PHYSICAL REVIEW B, VOLUME 63, 094109

Enhancement of metallic behavior in bismuth cobaltates through lead doping
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Single crystals of BM;Co,0, phases wittM =Ca, Sr, and Ba were synthesized by the flux method. The
undoped Ca and Sr analogs are semiconducting while the Ba analog has a metal to semiconductor transition at
~80 K. Pb-substituted single crystals in which Pb partially substitutes for Bi were prepared by a similar
method. Transmission electron microscopy carried out on single crystals of the undoped phases reveals a
superstructure similar to that of superconducting bismuth-2212. This superstructure disappears when the Sr and
Ba compounds are Pb doped. Transport measurements show that Pb doping induces a clear increase in the
metallic character of the samples for Sr and Ba analogs. The metal to semiconductor transitj@ajC&0,
is suppressed by Pb doping, afii, Pb),Ba;Co,0, is metallic down to 30 mK. The magnetic-susceptibility
data do not show any evidence of ordering, and the magnetic moment Co atom was foune-iqupe
Resistivity measurements carried out up to 20 GPa show that the samples become more semiconducting with
increasing pressure.
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. INTRODUCTION phases for which PbM&, has the highesT,,? the spinel
LiTi ,0,,° the substituted BaBi@perovskite*® and the inter-
Even though the superconducting cuprates can be formethlated G,,° are probably the most widely known. In order
from a large variety of elements, and crystallize in differentto investigate whether superconductivity can occur in other
structure types, they share several commonalties. These ifoncopper-based systems having half-fiégdevel d bands,
clude the same basic functional charge reservoir and cove have studied compounds of the,®Co,0, (y=9)
ducting blocks, the presence of the (Gli(planes where type. Although the hybridization between Co and O is ex-

L - - pected to be different from that displayed by Cu and O, the
superconductivity is thought to occur, highly hybridized Cu getails of the exact band structure of these compounds are

3d-0 2p baqd; at the Fermi Ieyel, and the appearance o xpected to be strongly structure dependent. This suggests
superconductivity where the antiferromagnetic-insulator o, detajled investigation of Co-based materials is necessary
paramagn(itlc-metalg transition occurs. Furthermore, in cUp order to determine whether superconductivity can occur
prates, C#' has ad® electronic configuration with thé,,  only for specific cases. The studied phases are analogous to
level Completely filled. Due to reduced repulsion in the the known Cuprate Superconductor ZB‘ECE‘CL&O)/ with
direction, thed,2 orbital is lower in energy and thus the ninth (Bi,O,) layers separated by alternating rocksit®) layers
electron occupies the,..,2 orbital, which is half-filled, a (M being an alkali-earth catiorand (CoQ) planes’ The
fact that is considered important for the appearance oBi,O, double layers act as a charge reservoir as in the Bi-
superconductivity. 2212 superconducting cuprates. The two main differences
Until now, high-T; superconductivity in nonconventional between the cuprates and cobaltates reside in the fact that
copper-free systems has been reported in only a handful ¢CoG,) planes replace the (CyDplanes, and that in the
compounds. Among these, the chalcogenide “Chevrel”’cobaltates the same alkali-earth cation occupies two different
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have already been report®d® An x-ray photoelectron spec-
troscopy study has shown that cobalt has a mixed valence
state(2+, 3+) for n=1, and is(3+) whenn=22 This study

also showed that the first members are antiferromagnetic in-
sulators withTy=100-250K® The ac susceptibility data
for the second member of the series showed that the Curie

(Bi202) constantC is small and independent of the direction of the

field, suggesting that G is in the d® low-spin configura-
tion. The metallic character increases with both, the number

(MO) of (CoQ,) layers and the size of thil alkali-earth cation.

(Co02) Infrared-reflectivity measurements have also confirmed this
fact1? Attempts to change the oxygen content did not induce

™M[)D superconductivity.

(COOZ) IIl. EXPERIMENT

MO) '

Single crystals of (Bi_,Ph,),M3;C0,0, (M=Ca, Sr, and
Ba) were prepared using a mixture of,Bi, PbO,MCOQO;,
and CqQ, in the temperature range 1100-1230 °C with dif-
ferent cooling rates(6—8°C/hH under air. A mixture of
Bi,03/C0;0, was used as flux. The ratio PbO4B:; was
varied and increased up to 1:1 in weidlt/w). Using this
method, large platelike single crystals up to 10 mm in length
were synthesized. The crystals were formed as numerous
micrometer-thin plates with striations. As for the Bi-2212
superconducting analogs, they are extremely cleavable and
FIG. 1. Structural model of the B1;Co,0, phase. were easily removable from the crucibles with tweezers.
Flux sometimes adhered to the surface, especially when the
positions in the structure. A structural model ofRi;Co,0,  samples were heavily Pb doped. For brevity, the following
is shown in Fig. 1. nomenclature will refer to the sample compositidtie suf-
These compounds are part of a larger homologous seridixes 0, 1/3, and 1/1 indicate Pb free, PbOQ®j
of general formula BM , , 1C0,0, for which several studies =1/3 (w/w), and PbO/BO;=1/1 (w/w), respectively

(Bi202)

CaPbG-[Bi,CaC0,0,], CaPbl/3[(Bi, Pb,Ca;C0,0,], CaPbl/E[(Bi, Pb),Ca;Co0y],
SrPb0=[Bi,SrC0,0,],  SrPb1/3=[(Bi, Pb),SrC0,0)],  SrPbl/[Bi, Pb),SrC0o,0,],
BaPbG=[Bi,BaC0,0,], BaPbl/3=[(Bi, Pb),BaCo,0,], BaPbl/}[(Bi, Pbh,BaCo,0,].

Powder samples of the Ca and Sr analogs were also préween 5 and 300 K using the transport option of a physical
pared by solid-state reactions from similar starting materialproperty measuring system by Quantum Design. Typical di-
at 800 °C for 144 h, with several intermediate grindings. mensions of the selected samples were about< .8

X-ray powder diffraction was carried out using a Rigaku x 0.1 mn?. For each sample, two current and two point-
Miniflex powder diffractometer with CuK« radiation ¢ shaped voltage contacts were positioned so that the applied
=1.54056 A) at room temperature. The transmission elecdc current flowed in only one crystallographic direction.
tron microscopy(TEM) measurements were carried out on  The electrical resistivity measurements under high pres-
several crystallites of the samples using a Philips CM30Tsure were performed in a sintered diamond Bridgman anvil
electron microscope operating at 300 kV. The magnetic meaapparatus using a pyrophillite gasket and two steatite disks as
surements were carried out on batches of randomly orientetthe pressure medium. The two platelike samples employed,
crystals of samples CaPb0, CaPb1/1, SrPb0, SrPb1/1, BaPhf,size 0.2 0.03x 0.05 mnt, were obtained by cleaving one
and BaPb1/1 using a superconducting quantum interferenaeystal. The Cu-Be device that locks the anvils can be cycled
device dc magnetometer operating at 1 T. The normal-stateetween 1.2 and 300 K in a sealed Dewar. Pressure was
transport measurements were carried out on single crystals oélibrated against the phase transitions of Bi under pressure
Pb-free and heavily Pb-doped Ca, Sr, and Ba analogs with at room temperature and by the superconductivity transition
standard four-probe technique, in a temperature range bef a Pb manometer at low temperature. The overall uncer-
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FIG. 2. X-ray powder diffraction of samples CaPb0
[Bi,CaCoQ,] and SrPb(Bi,Sr;CoQ,] in the 29 region 5°-25°, —a*

showing strong preferred orientation in thel @rection.

tainty in the quasihydrostatic pressure is estimated to be
+10%. The pressure spread across the sintered diamond a
vils was determined on Pb manometers to~b&.5-2 GPa
depending on the applied pressure. The temperature wa
measured using a calibrated carbon glass thermometer with
maximum uncertaintymainly due to temperature gradients
across the Cu-Be clammpf ~0.5 K. Four-probe electrical
resistivity dc measurements using platinum leads were mad:
with a Keithley 182 nanovoltmeter combined with a Keithley
238 current source. The Seebeck coefficient was measure
between 200-500 K using a commercial microminiature re-
frigerators(MMR) technology apparatus.

FIG. 3. X-ray diffraction precession image of thekQ) plane of
Il. RESULTS a Pb-free Sr analog SrPb0 single crystal.

A. Synthesis and crystal structure data surate given by §*/11.3). A modulation along110] was

The x-ray patterns of the powder Ca and Sr analodound for the Ba analog. Both Sr and Ba analog exhibited
samples show that the Bil ;Co,0, phase was present as the deviation from orthorhombic symmetry in tH®01] zone
major component, even though several impurity phases weraxis.
also detected. The patterns reflect the preferred orientation of Some of the synthesized crystals were selected and exam-
platelike crystals since most reflections belonged to the 0Oined by the precession technique, using Zr-filtered Ko
family. Figure 2 shows the low-angle portion of the powderradiation. For almost all of the analyzed specimens, it was
pattern that allowed a correct identification of the stacking ofnot possible to collect good diffraction patterns due to the
the phases and a good accuracy in the determination af thecomplex nature of the crystals. Furthermore, most of the
axis. Due to the presence of impurities,and b axes are thin-plate crystals were bent and thus displayed poor diffrac-
affected by overlapping reflections. Both Pb-free Ca and Stion patterns. Only for the SrPb0 batch were we able to col-
analogs could be indexed in an average tetragonal cell wittect meaningful fk0) diffraction patterns. The x-ray diffrac-
lattice parametersi=b=5.033(3) A, c=28.52(8) A, and tion precession image of the analyzed SrPb0 crystal is shown
a=b=5.012(3) A, c=29.09(3) A, respectively. In agree- in Fig. 3.
ment with previous reporfsjt was not possible to prepare  Two distinct sublattices are required to index the diffrac-
powder samples of the Ba analog. tion indicating that this material must have a “misfit”

Due to the extreme layered nature of these compoundstructure'® (A “misfit” structure can arise in layered com-
and their inelastic bending properties, crystal-structure detepounds when the periodicities of two or more layers are in-
mination by single-crystal x-ray diffraction has never beencommensurate, and the bonding between layers is weak rela-
reported. Tarascoret al. reported crystal data based on tive to bonding within the layers.The two sublattices are
selected-area electron diffraction on crystallites of theindicated in the figure. The first sublattice has cell param-
BiaM11Co,0, phase$. The Ca analog was orthorhombic etersa;=4.94 A andb;=2.68 A. Although diffraction spots
with lattice parametera=4.89A, b=5.06 A, and an in- were markedly elongated due to crystal bending, thelY
commensurate modulation of 28.4 A aloagThe Sr analog diffraction plane indicated monoclinic symmetry witty
possessed two modulations, one commensurate with recipre=29.9 A, andB;=95°. The main diffraction spots in the
cal periodicity given by (3* +b*)/18 and one incommen- (hk0) plane are surrounded by superlattice peaks that can be
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SrPb1/1 and BaPbl/1  samples. This yielded
(Big.s5Py 492(Big 15515 893C0,0, for the Sr analog, and
(Big.7Phy 5)2(Big Bay 93C0,0, for the Ba analog, showing
that in the phases, lead substitutes for bismuth and bismuth
substitutes for barium or strontium.

The TEM results showed that in the Ca-analog samples,
the Br-2212 superstructure type is present in both Pb-free
and Pb-doped samples. However, in samples of Sr and Ba
analogs, only the Pb-free samples present the superstructure.
Figure 4 shows th€100] zone-axis electron-diffraction pat-
tern of samples CaPb1(8), SrPb1/1(b), and BaPb1/1d) as
well as the[110] zone axis of BaPbQc). The electron-
diffraction patterns are indexed relative to a tetragonal-type
cell. The arrows indicate the presence of diffuse streaks in
the electron-diffraction pattern of CaPb1/3.
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C. Magnetic measurements
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The temperature dependence of the inverse magnetic sus-
ceptibility for batches of randomly oriented single crystals is
linear and shown in Fig. 5. The magnetic moment per Co

FIG. 4. Electron diffraction in th¢100] zone axis for samples gtom is fairly constant, independent of alkali-earth or Pb
CaPb1/3(a), SrPb1/1(b), and BaPb1/1d), and[110] zone axis of  content, and~ 1ug/Co atom. For the Pb-free samples, the
BaPbo(c). data showed 0.80; for CaPb0, 0.84g for SrPb0, and
. . . ) 0.85ug for BaPb0. These increase for heavily Pb-doped
indexed with the incommensurate modulation vectsr  gamples, being 1.35; for CaPb1/1, 0.98 for SrPb1/1, and
=0.17a’1‘ +0.05607 . This modulation is quite strong and g 96y, for BaPb1/1. Figure 6 shows the temperature depen-
satellite peaks up to the third order can be observed. Thgence of the inverse magnetic susceptibility along the crys-
second sublattice, having somewhat weaker intensity, can kg|lographic axes of a single crystal of BaPb1/1. The crystal-
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indexed witha,=a;, b,=2.79A, c,=c¢;, B,=B;. lographic axes were assigned taking into account the
striations of the crystal. A direction parallel to the striation
B. Transmission electron microscopy indicates thea axis, perpendicular to the striation indicates

the b axis and in-plane perpendicular to the striation indi-
crates thec axis. The inverse magnetic susceptibility as a
Qinction of temperature is once more linear and the effective

The lattice parameters found by TEM for some of the
samples studied were consistent with the values expected f

a Bi,M3C0,0, type of phase. Tha andb axes remain fairly moment/Co atom is near sy being 1.1kg along a

constant at=5.0 A for all analogs, while the axis increases LTk
consistently with the increase in the atomic radius of theO'SM’“*3 alongb, and 1.0%: alongc. No indication of long-

alkali-earth cation, from 30.5 A for Ca, to 30.8 A for Sr, to '2'9€ ordering was found down 1o 2 K.
31.8 A for Ba. They are nearly indistinguishable between

Pb-free and Pb-doped compounds. To ensure that Pb was
incorporated into the phases, we carried out energy disper- The normalized resistance for single crystals of the Ca
sive spectroscopy analysis on several crystallites of thenalogus as a function of the temperature is shown in Fig. 7.

129 capvin
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D. Transport properties
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FIG. 5. Temperature dependence of the in-
verse magnetic susceptibility for samples CaPb0,
CaPb1/1, SrPb0, SrPbl/1, BaPb0, and BaPb1/1.
The inset represents the obtained magnetic
moment/mol Co atom of Pb-doped and Pb-free
samples plotted against the ionic radiushfin
coordination number 8.
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2.0 AD samples, BaPb1/1. Figure 10 shows the typical temperature
dependence of the electrical resistivity for each crystallo-
graphic direction of two crystals of BaPb1/1. For the most
part, the resistivities decrease with decreasing temperature
without any particular feature down to 10 K. As the tempera-
ture is further lowered, the resistivities reveal a sharp de-
crease for crystal 1 suggesting that a transition occurs around
5-10 K. The resistivity in each direction remains nonzero at
the lowest temperature measured. An explanation for this
result is that crystal 1 has a superconducting BaPbBiO phase
embedded in its matrix. Superconductivity has been ob-
00~ . ' 1 ' w served in the BaRh ,Bi,O5; system with transition tempera-
° % 10 TK) 190 200 290 ture T,~10K.* This phase is formed in growing
(Bi, Pb),Ba;C0,0, and was detected by x-ray powder dif-
FIG. 6. Temperature dependence of the inverse magnetic sugraction in the flux. However, the properties displayed by
ceptibility for a single crystal of heavily Pb-doped Ba analog crystal 2 are far more representative of the majority of the
BaPb1l/1 along the crystallographic directions of the crystals. crystals we have obtained. Although determining the origin
These sampleCaPb0, CaPb1/3, and CaPhilwere always of this resistance drpp requires_further vv'or.k,. we believe that
semiconducting, even for heavily Pb-doped samples. The Ctge observed metallic behavior in the resistivity represents an

: : - intrinsi ty of this material. A single crystal of
analogs seem to present an interesting case since they sho Hlnsm proper )
different trend when compared to the Sr and Ba analog _anlll was tested down to 30 mK in order to check for

They become more semiconducting on increasing Pb subs ero resistance at very low temperatures. Superconductivity,

tution and show activated behavior in a 100-K rarige- owever, was not observed. . :
tween~50-150 K. The activation energy increases with the In Or‘.’er to check for the dominant transport mech.a.msm.,
level of Pb substitution=0.26 eV for CaPb0~0.34 eV for e carried out measurements of the Seebeck coefficient in

CaPb1/3, and=0.37 eV for CaPb1/1. Attempts to fit the data the range 200_50_0 _K alpng tﬂl_xa_axis. Figure 11 S.hOWS that
according to two-dimensiondPD) or 3D VRH (variable- the Seebeck coefficient is positive, thus, the majority of car-
range hoppingmodels were unsuccessful riers along the transition-metal oxide planes seem to be

The Sr analog substantially change their behavior Wheltlwles'
Pb-doped(Fig. 8. Sample SrPb0 displays typical semicon-
ducting behavior, while SrPb1/3 shows a metal to semicon-
ductor transition at=80 K. In SrPb1/1, the heavily Pb-doped
sample, the metal to semiconductor transition is shifted to Volume compression by pressure can be used as a tunable
even lower temperatures, 30 K, a behavior only displayed byrobe to test properties of materials. It can induce variations
some Ba-bearing analogs. The Pb-free Ba anéRaPb(Q  of the structural parameters responsible for the studied prop-
shows a metal to semiconductor transition at 8QHig. 9). erties. Compared to chemical substitutions, where several pa-
Similar behavior has been previously reporfeBior Pb- rameters are changed simultaneously and other undesirable
doped samplesBaPb1/3, the transition is dramatically “side effects” may occur, the application of pressure can
shifted to 10 K, approximately 70 K below the Pb-free produce a relatively “clean” variation. In particular, it has
sample value, and the sample is almost completely metalliddeen found in high-temperature superconducting cuprates

Taking this trend into account, we proceeded to a carefuthat application of pressure resulted in an increase of the
examination of the resistivity of the heavily Pb-dopedcarrier concentration, as monitored by Hall-effect

3 H// to Striation (a-axis) p %‘A

4 H 1 to Striation (b-axis)
1.5 o

© Hin plane L to Striation (c-axis)
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1/ y(memu' g}
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E. Resistivity under high pressure

100
80 - g 3
% g
z %07 ?'“ FIG. 7. Normalized resistance measurements
(=3 . .
2 Capoin o carried out on single crystals of samples CaPb0,
£ 40 - CaPbila o s 1::' 1'50 ‘2Io 5 %0 CaPb1/3, and CaPbl/1. The inset represents plots
& TIx10 XK ) of the logarithm of the normalized resistance as a
CaPbo function of the inverse temperature.
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FIG. 8. Normalized resistance measurements carried out on 30

single crystals of samples SrPb0, SrPb1/3, and SrPb1/1.

measurement¥. To test if similar effects could be obtained
on cobaltates, sample BaPbl/1 was measured under high
pressure. 10
The logarithm of the resistance of a single crystal of
BaPb1/1 is plotted v&l~Y* in Fig. 12. The resistance is
observed to increase with pressure. The dominant transport 0
mechanism is 3D VRH. Such behavior exists even for the
lowest applied pressure, 2.5 GPa. As seen in the resistance
measurements at normal pressure, the behavior observed un-

£
g 20+
£
&

Crystal 1 Crystal 2

Crystal 2

der high pressure is consistent with the fact that smaller §
alkaline-earth cations are more semiconducting. 8
E
(2]

IV. DISCUSSION < 27

T~

The main difference between the Bi-2212 superconduct-

ors and the Bi-cobaltat¢sther than the obvious presence of Crystal-1 pin plane L to Striation

(Co0,) planeg resides in the fact that in the latter, the same 0 T 1 | T T I

type of alkali-earth atom is present in two different sites 0 50 100 150 200 250 300

(M, andM,)), adopting two different types of coordination. T(K)

In the (MO) layer, M, is coordinated to four coplanar oxy-

gen atoms, four additional oxygen atoms in the (Gofane FIG. 10. Temperature dependence on the resistivity for two dif-

below, and one Bi atom in the plane above. In tha[()  ferent single crystals of BaPbl/1.
layer ([ ] indicates vacangy M, is coordinated to eight oxy-
gen atoms, four above and four below in the (GpPlanes. ior displayed by theVl analogs and their substitutions. The
Several reasons may account for the differences in behab atom in octahedral coordination has ionic radii of 1.19
and 0.775 A for oxidation states Pband PB", respec-

1.0 tively. Taking into account the very small value of the ionic
radius of PB", we can surmise that lead is more likely to be
0.8 - in the oxidation state 2 in the present compounds, and thus

act as a hole dopant. This is corroborated by the fact that
Pb-doped samples of the Sr analog display similar results as
those of thin-film undoped samples grown under ozone at-
mosphere, which have a much higher oxygen contexy-
gen intercalation is another form of hole dopifgThe See-
BaPo0 beck coefficient measured between 200-500 K was positive
0.2 7 and confirmed our supposition that the carriers are indeed
Bapp1le holes. In any case, either due to oxygen intercalation in the
0.0 - , , : : : form of O; or due to lead doping, the oxidation state of
5o 100 ;fz) 200 250 300 cobalt should be 3 or higher.
Even though several models have been proposed to ex-
FIG. 9. Normalized resistance measurements carried out oplain the origin of the superstructure modulation in bismuth
single crystals of samples BaPb0 and BaPb1/3. superconductors, there is still no final consensus on the exact

0.6

[R{T)/R(300K)]

0.4 +
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160 7 0s=0) should have cobalt in the oxidation state- 3vith
low-spin electronic configuration, and thus should not show
magnetic moment. However, we found experimental evi-
dence of~1 ug/mol cobalt in our samples. The obtained
moment is smaller than the one expected for atoms with one
80 unpaired electron (1.73g), but still not negligible. Two
possibilities may account for the moment found in these
compounds. The first relates to a change in electronic con-
40 1 figuration of Co due to hole doping caused by oxygen inter-
20 | calation or lead doping. This is corroborated by the fact that
the moments increase for lead-doped phases independently
‘ * ' of the M cation considered. The smaller than expected mo-
0 100 200 300 400 500 . .
TH ment may simply reflect the average spin state of the cobalt
atoms in the samples. Some cobalt atoms may indeed have

FIG. 11. Seebeck coefficient Ofasingle Crystal of BaPb1/1 meaone unpaired electron while in others this effect is diluted
sured between 200-500 K. due to charge-transfer mechanisms within the covalér®

bond. The second possibility may relate to structural reasons.
answer for this complex probleft’*80One of these models A smaller cation like calcium may cause a contraction of the
suggests that the origin of the structure in Bi-2212 is due tdCoG0,)(Cq ])(Co0,) cage and a better coupling between
periodic contraction/expansion of the slabs caused by oxygeplanes, thus a greater interaction between the moments. As
intercalation’. In this series, Ca analogs show the superstrucebserved through the magnetic measurements carried out on
ture in both Pb-free and Pb-doped compositions, while Sthese phases, the obtained magnetic moment is indeed larger
and Ba analogs only show it for Pb-free samples. Wheii Pb for smallerM cations.
is introduced in the structure, it replaces®Bi which is The normal-state resistivity data for the Sr and Ba analogs
smaller in ionic radius by some 0.16 A. This may causeshows a clear increase of metallic character with increase in
stress in the adjacenMO) layers as well as in the (CgD ionic radius in the alkali-earth cation, in agreement with the
planes, since these are, in their turn, constrained by the samesults reported by Tarascast al®> The Ba analogs were
type of cation with lower ionic radius due to lower coordi- known to display the metal to semiconductor transition near
nation. Lead substitution may indeed randomize the period80 K. High-oxygen pressure treatment of samples carried out
icity of inclusion of oxygen into the (BD,) slab. The fact by the same authors did not seem to significantly change the
that Ca samples present the superstructure even when Biansport properties of the compound. However, when one
doped may relate to the fact that calcium in the adjacentntroduces an “internal” dopant into the structure such as
layer has an ionic radius intermediate between that of lea®b, the transport properties change significantly. For the Sr
(1.19 A) and bismuth(1.03 A) (but in any case smaller than analogs, the sample SrPbO was a semiconductor over the
lead, and that both Sr and Ba analogs have ionic radii biggemeasured temperature range, but the material became metal-
than lead[The alkali metals in the oxidation state-2have lic down to 80 K when Pb doped, in agreement with Hervieu
the following ionic radii for their respective coordination et al,*® who reported similar results for Pb-doped BiSrCoO
(M?* in  coordination number 8 and )9 C&" oxides that crystallize in a misfit structure type. Increasing
=1.12/1.18A, St =1.26/1.32A, and Ba Pb substitution shifts the metal to semiconductor transition
=1.42/1.47 A]. downward to 30 K. The same behavior can be obtained only

The bismuth cobaltates in the undoped stéfbd-free, Wwhen undoped Sr analogs are prepared using a clean thin-
film technique in an oxygen-rich atmosphéozone.*® This
would corroborate the fact that Pb would be acting as a hole
dopant in this system. The clearest effect is shown by the Ba
analogs where the intermediately doped sample BaPb1/3 and
the heavily doped sample BaPb1/1 became metallic down to
7 K and 30 mK respectively.

The resistivities of these materials increase under pres-
sure. From the pressure-dependent resistivity data displayed
in Fig. 13, where the behavior is well described by
3D-VRH(p~ po exp(To/T)¥4), 1/T, is plotted vs pressure. If
we consider that we are dealing with carrier localization by
disorder, it can be shown thatTh~ kgN(&g)/a®, wherekg
is the Boltzmann constang; is the localization distance, and

= — ! . r N(eg) is the density of states at the Fermi lewgl.'® As we
025 030 O e 4 048 050 do not expect the localization distance to change with pres-
sure (this is generally caused by impurities, whose number

FIG. 12. Pressure dependence of the resistivity of a single crysdoes not change with pressureve can ascribe the variation
tal of BaPb1/1, showing 3D VRH behavior. of To[N(eg)] to a measure of the occupied states. It is clear
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V. CONCLUSIONS

] The goal of this study was to search for superconducting
10% 4 systems that might provide some insight as to why cuprates
] T o~ kgN(eg) [ & superconduct. The bismuth cobaltates present a good oppor-
tunity for comparing local environments of transition-metal—
oxygen planes in layered cobalt and copper oxides. For this
purpose, a series of single crystals of compounds with gen-
eral formula (Bi, Pb)M;C0,0, (M=Ca, Sr, and Bawas
prepared by the flux method and structural data of this type
of compound were collected by single-crystal x-ray diffrac-
J tion. The analyzed single crystal of nominal composition
107 ,‘ ‘ ; Bi,Sr,Co,0, was found to crystallize in a misfit structure of
0 5 12 - 15 20 monoclinic symmetry with lattice parameters related by two
(@) sublattices witha;=4.94A, b;=2.68A, ¢c,=29.9A, B,
FIG. 13. Pressure dependence of the number of carriers for 95°, and incommensurate modulation veaydr=0.17a}
single crystals of BaPb1/1 samples. +0.05607 , anda,=ay, b,=2.79A, c,=cy, B,=p4, re-
spectively (however, since this was for a single specimen
that for single crystals of sample BaPb1/1 the number ofinalyzed, it is not impossible to generalize the misfit type of
carriers decreases with pressure. This is consistent with tredructure of the series of B13C0,0, compounds _
trend d|sp|ayed by the series whihis sma”er, and is con- The relatl\/.e d]fferences in the ionic rgdll of the various
sistent with the data obtained for the Ca analogs at ambied”" in coordination 9 and P may explain why the super-
pressure. When submitting Sr or Ba analog to pressure, wafucture is destroyed when the compounds are Pb doped for
are mimicking the effect of substitution for a smaller cation S @nd Ba analogs, and remains intact for any composition of
such as calcium, i.e., physical pressure becomes equivalefite Ca analog. The Pb doping effectively changes the trans-
to chemical pressure. port properties of the compounds rendering them fully me-
Usually for cuprates, and similar-layered materials withta"'c_' At the present stage, the compounds are not supercon-
active and reservoir layers, pressure reduces the ionicity dfUcting:
the layers as the interplanar distances decr&a$ais im- An angle-resolved photoelectron spectroscopy study on
plies a chargéhole) transfer from the reservoir layers to the (heS€ compounds is currently underway. This will supply
active CoQ layers. However, due to the complexity of these Urther insight about their electronic structure and will pos-
materials, other effects like partial substitution of Bi for the SiPly allow a direct comparison with the superconducting
alkali-earth cation or an increase of corrugation of the £oO cuprates. It may also suggest new doping routes and how to
planes may occur. This will effectively reduce the mobility achieve superconductivity in these type of phases.
or the carrier density in the planes and can in fact act as the
predominant factor. Our results can be explained in these last
terms(corrugation of the Co®planes, and are also consis- This research was funded by the Department of Energy,
tent with the chemical pressure introduced by Sr and Ca&rant No. DE-FG02-98-ER45706. S.M.L. wishes to thank
replacement. INICT/PRAXIS XX/BPD18834/98.
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