetically ordered phasg.

—-4K
- 170K

IIl. RESULTS AND DISCUSSION

Figure 1 shows the susceptibility for the annealed single-
crystal samples in an applied field of 10 Oe after the zero-
field-cooling process. SC transitions are observed in the wide
Ce concentration range of 08%=0.20, while no bulk su-
perconductivity is detected for 0.88« samples. Based on
these results the lower critical concentration of the bulk su-
perconductivity is estimated to be between0.08 and 0.09.
Note that onseT ;s of thex=0.09 and 0.11 powder samples Time (us)
are identical with those of single crystals and superconduct-
ing transition was not observed in the 0.04 and 0.06 samples. FIG. 2. (ZF)-uSR time spectra of PLCCO witts) nonsuper-
Thus, we concluded that the phase diagramxfsi0.11 can  conducting k=0.08) and(b) superconductingx=0.11) samples.
be well characterized by using either powder or single-Solid lines are results fitted with Egél) and (2). (See tex.
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FIG. 4. Doping dependence @& Ty; (closed squares Ty,
(open diamonds and T.(onsej (closed circles and (b) initial
asymmetry for the rotation component Af, (open squargsand
diamagnetic susceptibilityclosed circles at temperature below 4

the rotation component in Eq2) for x=0.08, 0.09, and 0.11
samples. Dashed lines are guides to the eye.

at muon sites possibly due to the development of Cu spin

K. Solid lines are guides to the eye. Shaded and hatched areas in the
upper figure correspond to AF and SC phases, respectively.

fined a characteristic temperature B, whereA; exceeds

0.5 or the exponential component dominaf&ee Fig. 8).]

the rapid fluctuation of G spins. At lower temperatures, Then, to get more information regarding the ordered phase at
the time spectra change from a Gaussian-type depolarizatidow temperatures, the time spectra beldy,; were again

to an exponential one in both samples. This change suggeditied to the following equation:
the appearance of static or quasistatic internal magnetic field

correlation and the slowing down of spin fluctuations. Upon

further cooling to 4 K, an additional muon spin rotation cor-
responding to the magnetic order appears in xk€0.08

sample, while such a clear rotation is not observed inxthe
=0.11 sample. Therefore, magnetic property changes nedf
the phase boundary upon electron doping. Flat time spectruﬁ)\O
beyond~1 usec is clearly seen irR=0.08 sample at 4 K,

meaning a negligible effect of the Pr spin fluctuation in con-

trast to the case of NCCH:Y’

For the qualitative analysis of the time spectra, we firs
assumed a combination of Gaussian and exponential fun

tions,

A(t)=Aexp(—\t) + Ajexp — A3t?),

()
with A;+A,=1, whereA; and\, A, and\, are the initial

A(t) = Azexp( — st) + Azexp( — gt)cod 27t + ),

2

with A;+A,=1, where the first and second terms express

components of relaxation and rotation of muon spin. The

arameterd\; and\ 5 are the initial asymmetry and the de-

larization rate of exponential relaxation, respectivély.

and\ , are those of rotation component ahdnd ¢ are the

frequency and the initial phase of rotation. Solid lines for the

time spectra at lower two temperatures in Figs) 2nd 2Zb)

are the fitted results by E@2).
_ In Figs. 3b) and 3c), the obtained parameters Af; and

(f, which represent the AF volume fraction and the relative

internal magnetic field at the muon site, respectively, are

shown for the samples located near the boundary. We define

Ty as the onset temperature for the appearance of muon

spin rotation, corresponding to the existencestdtic AF

asymmetry at=0 and the depolarization rate for the expo- ordered state. At low temperature, b&th andf decrease as
nential and Gaussian components, respectively. The timeincreases. However, as seen in Figc)3he internal mag-

spectra at the higher temperatures80 K) are well repro-
duced by this functiorIn Figs. 2a) and 2Zb), solid lines for

netic field at muon sites decreases upon electron doping pos-
sibly due to the change in either the amplitude or in the

the time spectra at the highest temperature are the fitted reirection of staggered moment of Cu spins. In contrast, in the

sults by Eq.(1).] With the decreasing temperatur; in-

hole-doped LSCO systent,in the long-range AF ordered

creases due to the development of spin correlation. We deshase is constant for<0.023° where the evidené® of a
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phase separation between three-dimensional long-range- On the other hand, for the appearance of superconductiv-
ordered phase and spin-glass phase was obséré&fihere- ity in the 2-1-4 electron-doped systems, a reduction proce-
fore, the AF order degrades rather homogeneously in spaaiure such as heat treatment is necessary. Brinknedrah
upon electron doping in contrast to the inhomogeneous degeported an extension of SC phase in PCCO by an improved
radation in the hole-doped system: In the electron-doped syseduction technique and Kurahasét al. shows an occur-
tem, the magnetic structure and/or staggared moment arence of optimum superconductivity in the NgCej 1Cu0,
modified by doping, while in the hole-doped system, those oby an adequate heat treatméht® Therefore, SC composi-
the undoped system persists in the slightly dopedion range depends on the reduction procedure. The slight
compound22%|t should be noted that magnetic Bragg peaksdifference in the SC composition range for present crystals
were observed by elastic neutron-scattering measuremenasid powder samples of PLCCO systeér possibly relates
below Ty;,2* while no clear evidence for a static internal with differences in the heat treatment.
field at the temperature betwed@p,; and Ty, was obtained
by longitudinal fieldxSR measuremert. Thus, individual IV. SUMMARY
CW?™" spins are fluctuating faster compared to the time scale
of uSR measuremertypically 10 6—~10 ! sec), although
there existdime-averagedrdered momentThe state with
time-averaged moment is defined to be theeNstate)

In Fig. 4a@), the doping dependence dfy;, Tno and

We have performed magnetic susceptibility ap®R
measurements for the PLCCO system in order to investigate
the universal feature in the phase diagram of electron-doped
system. AF order was observed in the sample with €04

: . <0.11. The AF order was dramatically suppressedx at
Te(onsef are summarized. Upon electron doping, bulk su ~0.09 which corresponds to the onset of the significantly

perconductivity with optimunT . of 26 K abruptly appears at wide SC phase (0.09x=0.20) upon doping. The obtained

x~0.09 like a first-order-transition anty, is dramatically hase diagram combined with the dopina dependences of AF
suppressed at the same time. Therefore, at the ground staft gra . ping dep
lume fraction and internal magnetic field clearly demon-

SC phase appears concomitant with the disappearance of t o )
. strates a competitive relation between AF and SC phases.
AF ordered phase as seen in the NCCO systéfalthough OLHnIike the case of hole-doped LSCO in which the magnetic

two phases are partially overlapped due to coexistence gtructure and/or staggared moment of the undoped system
microscopic phase separation. This result combined with Sersists in the slightly doped compound, those of PLCCO

reIation.between thg_doping dependenceé\pand_ the dia- system are gradually modified by the electron doping. The
magnetic susceptibilityy, at low temperaturegFig. 4b)] C region of the PLCCO is much wider than that of PCCO.

clearly demonstrates a competitive relation between AF an nlarged lattice spacing by the La substitution is a possible

SC phases. Abrupt onset of optimum superconductivity ac- . . T
; : S reason for the introduction of carrier into the Cu@lane
companied by the disappearance of AF phase is dncferenetasier and the wider SC phase. Further comprehensive stud-

from the result in the hole-doped system showing a penetra- . ; :
. : s on single crystals are required to clarify the fundamental
tion of short-range AF ordered phase into the underdoped S? : o

one-9 eatures in the electron-doped superconductivity.

Now we turn to the discussion on the doping range of SC
phase. As seen in Figs(a}, T, is insensitive to the Ce con-
centration and this feature characterizes the wide SC phase. We thank M. Kofu and K. Hirota for the technical assis-
The wide SC phase would be related with the increase ofance of ICP measurements at Tohoku University, and K.
effective carriers by La substitution suggested from resistivisawa, G-q. Zheng and M. Matsuda for helpful discussion.
ity and Seebeck coefficient measureméfts. Arima et al.  This work was supported in part by the Japanese Ministry of
reported a reduction of charge-transf€T) energy between Education, Culture, Sports, Science and Technology, Grant-
Cu 3d and O 2 bands as stretching Cu-O bond, i.e., latticein-Aid for Scientific Research on Priority Aread\ovel
spacing?® If the reduction of the CT energy is greater than Quantum Phenomena in Transition Metal Oxigésr Scien-
the loss from the decreasing orbital overfdghen the gain tific Research(A), for Encouragement of Young Scientists,
in mobility would make the introduction of electrons into the and for Creative Scientific Research “Collaboratory on Elec-
CuG, plane easier, resulting in the wider SC phase. In othetron Correlations—Toward a New Research Network be-
words, the narrower SC phases in NCCO and PCCO comtween Physics and Chemistry,” by the Japan Science and
pared to that in PLCCO originate from the short lattice spac-Technology Corporation, the Core Research for Evolutional
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