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Electron-doped superconductor Lg_,Ce,CuO,: Preparation of thin films and modified doping
range for superconductivity
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We have investigated transport properties and a related electronic phase diagram of electron-doped
La, ,CeCuO, (LCCO) thin films prepared by pulsed laser deposition. Using BaTa® a buffer layer, we
could successfully extend the lower Ce composition limit for synthesis of a single-phase LCCO film down to
x=0.06. Superconductivity in LCCO was found to occur within a Ce composition range=888.15. The
superconducting composition range is apparently shifted toward the lower Ce doping side, as compared with
other electron-doped cuprate superconductors, such as,8d,CuQ, (NCCO). In accord with this, the
variations of the resistivity and the Hall effect as a function of Ce comteare much larger than those of
NCCO, tracking the shift of superconducting phase. Indeed, the transport properties of the LCCO films with
the shifted optimum compositior=0.11 was found to be equivalent to those of the optimum NCQO (
=0.15). We discuss that this unusual phase diagram of LCCO originates from the reduction of the antiferro-
magnetic interaction as well as of the electron correlation strength.
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[. INTRODUCTION bal electron—hole symmetry in doped Cu—O platfes.
Besides the above-mentioned similarities and dissimilari-

Electron-doped cuprate superconductdrsin the ties between the electron- and hole-doping cases, the
Ln,_,CeCuQ, (Ln=Nd, Pr, Sm, and Bufamily with the electron-doped cuprates, $.nCe,CuQ,, themselves exhibit
so-calledT’-phase structure have been attracting consideran interesting variation of the physical properties with the
able interest, because some properties are common to, beiange of LA* ions. First, Gg_,CeCuQ, does not show
many are different from those of hole-doped cuprate supersuperconductivity and the superconducting transition tem-
conductors. Among them, the most distinct feature is theperatureT¢ of the T'-phase superconductor increases with
phase diagram as a function of doping lev@l:a wide anti-  the increase of the ionic radius of £hions!* Optical spec-
ferromagnetic region (i) a narrow Ce doping range for su- troscopy has proved that the antiferromagnetic interaction
perconductivity, andiii) absence of underdoped supercon-and the charge transfer gap decrease appreciably as the
ducting regiorf The normal-state resistivity nearly ionic radius of LA increases®!® From these results, it is
proportional toT? is observed even at the composition with anticipated that the electronic parameters relevant to the su-
optimum T, which may suggest anverdopedcharacter. perconductivity in thel’-phase cuprates strongly depend on
Nevertheless, the superconducting order parameter dhe lattice parameters.
electron-doped cuprates has recently been confirmed to be of Among T’-Ln,_,CeCuQ, systems, La ,CegCuQO,
the same symmetry as those of hole-doped cuprates, namglyCCO) is unique, in that it is the only system which has
dy2_,2.*7® The resistivity measurements on,PyCeCuQ, larger Li** ion than those of NCCO and PCCO. The
(PCCO films in high magnetic fields showed that the T'-LCCO is known as a quasistable phase. The bulk samples
insulator-to-metal transition in the ground state occurs neanave been prepared by using complicated synthetic
the optimum doping level, analogous to the hole-doped process*!® The single phase was formed only for a very
La,_,Sr,CuQ, (LSCO).2° This suggests that there is a glo- narrow Ce composition range, 04%<0.15. The crystallin-
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ity, however, was not good enough to conduct the physical mTorr. Subsequently, LCCO was deposited B
property measurements. Recently, Naito and Hépﬂ)ortgd =700-780°C inPq =300 mTorr. Typical thickness of
the successful preparation of single phaseLCCO thin LCCO film was 100 nm. After the depositiors was

films. Th‘?.”.“” films were stabilized on SrTgQSTO) sub- changed to 650 °C and the films were annealed inRBe
strates utilizing the epitaxial effects, and the single phase was 2

obtained for a wide Ce composition range, 6:08<0.22.  'ange betweenx 10"’ Torr and 1X 10 ° Torr for 15 min

As compared with Nl ,Ce,CuQ, (NCCO) and PCCO, they to remove excess apical oxygens. TRig, range was opti-
found superconductivity over a remarkably wide composi-mized so as to obtain the highé&t and the lowest normal-
tion range ofx=0.08-0.2. An optimunT¢ of 30 K, thatis  state resistivity(see the following Incidentally, we found no
the highest among@’-phase superconductors, was observedhppreciable change if and the resistivity when the anneal-
atx=0.11. LCCO has the largest in-plane Cu—O bond lengthng time was altered from 15 to 60 min at 650 °C, indicating
d among theT’-phase cuprate superconductors, and the opthat the 15-min annealing is sufficient to ensure enough oxy-
timum T value fits with the empirical trend of ¢ vs d. gen diffusion.

From the wide composition range for superconductivity, we ' The T'-phase crystal structure of the films was confirmed
anticipate that LCCO may show amderdopedsupercon-  y y_ray diffraction (XRD). The composition of cation ele-
ductivity, absent for the hitherto known electron-doped Suynents was analyzed using inductively coupled plasma spec-
perconductors, NCCO and PCCO. In the former stiidy troscopy(ICP). The Ce/La ratios agree reasonably with the
T’-LCCO films, however, the Ce content @>0.08 was prescribed ones of the targets for all the analyzed films,

required for the stabilization. of thﬁ_’-LCCO films on the  \while the Cu(La+Ce) ratio was~ 10% larger than the ideal
STO substrates, and the films with<0.08 contained a yajye. We scrutinized the surface of the films using a scan-
T-phase (LaCuOQ, type) form as the secondary phase. Thus,ning electron microscope to find many particle-like precipi-
the exact lower limit of the Ce composition which can pro-tates on the surface. Micro-auger spectroscopy confirmed
duce the superconductivity was not identified. that the particles were CuO. Thus, it is likely that a certain
In this study, we have investigated the transport propertiegmount of excess copper atoms detected by the ICP analysis
of the single phasel’-LCCO thin films. Using BaTiQ  corresponds to these CuO particles. We believe that these
(BTO) as a buffer layer, the single phabe-LCCO thin films  cuo particles on the film surface do not give rise to any
were successfully obtained with the extended Ce composkerious influence on the transport and superconducting prop-
tion range fromx=0.06 (an underdoped insulatoto 0.16  erties of the thin films. The temperature dependence of the
(an overdoped metalThe difference of the phase diagram resistivity was measured by a standard four-probe method.
for superconductivity as a function ®fwas clearly discerned To measure the Hall coefficient, the films were patterned into
between LCCO and NCCO, i.e., the shift of the superconthe Hall bars with the channel width of 10am and the
ducting region toward the low Ce doping level in LCCO aslength of 1 mm.
compared with the case of NCCO. Intimately linked with  The single-phas@’-LCCO films were successfully syn-
this, the Hall coefficient and the behavior of the normal-statgnesized down ta=0.06, which could not be obtained in the
resistivity in high magnetic field for the shifted optimum previous study’ Figure 1(a) shows typical XRD patterns of
compositionx=0.11 were almost equivalent to those for the the films. Even in thec=0.06 film, the XRD pattern exhibits
optimum doped NCCO and PCCQ+0.15). We argue the (00|) peaks characteristic of th&' phase and not of the
possible origin of the different dependence of the electronic T-phase LaCuQO, (LCO). The lattice constant ot axis
phase diagram and the transport properties in LCCO fromponotonically decreases froxe0.06 to 0.16, indicating the
those of the conventional electron-doped superconductors. foymation of solid solutiorFig. 1(b)]. Thus, the BTO buffer

is considerably effective to stabilize th&' structure of

Il. SAMPLE PREPARATION AND EXPERIMENTAL LCCO, especially for lower Ce compositions. We suggest
PROCEDURE that the BTO A=3.99 A) buffer layer reduces the lattice
. . ] mismatch between LCCO aE&4.01 A) and STO &
We deposited the LCCO films ofl00 SrTiO; (STO  —3.905 A) and may restrain the nucleation of LCO phase

substrates by a pulsed laser depositiPhD) technique uti- (a=3.81 A).

lizing a KrF excimer laser as an exciting light source. This por the electron-doped superconductor, the removal of the
technique was completely different from a molecular beamyycess oxygens at apical sites is essential to achieve super-
epitaxy (MBE) telchnlque employed in a previous study by conguctivity. It was reported that the superconductivity as
Naito and Hepp In MBE, cation elements were thermally \ye|| as the normal state properties strongly depend on the
evaporated from their metal sources. In the case of the P'-Q)xygen content®” To optimize the film quality, we an-

a ceramic compound is usually used as a taf@etevapora-  pegled the films under variol, conditions. Figure 2 ex-

tion sourcg, and the compositional ratio of cation atoms in 8 ibits th d q f th istivity for th
film coincides with that in a target. In the present study, Ibits the temperature dependence of the resistivity for the
'Xx=0.15 films annealed in variouBo, from 1x10 7 to 1

therefore, we used the stoichiometric ceramics of BTO an o . o o
LCCO as targets. The base pressure of our deposition chank10 ° Torr. The maximunc and the minimum resistivity
ber was usually below 8109 Torr. At first, a 20-nm-thick ~ at 300 K were simultaneously obtained inPg, range be-
BTO film was deposited as the buffer layer at a substratéween 5<10 7 Torr and 1X10™° Torr. For other Ce con-
temperature Ts) of 820°C in an oxygen pressur®¢, ) of  tents, we confirmed that the optimuRy, range was quite
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FIG. 2. Temperature dependence of resistivity for
La, ,CgCuO, (x=0.15) films annealed in various oxygen pres-
sure Po) at 650 °C. The inset shOV\BO dependence of the zero
resistancer c (TE) and the resistivity §) at T=300 K.

of superconductivity. Given the compositional inhomogene-
ity inherent in solid solution, the onset for the superconduc-
tivity in LCCO may be slightly larger thar=0.08. After a
rather sharp rise of - with increasingx from 0.08, a maxi-
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mum T is achieved for thex=0.11 films, where the onset
and the zero resistandg. are ~27 and 25 K, respectively.
As x increases above 0.1T: eventually goes down. The

=0.16 film shows an incomplete resistance drop belbw

~3 K. Because of the incomplete transition, we believe that
the ground state ofx=0.16 LCCO is a metallic but
not-superconductinf A superconducting-to-normal metal
transition in overdoped region of LCCO, therefore, occurs
betweenx=0.15 and 0.16.

Thus established phase diagram of LCCO as a function of
Ce contentx is demonstrated in Fig. 4. It is clear that the
superconducting phase of LCCO occupies a distinctly differ-
ent region from those of other electron-doped cuprate super-
conductors, such as NCCO and PCCO: The composition
range for the superconductivity together with the optimum

k Laz_xCexCuO4
X=
3 0.06

1245 |

c-axis (A)

1240
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Ce content x

0.15 0.2

FIG. 1. (@) X-ray diffraction patterns of La ,Ce,CuQ, films
with x=0.06, 0.11, and 0.16b) c-axis lattice constant as a function
of Ce contenk.

similar, within the range between X110°7 and 1
%108 Torr. In the following discussions on the doping de-
pendence of the physical properties, all the results we present
are those for the films that weir situ annealed under the
optimum Po, condition.

101!

IIl. RESULTS AND DISCUSSION

Resistivity (Qcm)

Figure 3a) shows the temperature dependence of resistiv-
ity for the films with various Ce contents. As expected, the
magnitude of normal-state resistivity decreases with increas-

ing Ce content. The low-temperature resistivity of tke

=0.06 film tends to diverge with decreasing temperature, 0 50 160 150 260 250 360

indicating an insulating ground state. With increasinghe Temperature (K)

resistive drop associated with superconductivity is first ob-

served atx=0.08. The transition fox=0.08, however, is FIG. 3. Temperature dependence of resistivity for

rather broad and the residual sheet resistance pes Pla@e  La,_,CeCuQ, films with x=0.06—0.16. The films used for the
(—~32 kQ) is larger than the critical sheet resistance ofresistivity measurements were annealed under the optirRgm
h/4e? (~6.45 K)), which may suggest a filamental nature condition (see the textat 650°C.
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FIG. 4. Phase diagram determined from the resistivity data OLaz,XCe(CuO4 (x=0.06-0.16) and Ngd ,CeCuQ, (x=0.15)
La, ,CeCuQ, films. The shaded area shows the superconductingjims.
region. The area surrounded by a dotted line shows the supercon-
ducting region of Nd_,Ce,Cu0O, reported in Ref. 2. The squares therefore tracks the superconducting phase.
and the hatched line represent thedependence of insulator-to- Figure 5 shows the temperature dependence of Hall coef-
metal crossover temperature observed in the temperature-dependéigient Ry, for the LCCO films. TheRy for the film with x
resistivity in magnetic fields. =<0.11(optimum doping has a negative sign, confirming the

dominant electron contribution in the lightly doped region.

composition shifts significantly to lower Ce concentrations.As X increases, th&®, systematically increases and eventu-
The shift of the optimum composition was pointed out in aally changes its sign from negative to positive. As a function
previous thin film study by Naito and Hepp.Even in ce- of temperature, the superconducting films with0.11 show
ramic samples of NCCO, by partly substituting for Nd with the characteristic upturn iRy at low temperatures, and the
La, a small but definite shift of the superconducting regionsign changes from negative to positive with decreasing tem-
with increasingd had been pointed odf2! In these previ- perature. The positivR, at low temperatures was observed
ous reports, it was discussed that the shift of the phase di@ommonly in thesuperconductingNCCO single crystals and
gram might be due to the presence of excess electrons poffms with x=0.15/%17?2-263nd discussed in terms of a
sibly generated by oxygen deficiencies at the tetrahedral sitaso-band model and an anomalous inelastic scattering of
in between the two La planes. hole-like carrier$? As far as the gross feature is concerned,

Another important feature seen in Fig. 4 is much narrowettherefore, the variation of the doping dependenc&®gfT)
composition range for superconductivity than that reportedn LCCO is quite analogous to those of NCCO. However, it
by Naito and Hepp! By comparing the phase diagram, we is clear that the variation in LCCO is much larger than that in
find that the width of the superconducting phase is as narroCCO. Indeed, th&R,(T)’s of the optimally doped LCCO
as that of NCCO. This substantial difference from the previ-(x=0.11) and NCCOX=0.15) films are quite close to each
ous work!! we believe, originates from the highly homoge- other both in magnitude and temperature dependence. This
neous distribution of dopant in the present films. Taking aresult again suggests that the variation of transport properties
look at the details of the LCCO phase diagram, the continuas a function of is essentially scaled by the location of the
ous increase of ¢ in the underdoped side is clear, which at superconducting dome and/or the optimiigi-composition.
first glance seems to suggest the presence of the underdopedAnotherx-dependent quantity of interest is the location of
superconductivity. Considering the possible broadening ofn insulator-to-metal transition for the ground stafg (
the phase boundary due to a compositional inhomogeneity-0 K), which has been frequently discussed in connection
however, we cannot rule out at this stage the sudden appeagith the quantum critical poirft’ Ando and co-workefs’
ance of superconductivity and the resultant absence of undefiave investigated the low-temperature normal-state resistiv-
doped superconductivity as in the other electron-dopedty of hole-doped LSCO with the use of high magnetic fields
cuprate<. This issue should be tackled seriously in the futureto suppress the superconductivity. They found that in hole-
by further improving the homogeneity of samples. doped LSCO the IM transition for the ground state occurs

In accord with the shift of the superconducting phase omear the optimum doping leveix€0.16), i.e., inside the
the phase diagram, thedependence of transport properties superconducting region. A similar behavior in the IM transi-
shows an appreciable change. In NCCO and PCCO, it ifion has also been observed in the electron-doped PCCO,
known that the normal state resistivigyT) shows a distinct suggesting the electron—hole doping symmetry of the LuO
T2 behavior above the optimum composition>of 0.15. In  planes for the ground statés.
the present LCCO systenp(T) can be fitted withp(T) We found that the IM transition point af=0 K in
= po+AT? only abovex=0.11. It should be emphasized that LCCO shifts to the lowerx side and positions within the
x=0.11 is the shiftedoptimumcomposition in the LCCO superconducting region. Figuresaband (b) display the re-
system. The composition range foF resistivity in LCCO sistivity at 0, 8, and 15 T as a function of temperature for the
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in-plane resistivity ofx=0.08 under 15 T shows a logarith-
mic divergence ag —0, analogous to LSC& In contrast
to the x=0.08 film, the in-plane resistivity ok=0.11 and
0.13 under 15 T deviates from the logarithmic dependence
and seems to have a finite value in the-0 limit, which
may suggest a mixture of an insulator and a metal. In this
sense, the actual IM transition may occur even at lower com-
position thanx=0.13, which therefore is closer to the opti-
----- 7 mum doping. Incidentally, Boebingest al® showed that
/5/_ kel (=hcy/pe?, wherekg, |, andc, are the Fermi wave
516 number, the mean free path, and distance between, CuO
8T ) plane, respectivelyat the IM transition is estimated to be as
large as 13 from the sheet resistance per £pl@ne. In the
present study, thiecl value is estimated to be about 17 from
Temperature (K) Temperature (K) the resistivity for thex=0.13 film at 2 K, which is close to
that observed at the field induced IM transition of LS&0.
' _ YT Establishing the remarkable shift of the superconducting
T=2K - phase in the phase diagram of LCCO, we now discuss a
possible origin of the shift. One possibility we have to con-
sider first may be an inhomogeneity of the films. Since the
T'-LCCO is a quasistable phase and barely stabilized in the
form of a thin film, a phase separation into quasistable
Magnetic Field (T) ﬁ—[ T’-LCCO and stableT-LCO might have occurred in our

(a)

=
-
wn
T

(=}

S
=fn

<

Resistivity (m€2cm)
Resistivity (mS2cm)

54

I~

w
T

<

1 10 100 1 10 100

0.25

0.20 -

015 |4
e

o
S e S W

0.10 |

p (mQcm)

=015 - films. If this were the case, the phase separation would make
A the actual Ce content of LCCO phase larger than the Ce
0 ] x=0.16, _/ j . content determined by ICP analysis. Suppose the actual Ce
s 1 15 content of LCCO phase in the=0.11 film were 0.15, that is
Magnetic Field (T) the optimum Ce content for NCCO, the volume fraction of
FIG. 6. Resistivity as a logarithmic function of temperature LCQ would be about 0.27. However, any appremable peak
(logT) for the films in magnetic fields of O Tthin lines, 8 T assigned to th§'LCQ phase_was not detected in the XRD,O_f
(dashed lines and 15 T(thick lines: (a) x=0.08 and(b) x=0.11, f[he present LCCO fllms,' which clearly' exclgdes the pOS§IbI|-
0.13, 0.15, and 0.16. Arrows indicate the resistivity minimum whichity Of the phase separation as the major origin of the shift of
represents the insulator-to-metal crossover.Magnetic field de-  the optimumx.
pendence of the resistivity &=2 K for the films with x=0.08 Concerning oxygen deficiencies which possibly generate
(insed, 0.11, 0.13, 0.15, and 0.1@ashed ling excess electron carriers, we believe that it is not a primal
origin of the shift. In the present study, the films were an-
nealed under the optimize®o, conditions (1x10™'-1

X 10"® Torr) at 650 °C. From the oxygen nonstoichiometry

0.05 |

LCCO films withx=0.08-0.16. Magnetic field was applied
parallel to thec axis of the films(normal to the surface of the : .
films). Figure 6(c) demonstrates that the superconductivityStUdles on Ng85Cq),15CuO4_5,29 the oxygen vacancies of
can be suppressed in a magnetic field of 15 T. ¥e0.13, the present films annealed at the ab@\@ condition can be
the temperature dependence of the resistivity in a magnetiestimated to be at leas6~0.03. Previous reports on
field exhibits a crossover from metallidp/dT<0) to non- Ny, ,La,CeCuQ, ceramics® ' suggested that the
metallic (dp/dT>0) at a finite temperatureT(,,), as indi-  amount of the oxygen deficiencies increases with increasing
cated by arrows in Figs. (8 and (b). The film with x the average size of i ion for a constant annealing condi-
=0.15 exhibits a metallic behavior dowa 2 K in themag-  tion. Therefore, the estimate of oxygen vacancies0.03,
netic field, and hence the ground state is metallic. This indilikely provides the lower limit. The oxygen vacancies with
cates that an IM transition in the ground state of LCCO oc-6~0.03 can provide 0.06 electrons to this system. Consider-
curs at a composition betweer=0.13 and 0.15, which is ing that this is the lower limit, at first glance, the oxygen
inside the superconducting region. These behaviors can pecancies would have accounted for the observed shift. If the
summarized as an IM crossover line in the phase diagrarfiXygen vacancies were indeed the origin of the shift, the
(Fig. 4), which is a trace off,,, as a function ok. Clearly, ~ variation of the annealing conditionPg,=1x10 -1
the IM crossover line extrapolates to a composition betweernxk 102 Torr, as shown in Fig. Rand a resultant change of
x=0.13 and 0.15 at =0 limit. oxygen content §~0.03—0.015, respectivelyn this study
Ando, Boebinger, and co-worké&rShave reported that in  would lead to an appreciable shift of the superconducting
an underdoped and superconducting LSCO, both in-plane reegion upon changing the annealing condition. However, we
sistivity p,, and out-of-plane resistivitg,. in high magnetic found that the location of the optimum Ce doping level (
fields exhibit a logarithmic divergence¢InT) at low tem-  =0.11) does not dependn the annealing conditions, though
peratures. In the present study, as shown in Fi{g),8he the maximumT. value systematically changes with varia-
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tion of the annealing condition. . _ with the facts that Gg.,Ce,CuQ, with the smallestl among
A more plausible origin of such a difference in the elec-the T’-phase cuprates shows no superconductivity and that

tronic phase diagram among tfié-phase compounds may the optimumT of T’-phase cuprates increases with increas-
be the critical dependence of the antiferromagnetic exchanggg the ionic radius of LA™

interactionJ and the charge transfdiCT) gap A on the
change of lattice constants. Concerning the unddpacdenj
T’-phase compounds, it was reported thastimated from
the two-magnon Raman spectra for a serie3 6t.n,CuQ, We have successfully synthesized thin films of single
(Lh=Gd, Eu, Sm, Nd, and Pdecreases with increasing the phaseT’-structure La_,Ce,CuQ, (LCCO) (x=0.06—-0.16)
ionic radius of LA*, i.e., increasing an in-plane Cu—0O bond on SrTiO, substrates, using BaTi(as the buffer layer. Su-
lengthd.*? The A of this system as determined by the optical perconductivity appears in the Ce composition range of
conductivity spectra decreases with increasihtf*® The  0.08<x<0.15, and the film withx=0.11 has the optimum
same trend was observed also in the pressure effeation T well above 25 K. The resistivity measurements under
T’-phase EyCu0,.*° The variation of the correlation gap  high magnetic fields have revealed that an insulator-to-metal
in the parent insulator should reflect the electron correlationransition in the normal state at=0 for LCCO occurs near
strength and dominate the critical doping level for the Mottthe optimum doping, analogous to the cases of hole-doped
transition, as demonstrated for the filling-control Mott tran-a,_,Sr,CuQ, (LSCO) and electron-doped Pr,CeCuQ,
sition in LnTiO;.3! From the empirical trends, it is estimated (PCCO but with the different optimum doping level The
thatJ and A of T'-phase LaCuQ,, which has never been overall phase diagram of LCCO is qualitatively similar to
synthesized but is considered as the parent compound @fose of Ngd_,Ce,CuQ, (NCCO) and PCCO, but the super-
LCCO, would be smaller by-5% and~9%, respectively, conducting region is shifted toward the low Ce doping side.
than those of NgCuQ,. It is to be noted that the critical The modified electronic phase diagram of LCCO is likely
doping level for the occurrence of the Mott transition, orascribed to the reduction of the antiferromagnetic interaction
equivalently the appearance of superconductivity in theas well as of the electron correlation strength due to the
present case, is governed by the competition between thglongated in-plane Cu—O bond length in this compound.
antiferromagnetic and superconductive phases. Then, be-
cause of the smallestof T'-La,CuQ, in the T'-phase sys-
tem, the antiferromagnetic region of LCCO as a function of
Ce doping should become narrower in the doping level, as The authors acknowledge useful discussions with S.
compared with the case of NCCO. Furthermore, the decread¢ashiwaya, Y. Onose, I.H. Inoue, H. Yamada, J. Matsuno,
of A is the cause of the decrease in the critical doping leveind K.S. Takahashi. We also thank A. lyo, Y. Tanaka, H.
for the filling-control Mott transition. Thus, the above two lhara, and T. Ito for their help in resistivity measurements in
effects may lead to the shift of the superconducting region tanagnetic fields, and K. Nakajima for micro-auger spectros-
the lower Ce side. This scenario seems to be closely linkedopy measurements.

IV. SUMMARY
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