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Physical properties of the misfit-layered(Bi,Pb)-Sr-Co-O system:
Effect of hole doping into a triangular lattice formed by low-spin Co ions
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Pb-doping effect on physical properties of misfit-laye(tBdPh)-Sr-Co-O system, in which Co ions form a
two-dimensional triangular lattice, was investigated in detail by electronic transport, magnetization and,
specific-heat measurements. Pb doping enhances the metallic behavior, suggesting that carriers are doped. Pb
doping also enhances the magnetic correlation in this system and increases the magnetic transition temperature.
We found the existence of the short-range magnetic correlation far above the transition temperature, which
seems to induce the spin-glass state coexisting with the ferromagnetic long-range order at low temperatures.
Specific-heat measurement suggests that the effective mass of the caBigPirSr-Co-O is not enhanced so
much as reported in NaGO,. Based on these experimental results, we propose a two-band model that consists
of narrowa, 4 and rather broaéé bands. The observed magnetic property and magnetotransport phenomena
are explained well by this model.
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I. INTRODUCTION essence of the large thermoelectric power.
In this paper, we report on the measurements of transport
The discovery of large thermoelectric power in NaOg  (including magnetotranspgriproperty, magnetic property,

(Ref. 1) has made us conscious of the potential af 3 and specific heat fofBi,Pb)-Sr-Co-O, using polycrystalline
transition-metal oxides as thermoelectric materials. Sinc@nd single-crystal samples with different Pb concentrations.
then, many researchers have begun to search for materidly substituting PB" for Bi**, the number of Ct" ions is
that have still better thermoelectric properties. Recently, it iexpected to increase. Actually, the transport and magnetic
reported that(Bi,Pb)-Sr-Co-O and CgCo,0O4 also show properties of(Bi,Pb)-Sr-Co-O depend on the content of Pb
large thermoelectric powér® The former is one of the doping™**® In heavily Pb-doped Bi-Sr-Co-O samples,
variations of compounds of Bi-Sr-Co-O systerfs®-called magnetic transition at low temperatures accompanied by
Co0232, which had been believed to have the same structurkrge negative magnetoresistance has been reported. Thus,
as Bi2212 superconductbBut recently, we have reveafed we can say that théBi,Pb)-Sr-Co-O is the best material to
that it is a misfit-layered compound isomorphous tostudy the coupling between charge and spin in the triangular
[Big g:5r0; ], CoO, ] g2 (Pb is undopepdreported by Leligny  CoG, lattice.
et al®>*°[Fig. 1(@)]. In this material, Co ions are very stable
in the low-spin state as suggested by the susceptibiktyd Il. EXPERIMENT
photoemission spectroscopy measurem&ithe valence of , )
Co ion is calculated to be-3.33, so that even the Pb-free 1€ Polycrystalline samples of Bi,PhSrpC0,0, (0=x
parent compound should be considered as a hole-doped Sy§_0.4) were prepared by solid-state reactions. As reported
tem, and as a consequence, shows metallic behvior.

| L
Interestingly, these layered cobalt oxides with large ther- ‘\‘/‘
moelectric power have hexagonal Cplayers in common, VAM\
where Co ions form a two-dimensional triangular lattice as o ®
shown in Fig. 1b). Actually, they show many common fea- SrO

tures, for example, Curie-Weiss-like susceptibifity:*

temperature-dependent Hall coefficiént® and negative m ©

magnetoresistancel*® Thus, it seems natural that this MO
structure plays an essential role in the large thermoelectric O o° B
power observed in these Co oxides. However, the origin of @Wro
the large thermoelectric power with metallic conduction has e MAA
not yet been so clear, and one of the main reasons for this V‘V \‘ a
would be the insufficiency of the comprehension of funda- AA b

a)

mental properties of these systems. These materials show ( b)

N

both metallic conduction and Curie-Weiss-like susceptibility,
but even this is not trivial because ortly, orbitals seem to FIG. 1. (a) A schematic picture of the crystal structure of Bi-Sr-

be involved with these properties. Thus a comparative studgo-O. (b) A projected view of hexagonal CgQayer into thea-b
of these Co oxides is important, which will elucidate the plane.
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TABLE |I. Chemical compositions and lattice constants of single-crystal samples.

Sample Chemical composition Lattice constants

Bi:Pb:Sr:Co a brs by c (R B (deg
x=0.0 2.04:0.00:2.00:1.87 4.94 5.39 2.8 14.96 93.50
x=0.30 1.58:0.30:2.00:1.80 4.89 5.21 2.8 15.01 93.09
x=0.44 1.42:0.44:2.00:1.88 4.91 5.23 15.01 92.82
x=0.51 1.42:0.51:2.00:1.87 4.94 5.23 2.8 15.05 92.55

8 lectron-diffraction observation was not performed in this sample, sdoihatas not determined.

previously? we can obtain single phase samples by this startwas performed using a commercial superconducting quan-
ing composition. The appropriate amounts of high-puritytum interference devicéSQUID) magnetometer up to the
Bi,O;, PO,, SrCQ;,, and CaO, powders were weighed to magnetic field of 7 T. The ac susceptibility measurement was
produce a mixture of the cationic composition performed by a mutual inductance method. Specific-heat
(Bi,Pb),Sr,Co, and then preheated at 700 °C in air for 12 h. measurement was carried out using a conventional heat-pulse
The resultant mixture was ground again and reacted atalorimeter under the magnetic field up to 13.2 T. We also
800°C in flowing Q for 24 h twice with an intermediate utilized *He cryostat for the measurement below 2 K.
grinding. For the resistivity and magnetization measure-

ments, obtained powders were pressed into pellets and sin- IIl. EXPERIMENTAL RESULTS
tered for another 24 h under the same condition. ' .
The single crystals were prepared by a floating-z@+H8 A. Basic properties

method at a feeding speed of 0.2 mm/h in a flow ¢f The
appropriate amounts of high-purity £, PO,, SrCQ,, ] i
and CaO, powders were weighed to produce a mixture of Figure 2&) shows the temperature dependence of the in-
the cationic composition (Bi,Pb$r,Co,. The mixture was Plane resistivity p,,) of samplesx=0.0, 0.30, and 0.44.

preheated at 700 °C in air for 12 h and the resultant powdeFP-freé sample shows metallic behavior around room tem-
was ground again and sintered at 800°C in air for 24 h.

1. Transport properties

Obtained powder was pressed into a rod with a typical size w0k @ p
of 5 mm¢x100 mm and sintered at 800 °C for 50 h in air. y fbo 0 Bi,..Pb,Sr,Co, 40, 3
As the resultant rod is porous, it is necessary to melt it with - ]

high feeding speed of 100 mm/h before the final growth.

€
o
g
_ ! f > x=0.30
Obtained single crystals are easy to cleave and are platelike. £10
2
[
2

x =0.44

Samples were characterized by electron diffraciBb)
and x-ray diffractionsg XRD) using Cu and MoK « radia-

tions, respectively. Analysis of the actual composition of the 10°
single crystals was made by inductively coupled plasma .
(ICP) atomic emission spectroscopdES) (ICP-AES tech- 10

nigue. We have not determined the oxygen content in this
study. The details of the characterization have been previ-
ously reported. In this paper we use four single-crystal
samples with different Pb concentrations. We summarize the
result of the characterization in Table I.

Single crystals were cut into a rectangular shape with a
typical dimension of 1.80.5xX0.05 mn? for the measure- 10

Resistivity (Q cm)

ment of transport properties. The electrical contacts were «,(\3 o5

made with heat-treatment-type silver paint. Resistivity mea- £

surements were made by a conventional four-terminal tech- o, 20

nigue with current paralleldyp,) gnq perpendicularg;) to S5

CoO, planes under the magnetic field up to 9 T. The Hall- &

effect measurement was done by four-terminal ac technique. £ 1.0

To eliminate the contribution of the magnetoresistance due to § 05

the asymmetry of the electrodes, the magnetic field was 5

changed from-5 to 5 T and the Hall voltage was calculated Too ' ' : ' :

0 50 100 150 200 250 300

to be{V(H)—-V(—H)}/2, whereV is the voltage between Temperature (K)

the Hall probes. It is essentially important to make the

sample as thin as possible in order to obtain the clear data of FIG. 2. Temperature dependence of tagin-plane resistivity,
the Hall resistivity, especially at low temperatures where car{b) out-of-plane resistivity, andc) the Hall coefficient for three
rier localization is observed. Magnetization measuremensingle-crystal samples with different Pb concentrations.
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T | T I strong coupling between the transport and magnetic proper-
10'® X= ggg Pab o 3 ties. As we reported previoust,such a cusp is more clearly
< F : §:0:44 o 3 observed irp. thanp,p,.
p=4 [ .,—"" o Figure Zc) is the temperature dependence of the Hall co-
% 0 “‘M.nﬂ'“"" efficient (Ry) of the three samples. In this figure, the Hall
= 10 3 coefficients are plotted only in the temperature range where
= [ the Hall resistivity is linear in the magnetic field below 5.0 T
A ] and they are defined as proportional constants of the Hall
10" | | | | resistivity with the magnetic fieldRy is positive and
00 01 02 03 04 05 strongly temperature dependent in this temperature range.

1/T(K'1) The increase oRy towards the lowest temperature is not
simply due to the decrease of carrier density, but rather due
FIG. 3. The Inp,, as a function ofr ~* for three samples. The  to the anomalous Hall effect, which will be discussed in Sec.
dashed curves are the fits to Ed). 1B 2.

At higher temperature, overall magnitudeRyj is around
perature, suggesting the existence of mobile carriers. Thig.01 cn$/C. This is more than one order of magnitude
result is qualitatively the same as that in polycrystallinehigher than that of NaG®,.'° In NaCg,0,, although the
samplé and reasonable if we consider the valence of Co ion%trong temperature dependenceRyf is also reported, the
is not +3.0 in the parent material. However,, of sample  simple relationR,,=1/ne gives a crude, but a reasonable
x=0.0 shows minimum near 80 K and diverges with furtherestimation of the carrier density, which is consistent with the
decreasing the temperature. Thg, value at room tempera- result of reflectivity and specific-heat measureméntBhis
ture is around 4 M cm and this is one order of magnitude Suggests that the carrier dens'myof misﬁt_|ayered Bi-Sr-
higher than that of NaG®,," but is lower than that of Co-O system is one order of magnitude smaller than that of
CayC0o;0,.° Ph substitution for Bi does not change thg,  NaCo,0,. If we use the value oRy of 0.01 cn¥/C, the
value much at room temperature, but it strongly suppressegarrier densityn is estimated to be of the order of
the divergent behavior at low temperatures and extends thee?® cm™2. This value gives only less than 0.1 holes per Co
metallic region fip,,/dT>0), suggesting that carriers are sjte, which is much smaller than 0.33 expected from the
doped by Pb doping. To see the conduction mechanism @hemical composition of Big g-Sr0,],[ CoO,]; g,.>° Car-
low temperatures, Ip,, is plotted as a function of ! for  rier density can be also estimated from the reflectivity mea-
the three samples in Fig. 3. As can be seen in the figur&surements, which had been reported by several
pap's Of all samples show weaker dependence on temperauthors'>!’"*®watanabeet al. analyzed the reflectivity of Bi-
ture than that of thermal-activation-type conduction. If we Sr-Co-O at room temperature using Drude motiahd esti-
assume the variable range hoppifyRH) conduction, mated the carrier density to benf/m)x3.6x10?%° cm 2,
namely, wherem* andm are the effective masses of carrier and free

. electron, respectively. This is consistent with the above re-

In p(T)m(E) ) sult, if m* is of the same order as. The magnitude ofn*
' will be discussed later again in the specific-heat measure-
ment.

n ranges from 0.29 for sampbe=0.44 to 0.82 for sample  The variation ofR, with Pb doping is similar to that of
x=0.0. The value of of samplex=0.44(=0.29 is close to  the in-plane resistivity. Pb doping slightly reduces the mag-
1/3 that is predicted for two-dimension@D) VRH conduc-  nityde ofRy, but the increase in the carrier number is much
tion, while n of the other two samples shows stronger diver-smaller than that expected from the chemical composition.

gence than that of 2D VRH conduction. Probably, the oxygen content is also changed by Pb doping,
The Pb SubStItutIOl’l effect is more dra.SUC n the Out'of'which Compensates the doped carriers.

plane resistivity p.) as is shown in Fig. @). p. of sample
x=0.0 increases with decreasing temperature from 300 K
and diverges as the temperature approaches 0 K.pthe
value is about 502 cm at room temperature ang/p,p IS As reported in our previous pap¥rheavily Pb-doped
~10%, suggesting the highly anisotropic electronic structure Bi-Sr-Co-O shows a magnetic transition at very low tem-
Pb substitution clearly reduces the overall magnitudpof  peratures. In Fig. 4, we show the temperature dependence of
It even changes the sign dp./d T when we increase the Pb the magnetization under the magnetic field of 100 Oe for
concentrationp. of samplex=0.44 shows a broad maxi- single-crystal samples. The magnetic field is applied perpen-
mum near 260 K and shows metallic behavior down to 30 Kdicular to thea-b plane. The magnetization at low tempera-
which is consistent with our previous repétDivergent be-  tures increases with the Pb concentration and samples
havior in p. at low temperatures is also suppressed with=0.44 and 0.51 show saturated behavior, which indicates the
increasing Pb concentration. In the inset of Fi¢h)2p. of  magnetic transition in these samples, though the magnitude
samplex=0.44 at low-temperature part is shown. A small of the saturated moment is very small (Qu@lper Co site.

cusp is clearly observed at the magnetic transition temperaFhe transition temperatureT{) seems to increase with Pb
ture, which will be discussed later, and this suggests theoncentration. We will show the variation of tige with Pb

2. Magnetic properties
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FIG. 4. Temperature dependence of the magnetization under the 2 H=10T4 2 &
magnetic field of 100 Oe perpendicular to thé plane. The inset @ 0.0 I (0 0 2
shows the temperature dependence of the magnetization under the c :_ “ ! 105
magnetic field parallel to tha axis. 3 5f C=283x10"emuK/pg 2
E E
& P ©=-21K 8 &
w AR [t
i ; 2 | e
concentration later. On the other hand, the inset shows the T3 16
temperature dependence of the magnetization under the mag- z ) Biy.Pb,Sr,C0.0, | 4 %
netic field of 100 Oe along tha axis in samplex=0.51. A = x = 0.00 =
sharp bend with a small hysteresis is clearly observed around g 1f- H=10T12 &
4 K. Such behavior indicates the spin-glass freezing at this ® (@) @

temperature. To confirm this _possibility, we performed ac 0 50 100 150 200 250 300

susceptibility measurement. Figure 5 shows the ac suscepti- Temperature (K)

bility for samplex=0.44 nearT.. The ac magnetic field is o .
app“ed para”el to tha_b plane The Cusp a'ltc ShOWS Clear FIG. 6. Temperature dependences of the Susceptlblllty and in-

frequency dependence and the third harmonics showerse susceptibility of Bi PhSrCo,0, polycrystalline samples
anomaly atT., which are characteristic of the spin-glass[X= (@ 0.00,(b) 0.20, and(c) 0.40]. Inverse susceptibility is de-
SyStemlg fined as f— xo) ®. Dashed lines correspond to the Curie-Weiss
Next, to investigate the spin density and magnetic inter2ehavior.
action, we measured the temperature dependence of the sus-

ceptibility. First, we show the data of polycrystalline samples'n Fig. 6 be_cause the signal of singlejcrystal samples is small
due to their small mass. Here, we fitted the data at 100 K

<T=<300 K for all samples, using the Curie-Weiss law,

'8H = 10.0 Oe / ab

n
T
—_
Y
~—

x(T)=xo+C/I(T-0), 2
— 100Hz

—--- 500 Hz
— - 10KHz

where o, C, and® are temperature-independent suscepti-
bility, Curie constant, and Weiss temperature, respectively. In
Fig. 6, [x(T)—xo] ! is also plotted as a function of tem-
perature. As is seen in Fig.(@®, the susceptibility of the
Pb-free sample follows the Curie-Weiss law wéll.is nega-
tive, suggesting an antiferromagnetic interaction. Let us es-
timate an effective number of Bohr magnetpgy; from C.
Since we have not determined the oxygen content of these
samples, we tentatively assume it to be .Ghen pyys is

N W
4 >
o

%o (1 0™ emu/g)

pry

[=]

'
N

%o (1 0" emu/g Oe?)
IS

A e estimated to be 0.97, which leads to the existence of low-
8l —--10kHz | spin Cd* (S=1/2) of 32% of total number of Co ions. This
L L L L concentration is much larger than the value estimated from
0 2 _4 6 8 10 the Hall coefficient.

Temperature (K) When we increase the Pb concentration, the susceptibility

FIG. 5. Temperature dependence(a¥the real part of the fun- ~ clearly deviates from the Curie-Weiss law as seen in Figs.
damental component of the ac susceptibiliy and (b) its third ~ 6(b) and @c). ® becomes positive and its magnitude in-
harmonicsy, of samplex=0.44. The ac field is applied parallel to creases with Pb concentration. The same behavior is ob-
thea-b plane. The inset shows the magnified view near the transiserved in the single-crystal sample. Figure 7 shows the tem-
tion temperature. perature dependence of the susceptibility of single-crystal
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0 50 100 150 200
Temperature (K) 1L ]
FIG. 7. Temperature dependence of the susceptibility and in-
verse susceptibility of single-crystal sample 0.44 under the mag- o ! !
netic field of 3.0 T parallel to tha-b plane. Inverse susceptibility is 0 50 100 150 200 250 300
defined as {— xo) ~*. Dashed line corresponds to the Curie-Weiss Temperature (K)

behavior. . o
FIG. 8. Temperature dependence of the in-plane resistivity of

samplex=0.44 under the magnetic field of 3.0 T. Though Wethe sample<=0.51 under the magnetic fields of 0.0 and 9.0 T. The
could not mleasure above 200 K due to the éméll mass of thi@set shows the magnetoresistance under 9.0 T as a function of
sample, obtaine® is positive and the susceptibility deviates temperature.
from the Curie-Weiss law approximately at 100 K, which is ) o
much higher than the actud}, (3.2 K). This behavior is very higher temperature than itg=4.5 K. This behavior is con-
similar to that widely observed in spin-glass systems withsistent with the result of the susceptibility measurement. The
short-range magnetic correlation far above the freezingleviation from the Curie-Weiss law shown in Fig. 6 suggests
temperaturé?? Actually, also in the present system, the the existence of the short-range magnetic correlation far
trace of the short-range magnetic correlation far abbyes ~ aboveT. and the deviation becomes more remarkable with
observed in magnetotransport and specific-heat measur&h-e increase of Pb concentration. Thg ferromagnenc fluctua-
ments as will be mentioned in Secs. IlIB 1 and IlI C. tion, which is expected from the positi at high tempera-
ture, is suppressed by the magnetic field, which gives rise to
B. Magnetotransport phenomena the observed negative MR.

1. Magnetoresistance 2. Anomalous Hall Effect

As was reported in our previous papéi,Pb)-Sr-Co-O As mentioned before, the Hall resistivipy well above
shows negative magnetoressta(MRl)é Negative '}3/“? Isa theT, is linear in magnetic field. However, if the tempera-
common feature among Nag0,,™~ CaC0,0y,° and ture is decreased approximately below 204,s of all of

(Bi,Pb)-Sr-Co-O, but its relation to the magnetism of the the samples show nonlinear behavior in the magnetic field.
system is most clearly observed(Bi,Pb)-Sr-Co-O. Figure 8

shows the temperature dependence of the in-plane resistivity . . : . .
(pap) of the samplex=0.51 under the magnetic fields of 0.0 o
and 9.0 T. The magnetic field is perpendicular to #b
plane. At low temperatures, negative MR can be clearly ob-
served. In the inset, the magnification of the low-temperature
part under various magnetic fields is shown. At zero field,
the resistivity shows a cusp at 5.0 K, which corresponds
to the magnetic transition. With increasing magnetic field,
the cusp shifts toward higher temperature. Such behavior
is commonly observed in the perovskite mangafitesid
cobalt oxide$* We will discuss its microscopic mechanism
in Sec. IV.

Next, we show the temperature dependence of the in-
plane MR under the magnetic field of 9.0 T for four different . . . . .
samples in Fig. 9. The magnetic field is perpendicular to the 0 20 4 6 8 100 120

. . Temperature (K)
a-b plane. In all the samples, including sample 0.0 that
does not show the magnetic transition above 2 K, large nega- FIG. 9. Temperature dependence of the magnetoresistance under
tive MR is observed. The temperature below which the negathe magnetic field of 9.0 T for samples with different Pb concentra-
tive MR is observable increases with Pb concentration. Inions. The inset shows the magnification of the low-temperature
sample x=0.51, negative MR can be observed at muchpart.

n
[=]

Magnetoresistance (%)
H
o

2]
[=]
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FIG. 10. Magnetic-field de-
pendence of the Hall resistiviiyy
(upper panegland the magnetiza-

py (10° Q@ em)

o
<l

0.0 tion M (lower panel of samples
320 (8 x=0.0, (b) x=0.30, and(c) x
s =0.44. The data and measuring
‘\:ne temperatures correspond in the
7 10 same order.

M
o
0

o
o

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Figure 10 shows the magnetic-field dependence.ofupper pared toRs. Actually, it is several orders of magnitude

pane) and the magnetizatioM (lower panel of the three smaller tharR and is sensitive to the range of the data used

samples below 15.0 K. The current and magnetic field ardor the fitting. Hence, it is difficult to discusR, quantita-

parallel and perpendicular to tlaeb plane, respectively. The tively and here we concentrate 83. The main panel of Fig.

measurement gy in an insulating sample is accompanied 11 shows the temperature dependenc®gobbtained by the

by the experimental difficulties such as sample heating, largéitting. Ry's of the three samples keep increasing down to 2.0

error in the Hall voltage due to lardép,,/dT|, and so on. K. The magnitude of R, of sample x=0.0 reaches

We have confirmed that these effects do not cause essent@00 cn?/C, which is again as large as those of granular

problems, though the magnitude @f of the most insulating magnetic films’

samplex=0.0 at 2.0 K has a relatively large error less than Recently, Itoh and Teresaki pointed out that the present

10%. system has some similarities to the Kondo semiconductor
With decreasing temperature,, significantly deviates CeNiSn? They attributed the increasing behavior Rf, at

from the linear dependence on the magnetic field and showsw temperaturefsee Fig. 2c)] to the decrease in the carrier

a profile similar to that of the field dependenceMbfof each  number due to some kind of pseudogap formation. However,

sample. This behavior clearly indicates that anomalous Halas will be shown later, no trace of the gap formation has been

effect(AHE) dominategy, in this temperature region. More- found by our specific-heat measurement. Considering the

over, overall magnitude of the Hall resistivity is very large. temperature dependences and magnitud®4s shown in

In particular, py of samplex=0.0 exceeds 10Qu{ cm at  Fig. 11, we attribute the increasing behaviorRyf to AHE.

low temperatures and this is comparable to that of the granu//hen the magnetization is linear in magnetic field, namely,

lar magnetic-nonmagnetic metal alloys with much higherM equals toyH, Eq. (3) becomes

resistivity’® (so-called giant Hall effegt On the other hand,

we can observe a characteristic feature inhéd curve of pu/H=Ry+47[Ro(1—N)+R]x, (4)

samplex=0.44, that is, the abrupt rise df with small mag- o ] ) o

netic field followed by the gradual increase. Because of thi@nd the second term in this equation contributes to the rising

feature, we cannot simply attribute the linear increasgn behavior inRy, .

at high field toR,, which is commonly used for ordinary
30

ferromagnet® S S —
To estimate the temperature dependence of the ordinary »sL 4t ] oo
and anomalous Hall coefficients at this temperature range, 5 23?{“,"
we used the following relation in a magnetic material, which 20l o2 /.-' .
has been used conventionally: ) Z | ocnesmonoe| 110 5
@ a9 1 1 > )
pr=RoH+4m[Ro(1—~N)+ReIM, ® 5 oy w2
o - x=044 o
whereH, Ry, Rs, andN are magnetic field, ordinary Hall or
coefficient, anomalous Hall coefficient, and demagnetization "u.,_\___\_ﬂﬂ—» - 50
factor (N=0.9 in the present cageaespectivelyR, and R T
are obtained from the plot opy/H vs M/H at 1.0<H 0 [ T S T S 0
<5.0 T. The inset in Fig. 11 shows the plot pf,/H vs 0 4Tem§eratu§e (K)10 12 14

M/H for samplex=0.44 at 2.0 K,p,, /H is almost linear in

M/H at the wide range of the magnetic field, suggesting that F|G. 11. Temperature dependence of the anomalous Hall coef-
Eg. (3) describes the behavior @iy very well. As can be ficient for three samples obtained by the fittifsge text The inset
seen in this figure, the magnitude Bf, is very small com-  shows the plot opy /H as a function ofM/H.
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=0.2F .
5 FIG. 13. Temperature dependencediT (13.2 H—-C/T (0.0 T
of samplex=0.51. The inset shows the temperature dependence of
C/T (13.2 )-C/T (0.0 T) at low temperatures of three samples
0.0 } } } with different Pb concentrations.
(c)x=0.51 HLab et
o4 : ?'SOJT ROt First, we observe a distinct peak at 4.5 K due to the mag-
X : ' RO netic transition in samplg=0.51 under zero-field condition
g I as shown in Fig. 1&). This confirms the existence of the
50_2_/-' J long-range order in this sample. For sample 0.30, in
5 which we have not confirmed the magnetic transition above
2.0 K by other measurements, we can also observe a peak
right above the lowest temperature 2[Kig. 12b)]. On the
0.00 5'0 1(')0 1é0 200 other hand, we cannot observe a peak down to 2.0 K for
(K samplex=0.00 as shown in Fig. 18). Thus, we carried out

the measurement at lower temperature usthte cryostat
FIG. 12. Specific heaE divided by temperaturd as a function ~ and we observed a peak at 0.90 K as shown in the inset of
of T2 under the magnetic fields of 0.0 and 13.2 T farx=0.0,(b)  Fig- 12a). Considering this systematic change of the peak
x=0.30, andc) x=0.51. Magnetic field is applied perpendicular to temperature inC/T with Pb concentration, it is concluded
the a-b plane. The inset ifa) shows theC/T under zero-field that even the Pb-free samples shows a magnetic transition
condition as a function of temperature for samgle0.0, which ~ and the transition temperature increases with Pb dofling.
is obtained by the lower-temperature measurement usidg Next, we discuss the magnitude of electronic-specific-heat
cryostat. coefficienty. As shown in Fig. 12a), a conventional way to
get y by extrapolating the high-temperature linear part of
Interestingly, evenRg of sample x=0.44 with T, C/T to T=0 gives a very large a value of 140 mJ/méLK
=3.2 K shows monotonic increase with decreasing temHowever, this is clearly not valid becau§¥T is strongly
perature. This behavior oRg is in sharp contrast to that Suppressed by the application of the magnetic field of 13.2 T
reported in perovskite manganites or cobalt oxitfes® perpendicular to tha-b plane and becomes smaller than the
where even in the sample of insulating compositiBg be-  extrapolated line. It is well known that a large linear term in
gins to fall off with decreasing temperature near the magC is observed in the disordered spin systéiSince the

netic transition temperature. We will discuss this problem inpresent system also shows spin-glass-like behavior, the ob-
Sec. IV. served linear term i€ is more naturally attributable to this

magnetic contribution. As shown in Figs. (b2 and 1Zc),
- the suppression d@/T at low temperatures by the magnetic
C. Specific heat field becomes more remarkable with Pb doping. The sup-
Figure 12 shows the specific heat divided by temperatur@ressed component @/ T seems to shift to higher tempera-
(CIT) as a function ofT? under the magnetic fields of 0.0 ture, which, in turn, produces the enhancemenCéT at
and 13.2 T for three single-crystal samples. Magnetic field isigher temperaturé&® As shown in Fig. 13, the enhancement
applied perpendicular to the-b plane.C is normalized by in samplex=0.51 persists up to 80.0 K under the magnetic
the molecular weight determined by the ICP-AES measurefield of 13.2 T, which is much higher than the actu@a
ment. As we do not know the content of oxygen, we assumeé-4.5 K. With decreasing Pb concentration, the enhance-
it to be 8.0 regardless of the Pb concentration. Though it maynent disappears at lower temperature as seen in the inset of
not be exact, it is only a small correction. Even if the contentFig. 13. All these results are naturally understood by the
of oxygen changes by 1.0, it gives an error of only about 2%short-range magnetic correlation abdvg which is already
for overall magnitude of the specific heat. suggested in the susceptibility and the MR measurements.
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FIG. 15. Magnetic-field dependence®fT at 2.0 K of samples
x=0.0 and 0.51. The inset shows tB8¢T of samplex=0.51 plot-
ted as a function off? under the magnetic field of 13.2 T. The
dashed line shows the extrapolation of the data to zero temperature.

towards higher temperature. This behavior is related to the
critical field observed in thé!-H curvel* The peak width
gradually increases and it eventually collapses approximately
| at 4.7 T. In samplex=0.51, the field dependence /T
o 5 10 15 20 25 30 becomes weak under high magnetic fields at low tempera-
Temperature (K) tures. Actually, as shown in Fig. 15, which is a plot@fT at
FIG. 14. Temperature dependenceGfT under various mag- 2-0 K @s a function of the magnetic fielG/T of samplex
netic fields up to 13.2 T for sampléa) x=0.0 and(b) 0.51. The = 0.51 shows saturating behavior with the magnetic field of
insets are the magnified view of the low-temperature part. 13.2 T. This means that a large part ©f,,4 of samplex
=0.51 shifts towards higher temperature with the magnetic
Because of this short-range correlation, the entropy is refield of 13.2 T, and the magnitude @f;,,4 becomes smaller
leased gradually and the magnetic contributi@n,(y) to the  at 2.0 K. Thus, the extrapolation of the data under 13.2 T to
total specific heat exists even at much higher temperatureero temperature as shown in the inset of Fig. 15 would give
than T.. It may be worth referring to the case in CuMn a rough estimate of value of 11.0 mJ/mol K
spin-glass system, where over 60% of the total entropy pos- Using the carrier density estimated from the Hall coeffi-
sessed by Mn spins are released above the freezingent, and the formula/=(772k52/3)D(6,:), whereD (eg) is
temperaturé® Since the ferromagnetic fluctuation is stron- the density of states at Fermi level and is calculated by as-
gest in samplex=0.51, the variation ofC with magnetic ~ suming the simple Fermi sphetéwe can estimate the mag-
field is observed to the highest temperature among theitude of the effective mass* of the present system. The
samples. m* is calculated to be 6.9 times larger than that of a free
In such a situation, however, it is difficult to extraCt,,q  electron, which is ordinary for a transition-metal oxide. On
from the totalC by the fitting. If it is valid to decompose the the other hand, if we estimatg of samplex=0.0 in the
total specific heat into separate componentCgt,,, Cee  same way, it becomes much larger value. However, this is
(electronic termy, and Cpp,onon (PhoONON termy we can say clearly invalid becaus€/T of samplex=0.0 at low tem-
that the contribution o€, below T decreases as the tem- peratures seems to decrease further by the application of
perature decreases and the magnetic field increases. To ggtonger magnetic field as shown in Fig. 15. Since the ferro-
rough estimate of based on this picture, we investigated the magnetic fluctuation is weak in sampte=0.0 as compared
magnetic-field dependence €f in detail. Figure 14 shows with that in samplex=0.51, C is less sensitive to the appli-
the temperature dependencedfT of (a) samplex=0.0 and cation of the magnetic field. We have no idea to determine
(b) samplex=0.51 under various magnetic fields below 13.2 of samplex=0.0 at present. However, considering that the
T. The magnetic field is applied perpendicular to #d  angle-resolved photoemission sped®&PES at the Fermi
plane. In sampl&=0.0, C/T is hardly changed by the mag- level are hardly changed by Pb dopitfgy of samplex
netic field below 0.09 T. When we increase the magnetic=0.0 is probably similar to that ok=0.51. Consequently,
field above 0.47 T, the upturn is gradually suppressed and the effective mass of misfit-layere@®i,Ph)-Sr-Co-O is not
seems thaC/T at low-temperature part gradually shifts to enhanced so much in contrast to the case in N&g3’ This
higher temperature by the application of the magnetic fieldis consistent with the optical reflectivity
On the other hand, in sample=0.51, the peak temperature measurements:1"18
does not depend on the magnetic field below 141 Oe. When From these results of specific-heat measurement, it is
we increase the magnetic field above 188 Oe, the peak shiftarongly suggested that misfit-layerégi,Pb)-Sr-Co-O has,
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apart from their origins, localized spin and itinerant carrier €4 DOS
with not so heavy mass. Based on this picture, we will dis-
cuss the electronic structure of this system.

a,:

IV. DISCUSSION t,, orbitals narrow band (localized)

First, let us consider the origins of the magnetic moments
and conductive carriers. As confirmed by the susceptibility
measurement, about 30% of the Co ions have localized mo-
ment ofS=1/2. On the other hand, Hall-coefficient measure-
ment suggests the existence of much smaller number of FIG. 16. A model of the band structure of misfit-layered Bi-Sr-
holes. Observed negative MR and AHE seem to result fron€0-O near the Fermi leved, 4 holes are almost localized due to the
the interaction between these localized spins and conductivarong electron-phonon coupling.
carriers. According to the recent x-ray photoemission and
absorption spectroscopy measurements in misfit-layereélthough we do not have a result of the band calculation for
(Bi,Pb)-Sr-Co-0*? holes exist mainly ir; orbitals, which ~ this material, a similar electronic structure has been dis-
are split fromt,q orbitals due to trigonal crystal field. They cussed in many other systems with trigonally distofté@g
claimed that these holes form small polarons due to thectahedral: transition meta} such as YOs, Ti,O3,* and
strong electron-phonon coupling, which serve as localized.iV ,0,.**** Recently, the band calculation for Nag, has
moments. This picture is consistent with our susceptibilitybeen reported? According to that calculation, tha, 4 band
measurement because the number of localized spinS of mainly crosses the Fermi level. In addition, tdegeband hy-
=1/2 deduced from the Curie constant is near the total numbridized with thea;, band also touches the Fermi level to
ber of holes(33% of the number of Co iofswhich is ex- make electron pockets. The band width of thg band is
pected from the chemical formula reported by Leligny andsmaller than that of they+a; 4 band. Of course, we cannot
co-workers’ Thus, the localized magnetic moment is attrib- apply this result directly to the present system, especially
utable to thisa,4 hole. because the extent of the splitting between the energy levels

Then the problem is the origin of small number of con-of a,, ande; orbitals are very sensitive to the extent of the
ducting carriers. Let us compare two possibilities for thiSgistortion of the Co@ octahedrd? But it seems to be a good
below. The first one is that the band derived from Bi'Sr'Ostarting point to assume this type of ||ght and hea\/y holes at
layer contributes to the conductivity. In Bi-based hifih- |east for the qualitative discussions. Based on this model, let
cuprates, band calculation suggests that Bighd O 2  us consider other properties in the following.
mixed band has dispersion at Fermi level, which contributes First, we consider the magnetic property. In our previous
to the conductivity® Though the Bi-Sr-O layer is highly paper4 we explained the observed magnetism by assuming
insulating in the real system of Bi-based hiip-supercon- the canted-antiferromagnetic spin structure. However, some
ductors, it is possible that this prediction of band theory isof the results, such as the absence of the anisotropy in the
realized in misfit-layered Bi-Sr-Co-O due to the difference Ofin_p|ane magnetization or the positi¥® in spite of the as-
the crystal structure between these systems. However, if casumed antiferromagnetic ground state, have remained un-
riers originate from the band derived from Bi-Sr-O layers, itclear. In this paper, we performed a detailed analysis of tem-
seems strange that they are strongly coupled to localizegerature and magnetic-field dependence of the specific heat,
spins of Co ions as observed in negative MR and AHE. Sinc@nd come to the conclusion that a different picture more
(Bi,Pb)-Sr-Co-O is a misfit-layered compound, Bi-Sr-O and naturally explains all the data. It is the coexistence of spin
CoO, subcells are very weakly coupled to each otherglass and ferromagnetism. Considering the small magnitude
Also, as we reported previously, the transport propertyof the ferromagnetic increase of magnetization in Fig. 4
changes continuously with Pb doping, while the lattice con{~0.10ug per Co cit¢, a small amount of ferromagnetic
stants of Bi-Sr-O subcell changes discontinuously near 10%ijuster with spontaneous magnetization alangxis is ex-
of Pb concentratiofi. This fact makes the above scenario pected to coexist with the spin-glass background. The coex-
unfavorable. istence of the clear cusp and large linear term in the specific-

The second candidate, which we think more probable, ifeat measurementsee Fig. 12 is consistent with this
that carriers exist in theé orbitals that are the other two picture. The anisotropic temperature and magnetic-field de-
orbitals split from thet,, triplet and spread along the in- pendences of the magnetization are explained as follows: A
plane direction. Considering that the number of these carrierslear cusp with the hysteresis observed in the temperature
is expected to be much smaller, and the mass to be lightetependence oM, (see Fig. 4 is attributable to the spin-
than those of,4 holes, a band diagram would be like that glass freezing, while the saturating behavioMp is attrib-
shown in Fig. 16. At the Fermi level, there are two differentutable to the ferromagnetic transition. Although spin glass is
bands. One is, of course, thgy band that is responsible for expected to be isotropic, the contribution from the spin-glass
the localized holes due to the strong electron-phonon couweomponent taVl., is probably smeared due to comparatively
pling and this is the majority band. The other is and, large contribution from the ferromagnetic component. In the
which touches the Fermi level and this band is expected tdM-H curve[see Fig. 1(c)], the abrupt increase ofl . with
provide a small number of holes with relatively small mass.weak magnetic field is due to the ferromagnetic component,

> .

g
broad band (itinerant)
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FIG. 17. The magnetic transition temperatiieand the Weiss FIG. 18. Magnitude of the in-plane negative magnetoresistance

temperature® of misfit-layered(Bi,Pb)-Sr-Co-O system as func- Plotted as a function of the squared magnetization at various tem-
tions of Pb concentration. AlT’s are determined by the measure- Peratures abové. for samplex=0.51. Both magnetoresistance and
ments for single-crystal sample®’s are determined by the Curie- magnetization are measured under the magnetic field perpendicular
Weiss-law fitting as shown in Figs. 6 and 7 for polycrystalline andt© thea-b plane.

single-crystal samples, respectively. Dashed lines are visual guides.

the magnetic field perpendicular to theb plane. The scal-

while the gra}dual increase at hig_h magnetic-field r_egipn i%ng holds good at wide range of temperature abdye This
due to th? gllgnment of glassy Spins by the magnetic field. result also supports that the DE picture is suitable for the
The origin of the ferromagnetism is expected to be the

double-exchang€DE) interaction between localized spins of present syste_ _ . .
a4 holes via conductingé holes. This is consistent with the The.AHE |’n this system IS basmglly understood by the
result that theT. increases with the Pb concentration, scattering of, holes_by localized spins @, holes. How-
namely, the enhancement of metallic behavior. ever, the_large magth_lde and the temperatgre de.pendence of
There are, however, still some open questions such as s are still open questions. The large magnitude is probably
origin of the spin glass. Probably, the randomness due to thé€lated to the magnetic disorder as in the granular thin
dilution of the number of spins and/or misfit-layered struc-films.**As for the temperature dependence also, we point out
ture is essential, but we need to clarify the origin of thea possibility that the presence of spin disorder plays an es-
antiferromagnetic interaction. Further study is necessary fogential role. Recently, AHE due to quantal phases in the hop-
this problem and we leave here by summarizing the magnetiping conduction regime is propos8dand discussed in
property of misfit-layeredBi,Pb)-Sr-Co-O system in Fig. 17, La, ,Sr; gMNn,0,.%47 In such theories, the background spin
where the data in our previous paper are also included. It castructure of the system plays an essential role for the behav-
be seen that th&, and® increase with the Pb concentration. ior of the AHE. In the present system, carrier is affected by
Although it is difficult to say at which temperature the short-the background spin structure through the Hund coupling.
range order starts to develop, we can say, at least, that 8ince spins are disordered and have no periodicity, the quan-
starts to develop at higher temperature when the Pb concefal phase gained by the carrier is expected to have net con-
tration is increased. tribution to the AHE without being canceled. This additional

Next, we consider the magnetotransport properties. Thegnripution may explain the observed increaseRgfdown
origin of the negative MR is expected to be the DE interac+, the lowest temperature in sample: 0.44.

tion between localized spins af 4 holes via conductin@é
holes. It is well known that temperature-dependent MR in-
duced by the DE interaction can be scaled to a univers
curve as a function of the magnetizatibmamely,

Finally, we will briefly comment on the thermoelectric
power. As is suggested by the reflectivitgnd specific-heat
arﬁweasurements, the mass of carriers in misfit-lay€BetPh)-

Sr-Co-0 is not enhanced so much, which is in sharp contrast
p(H)=p(0) to_the case of NaG®,. Thus, at least in misfit-layered
- =C(M/Mgy)?, (5)  (Bi,Pb-Sr-Co-O, mass enhancement does not play an essen-
p(0) tial role for the large thermoelectric power. On the other
where C is a constant that measures the effective couplindiand, the carrier density @Bi,Pb)-Sr-Co-O is found to be
between the itinerant electrons and local spins, Bhg;is  much lower than that of NaGO@,, which is, at least quanti-
the saturation magnetization. This scaling behavior is obtatively, consistent with the higher resistivity and large ther-
served in perovskite manganitésand cobalt oxidé* To  moelectric power. This suggests that, although the large ther-
check this scaling law, the magnitude of the in-plane negamoelectric power is commonly observed in these materials,
tive MR of samplex=0.51 is plotted as a function of the its essence is different from each other. Further study, such as
squared magnetization at various temperatures well abgve photoemission spectroscopy measurement or band calcula-
in Fig. 18. Both MR and magnetization are measured undetion in these materials and its comparison is highly desired.

184434-10



PHYSICAL PROPERTIES OF THE MISFIT-LAYERED . .. PHYSICAL REVIEW B5 184434

V. CONCLUSION originates froma,4 orbitals, while the latter does frorg,
; ; .orbitals.
We have investigated the transport property, magnetlc?r L
property, and specific heat in misfit-layerégi,Pb)-Sr-Co-O Recently, search for the %Jdperconducnwty in the related
system. Co oxides has been reportédThough superconductivity

Overall magnetism and magnetotransport properties otPaS npt been observed even under.high pressure, it seems of
this system seem to be governed by the disordered nature feat interest to e>_<p|ore _other materlals_ with the same type of
the spin system. The spin structure beldwis found to be na_ngular lattice, mcluc_ilng non-Co oxides, af_‘d investigate
understood more naturally by the coexistence of spin glas@e'r transport, magnetic, and thermal properties.
and ferromagnetism rather than the canted antiferromag-
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