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We report on the pulsed laser deposition and characterization of the (Bagi({GaCuQ),, heterostruc-
tures deposited on to SrTiQ001) substrates. For some of the heterostructures realized it was possible to find
a high temperature superconducting transition. These thin films represent one of the simplest structures con-
taining the two structural subunits constituting all the existing high temperature cuprate superconductors. We
studied the superconducting properties of these thin films witharying between 2 and 5 and varying
between 0.66 and 6. We discuss the results also in comparison with those obtained for the superconducting
BaCuQ /CaCuQ superlattices. The results obtained can offer new possibilities to study the fundamental
physical mechanism of high temperature superconductivity.
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Atomic layer by atomic layer deposition techniques ap-conducting. Such an effect was explained by considering the
plied to oxide compounds have opened perspectives for théecrease of the effective carrier concentration per £uO
engineering of thin films of interesting materials and com-plane in thick IL blocks. This result showed that carriers,
plex heterostructures with improved functional propertigs. holes injected from the CR block, do not localize at the in-
The same approach has been used to investigate fundamentaifaces, but rather distribute homogeneously over the whole
properties of high temperature superconductitigTS) IL block. Successively, artificial (BaCuQ,),/(CaCuQ),
materials>? In this case the goal was to unravel the keystructures were synthesized to investigate the interlayer cou-
features of highT, superconductivity reducing the intrinsi- pling between adjacent superconducting Cagicks®
cally high degree of structural complexity typical of HTS In this case the thickness of the CR block was gradually
compounds grown under thermodynamic equilibrium condiincreased up ton=10. It was found that interlayer coupling
tions. Such an approach is based on the simple observatids not essential for high-. superconductivity: giant CR
that all existing HTS cuprates exhibit a layered structureplocks, thicker than 20 Arn(=5), depressT only slightly
with a stacking sequence of two structural subunits havingvhile they increase the two-dimensions character of the
different functions, namely the charge resery@R) block  superconductivity” Such results confirmed those previously
and the infinite layerIL) superconducting block The IL  obtained from ultrathin films of conventional materi&ig?
block always consists of Cuplanes separated by an alka-  More recently a thin film of the CaCuQL compound,
line earth (mostly Ca plane. While the structure and the capped with an insulating layer of AD;, was used to pro-
chemical composition of the CR block vary from compoundduce a field-effect device. Field-effect doping was induced
to compound. It is commonly accepted that excess chargey an electric field applied to a Pt gate deposited on the
carriers(usually holeg are transferred from the CR block to Al,O; layer. At high hole and electron doping levels, super-
the IL block thus giving rise to superconductivity in the oth- conductivity was induced in the otherwise insulating
erwise insulating Cu@planes. On the basis of this simple CaCuQ layer?° This approach allowed the investigation of
model, several authors have tried to synthesize artificial HT$he superconducting phase diagram of Caghb@th on then
structured®™3 Relevant results were obtained in the case ofandp doping sides. Fop doping a maximunT . of 89 K was
(BaCuQ,,)m/(CaCuQ), superconducting artificial struc- found, in good agreement with the results reported in Ref. 7
tures where (BaCuf,),, and (CaCu®), play the role of for external doping. Field-effect doping offers an important
the CR and the IL blocks, respectivéfySuch artificial HTS  advantage relative to the external doping by a CR block: it
materials were successively used to investigate the influenaggives the possibility of studying the physical properties of
of some relevant structural features on the superconductingTS cuprates as a function of doping on the same sample
properties. Following this approach, the thickness of the invarying a single external parameter, namely, the applied gate
dividual constituent blocks was varied in a wide range, wellvoltage. However, in this approach, the effective thickness of
beyond the possibility offered by conventional HTS materi-the superconducting IL block is not clearly identified, more-
als. For instance, high crystallographic qualitix @ super-  over the presence of a cap layer, necessary for the field-effect
lattices f is the number of CaCuPunit cells in the IL  doping, can prevent the use of important surface probes such
block) were grown withn varying from 1 to 15!° Among as angle resolved photoemissioniorsitu tunnel spectros-
them, the X2 superlattices proved to be optimally doped copy.
and showed the highest superconducting transition tempera- In this paper we show that high: superconductivity can
ture with T, (zero resistance temperatu@ove 80 K. For be achieved in ultrathin CaCyQayers at the surface of
thicker IL blocks the critical temperature decreases until, fi-SrTiO;/BaCuG, ,/CaCuQ heteroepitaxial structures. In
nally, for n=11, the artificial structure is no longer super- this case CaCufdoping is obtained by charge transfer from
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FIG. 1. 6— 26 XRD spectrum of a X 2 superlattice film grown ~ the [BaggNdo ,CUO; 1, ]m/[CaCuQ], artificial structure withm
on a(001) SrTiO;, substraté). In the inset the corresponding resis- =2 (full line) and 5(trianglg. In the inset them/n structure is
tivity measurement is shown. roughly sketched.

the underlaying BaCug) , CR block. The effective doping SL.1) it is possible to obtain the period of the superlat-

can be varied by varying the thickness of the Cago@er-  tice, A=N/(siné,,—siné_,), whered,, and 6_, represent
layer. The approach proposed in the present paper offers inibe angular positions of the first order satellite peaks Jand
portant perspectives both for the investigation of Highsu- ~ represents the x-ray wavelength. The average lattice param-
perconductivity by surface techniques and for the research adter c can be estimated from the angular positions of the

high T superconductivity in other insulating related systemszeroth orderSL, (00)) peak, 6,, c=I\/2sinf, The pres-
externally doped by a BaCyQ, underlying layer. ence of sharp superlattice peaks allows a prezipesteriori

All samples utilized for the present work were grown on cajibration of the growth rate of the two constituent layers
SrTiO;(001) substrates by pulsed laser deposition. All theisee Ref. 25 Once growth rates have been calibrated, the
flms were grown starting from (BaNd,)CuO, and  number of laser shots on each target is adjusted to obtain the
CaCuQ ceramic targets. The growth temperature was abouiimed SrTiQ/((BaygNdy 1) CuO,, )m/(CaCuQ), hetero-
640°C and the molecular oxygen pressure wak mbar.  structure. SrTiQ/((BaggNdy ) CUOs, )/ (CaCuQ), het-
Further details on the grOWth procedure was given in ReferostructureS, witiim=2 and 5, were depos|t€{d|mp|y Stop_
21. At the end of the deposition procedure an amOl’phOUﬁing the deposition after one Seque)]ce\]o relevant
protecting layer of electrically insulating CaCu@as de-  differences in the transition temperature were fo(ffig. 2).
posited on the top of the film at temperatures lower thanThe slight difference in the transition width can be possibly
100 °C to prevent sample degradation in air. Electrical transascribed to small difference in the samples homogeneities.
port measurements were carried out by standard four-probghis result shows that external doping of the CaGl#yer
dc technique. A tiny amount of Nd was added to the CRdoes not depend strongly on the thickness of the CR block at
block to increase its thermodynamic stabififyin order to  |east form=2. Successivelyn was kept equal to 5 and
realize such epitaxial heterostructures, layer-by-layer growtkyas varied from 0.66 to 6. In the caserot 0.66, the num-
of the constituent BaCuODand CaCu@ layers must be per of laser shots on the CaCu@arget was 2/3 of those
achieved.In situ reflection high-energy electron diffraction required to complete a single unit cell CaGul@yer. In Fig.
(RHEED) at relatively low pressureRp,~10"* mbar) has 3 we show the behavior of resistance versus temperature for
shown that the growth mechanism is two dimensidfal. different values of n. Several interesting features can be rec-
Ex situ x-ray diffraction (XRD) analysis confirmed ognized.
such findings. Unfortunately, at the high oxygen pressure (i) T. varies withn. The maximum value, about 30 K, is
(about 1 mbarneeded to dope the Ba-based block, RHEEDobtained forn=2, for n=5, and forn<1 the heterostruc-
cannot be used. However, even in such a case, the thicknege becomes nonsuperconducting.
of each layer can be carefully calibrated, posteriorj (i) The slope of the curv® versusT is always positive
by XRD spectr&>?* Because well defined XRD spectra (“metallic’ behavior) except for heterostructures havimg
cannot be obtained from such a structure made of few=5. In the case of the=0.66 sample the slope is positive
atomic planes, we decided to calibrate the growth ratebove 100 K but becomes negative at low temperatures.
of the CR and IL block growing a relatively thick The critical temperature of such ultrathin structures was
[((Bag.gNdy )CUuG; ), /(CaCuQ),].5 superlattice prior to also inductively measured by a mutual inductance method. In
the deposition of each heterostructure. A typical XRD specour measurement technique, a single coil is pressed against
trum of the[ ((Bay gNdg 1) CuO, ), /(CaCuQ),],s superlat-  the superconducting film and another one is pressed on the
tice, with T.,=80 K, is shown in Fig. 1. From the angular back side of the substrate. Coil and film surfaces are sepa-
distance between the first order satellite peaB& (; and  rated by a thin insulating mica foilabout 200um thick).
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FIG. 3. Resistancénormalized to the 300-K valudehaviour of (b) CaCuQ parent compounds.
[Bay.gNd, 1CuG, . 15 /[ CaCuQ], artificial structures{a) n=0.66,
(b) n=1, (c) n=2, (d) n=4, (e) n=5, and(f) n=6. In the inset
the critical temperaturézero resistance pointvs the number of
CaCuQ IL layers is shown.

superconductivity. Th& . dependence on can be explained
considering the variation of the effective charge carrier con-
centration per Cu®plane. That is, all bilayers are grown in
the same conditions of temperature and oxygen pressure,
therefore we expect the same content of extra oxygen ions in
the CR block. In Ref. 15, it was shown that extra charge
carriers from the CR block distribute homogeneously over

The coil is driven by an audio frequency sine-wave curren
(fo=1 KHz) generated by a lock-in amplifier. The first har-
monic signalJ ;; (at the same frequency of the driving signal
fo) on the pick-up coil is mqmtored as a fqnctl_on of th? the IL block. If the thickness of the IL block exceeds a criti-
temperature. A very small driving current flowing in the coil . . :
(o) gives rise to a magnetic field in proximity to the film cal value, thg effective carrier concentratlo'n'becomes lower
surface. In the superconducting state, a sine-wave shieldirﬁan the minimum value for supercgnductlv(tabout 0.05
current is induced in the film. Such a diamagnetic behavio oles per Cu@unit) and the supgrlatuce becomes nonsuper-
results in a decrease of the pick-up coil signal. In Fig. 4 the®onducting. The same mechanism holds here. Furthermore,
behavior of the first harmonic signal versus temperature i§Ven if the ill defined contact geome_try does not allow a
reported for a 5/2 structure. THe of the 5/2 structuréusu- ~ PreCiSe measurement of the sheet resistaReg (we could
ally the temperature where thé®derivative of magnetiza- estlmate a vqlue of 10-20¢K for the 5/5 Structqrécurvee
tion is zerd is about 35 K with a large transition width " Fig. 3 which marks the superconductor-to-insula¢Si)
(larger than 15 K The full sample becomes superconductivetrans't'on: SuchR value is not far _frc_)m the threshold value
at temperature below about 10 K. repor.t(_ad in Refs. 26 and 27, even if in the present case the SI
In BaCuQ,/CaCuQ superlattices each IL block is sand- transition is driven by the carrier concentration rather_t'han
wiched between two structurally coherent BaGui@yers. the film thickness. We also notice that in Ref. 15 the critical
The presence of an incoherent interface between the IL lay&f2!ue ofn was found to be~11, roughly twice the value

and the protecting cap laver could lead to the suppression und in the present work. Such an effect could be expected
P g caplay PP clgfwe consider that, in the case of the bilayers, doping occurs

from one side only, while in the case of superlattices, the IL
0.00 block is sandwiched between two CR blocks. Rer2, the
] T. decreases again and the sample becomes non supercon-
-0.05 ] ducting forn<1. Such behavior is a consequence of both
] the overdoping of the IL block and of the increased role of
-0.10 &, disorder at the interface between the IL and the CR block.
] f For n<1, no percolative path can be found in the CaguO
015 £ overlayer and th&® versusT behavior essentially depends on
] the (BggNdy ) CuO,, layer. Finally the behavior of the
0.20 normal state resistivity for our heterostructures can be under-
] stood considering data reported in Fig. 5. In Fig. 5 we report
the R versus T behavior for a pure CaCuO and
] (Bag,gNdy 1) CuO, . film. Resistivity of the pure CaCuO
-0-300' R S A flm is much higher relative to that of the
Temperature (K) (Bag Ndp 1) CuG,,  film and increases continuously when
perature . .
temperature decreases. This result is expected because the
FIG. 4. Meissner transition inductively measured for a 5/2CaCuQ film is well charge compensated. Conversely, the
structure. (Bag.gNdy 1) CuO, . film, where an excess of carriefisoles

1st Harmonic Amplitude

0.25

094505-3



BALESTRINO, LAVANGA, MEDAGLIA, ORGIANI, AND TEBANO PHYSICAL REVIEW B 66, 094505 (2002
exists due to the extra oxygen ions, shows a much lowe((Bay JNdy 1) CuG;,,) pure compound, namely metallic at
resistivity with an almost metallic behavior except that athigh temperature and “semiconducting” below about 100 K.
low temperature. As expected, neither of the two compounds The occurrence of superconductivity in the top layer of a
shows any trace of superconductivity. In the case of theSITiOs/((BayNdy 1) CuO;.)s/(CaCuQ), artificial struc-

SITiO./((Ban Ndn ) Cu /(CaCu artificial struc- tures demonstrates that charge injection in a IL cuprate struc-
Os/((Bay Nl ) CUC . )5 /( Qn ure is the essential feature for higli; superconductivity.

tures, when the -doping level i? high enough, the eIeCtrica]:urthermore we have shown that the doping level of the
transport properties are determined by the Caflager: the verlayer can be varied in a wide range changing the number

behavior of resistance versus temperature is metallic an f CaCuQ unit cells. Ex situ electrical transport measure-
at low temperature, a superconducting transition ocCurSments still require an amorphous protective cap layer, about
Underdoped CaCuflayers show a behavior which has a 50 A thick, to prevent fast degradation of the surface layer.
strong resemblance to that of the pure undoped CaCuQHowever, it is easy to foresee thiat situ surface measure-
compound. On the other hand, when the thickness of thenents applied to the controlled surfaces of these artificial
CaCuQ overlayer becomes smaller than one unit cell thestructures could be very useful to elucidate the complex
behavior resembles, as expected, that of the underlyinghysics of the high temperature superconducting cuprates.
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