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Variation of T, and transport properties of the Co-doped BySr,Ca; _, Y, Cu,0Og system
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We report the effect of the substitution of thd &ansition metal element Co for Cu on the resistivity, Hall
coefficient, and thermopower in the normal state of theSBICaCyOg system over a wide range of carrier
concentration. The carrier concentration is varied by partial replacement of Ca by Y ions. The superconducting
transition temperatureT() is found to decrease considerably and a significant enhancement of the ther-
mopower is observed with increasing Co doping. Bdthand thermopower show linear dependence on Co
concentration. The temperature dependence of the thermopower for the underdoped samples shows a weak
anomaly above the broad peak. This anomaly may be assigned to the opening of a normal-state gap in the
density of states. A scaling behavior for the normal-state thermopower for optimum and underdoped samples
has been established from our studies. We have also shown that the thermopower of all underdoped cuprates
can be scaled into a single universal functional fof80163-182609)09325-X]

. INTRODUCTION 2212 system Co goes into the Cu@lane without affecting
the carrier density. In YBZLu;0; (Ref. 6, YBa,Cu,Oq
It is well established that the normal-state transport prop{Ref. 6), and La_,Sr,CuQ, (Ref. § systems, thermopower
erties of high-temperature superconductors are profoundlgecreases systematically with the doping of Zn and Ni and a
different from those of conventional metals and superconglear indication of the normal-state gap opening and its sup-
ductors. The understanding of this unusual normal state is agression with Zn doping have been reflected in the tempera-
important step to elucidate the superconducting mechanismure dependence of the thermopower of the underdoped
in the highT. systems. The strongly correlated charge dy-samples. In the present study, our aim is to investigate
namics in the two-dimensional Cy@etwork is the origin of ~ whether similar behavior also exists in the Co-doped Bi-
many anomalous transport properties and high superconduc212 system.
ing transition temperatures. Several effects due to strong
electronic correlation are usually manifested in materials
with reduced carrier density, commonly known as under-
doped. The universal doping-temperature phase diagram of Polycrystalline samples of nominal composition
the cuprates shows the proximity of magnetic ordering, meBi,Sr,Ca, _,Y,(Cu,_,Cq,),0g were synthesized by a con-
tallic, and superconducting phases, and suggests that they arentional solid-state reaction method. Stoichiometric
interrelated. The undoped parent compounds are usually aamounts of oxides and carbonates were mixed throughly and
tiferromagnetid AF) Mott-Hubbard insulators. With increas- then reacted in air for several days with intermediate grind-
ing carrier doping, magnetic fluctuations suppress long-rangimgs. The heat treatment temperature was increased linearly
ordering and superconductivity evolves in the proximity of with x from 860 to 900 °C as Y concentration increases from
the insulator-to-meta(lM) transition. Therefore, the evolu- 0 to 1.0. The x-ray diffraction patterns show that all the
tion of the metallic phase from the AF insulating phase hasamples are single phase having orthorhombic structure. The
received much attention. Recently, a new phenomenon haystematic change of lattice parameters and other physical
been discovered in underdoped samples. A gaplike feature joroperties with increasing Co concentration suggest that Co
the electronic spectrum of low-energy excitations have beeis incorporated in the lattice. The variation of lattice param-
inferred from neutron difractioh, NMR,? specific heaf,  eters are consistent with the reported resUEsiergy disper-
electricaf and optical conductivity, thermopowet,and Ra-  sive x-ray fluorescence analysis was used to estimate the Co
man spectroscopyln fact all transport properties of highs  concentration in the samples. The photopeak integrals of Cu
superconductors exhibit a systematic dependence on hotnd CoK lines were obtained with a standard peak fitting
concentration including, most notably, the thermopower. Thgrogram. The concentrations of Cu and Co in the samples
thermopower is a simple but highly sensitive tool to detectwere then calculated using the fundamental parameter tech-
any changes in the electronic transport mechanism due teique[Eq. (1) of Ref. 10 where the effect of absorption of x
small variations of carrier density or disorder in the GuO rays in the sample as well as in the air gap and the enhance-
plane. ment of the CoK x ray by CuK x rays were taken into
In this paper, we report the charge transport characterisaccount* The estimated values gf are within 15% of the
tics of the Co-doped B5r,Ca, _,Y,Cu,Og system with con- nominal compositions. The thermopower of the samples has
trolled carrier density from highly underdoped to slightly been measured using a differential technique where a small
overdoped. In the YBZu;0; system, Zn and Ni occupy Cu temperature gradient is created across the sample and the
sites in the Cu@ plane whereas Co and Fe go into the CuOvoltage developed between the hot and cold junctions of the
chain site and decrease carrier density. However, in the Bithermocouple formed by the sample and Cu wires is mea-
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sured. The details of the setup and measurement techniqu 2.0 — T
have been reported earlir.The electrical resistivity has | @ x=00

been measured by dc four probe method. The Hall coeffi-
cient measurements have been done at room temperature u 1.5
der the magnetic field of 20 kOe. The magnetic field was
reversed to eliminate any magnetoresistance. The average —
four to five sets of data were taken to calculate the HallG 19 L

|

coefficient for each sample. CE: T 0
= i
Ill. RESULTS AND DISCUSSIONS 05 ;. T

The effect of Co doping on the temperature dependenct I :;/" T
of the resistivity and superconducting transition temperature g i % / L L N T
of Bi,Sr,Ca Y ,(Cu _,Ca,),0g is shown in Figs. (a) and 0 50 100 150 200 250 300
1(b) for two batches of samples witt=0 and 0.3. Both the T(K)
conductivity andT . are observed to decrease with increasing
Co concentration. The midpoint of the superconducting tran- ar— Ib T T T T T 8
sition in thep vs T plot is defined ag , here.T, determined RAN ® x-030
in this way is very close to the temperature at whighfd T AN y(%) =
is maximum. Forx=0, all the samples are metallic and su- 3r " 16
perconducting. The vs T of Co-rich samples shows a small | : [ —n . 4

upturn or semiconductinglike behavior for higher Y content

£ ; .

samples. Thex dependence oT . for the undoped = 0) ; 2t f \v"“’—" 2 4
E |- ]
(=%

samples is as reported in the literattité? The variation of /’”mm—/ %

T. as a function ofy is shown in Fig. 1c) for samples with . .
differentx. From the figure, it is clear that, decreases lin- 1 /’ - 12
i/ .
50

—
early with Co doping. From the figure we can see that the /

slope of T, vsy curves, i.e., the rate o, suppression with y i

Co doping, is a function of the Y concentration. The slope o] — PR SR —
increases with increasing Y content. This suggests that th 100 150 200 250 300
T, suppression is stronger in the underdoped regime. T(K)

There are various ways to explain tig suppression by
magnetic and nonmagnetic impurities. In the framework of
conventional Abrikosov-GorkoWAG) theory, it can be inter-
preted as the incorporation of magnetic impurities into a su- 80 |
perconductor. However, in CaBa-12Ref. 15 magnetic
(Ni) and nonmagnetic impurityZn) depressT. with equal
effectiveness. Sun and MaRistudied the impurity effect in
d-wave superconductors and found that Thereduction for &
elastic scattering in weak-couplirdywave superconductors " 40|
follows the AG equation. Talloh’ using the AG equation,
analyzed the experimental results of different highsys- 20
tems and found that the initial slope of the depressiomn
with impurity concentrationdT./dy) is constant for over-
doped samples where the pseudogap is absent and rises re 0
idly in the underdoped region with the appearence of the o
pseudogap. Our present findings that shibli/dy is stron- y(%)
ger in the _underdOpe_d region a_nd Weaker in the overdoped FIG. 1. Temperature dependence of the electrical resistivities
region are in conformity with their observations and analysis ¢ Bi,SK,Ca_,Y(Cuy_,Cq,),0; for various Co doping.(a) x

The thermopoweS for samples with different andy are =0.0, (b x=0.30. y(c) The suppression of T, for
plotted ~against temperature in Fig. 2. For thegij,sy,ca ,Y,(Cu_,Cq,),0s as a function of Co concentration

Bi,Sr,CaCyOg. s (x=0 andy=0) Sample,S is rlegative for various Y contents ). T, is determined from the resistive
from 310 K down toT, and decreases linearly with increas- transition.

ing T. Sincreases systematically with increasing impufity

concentration but remains mostly negative and maintains itthe Svs T curve forx=0.3 samplesclearly depicted in Fig.
linear dependence chup to the highest doping level of Co. 3). The small, negative and linedrdependence o8 in the
The following clear characteristics are observed inSiws T overdoped regime is consistent with the metallic nature of
curve with increasing Y dopingx): (1) S changes from the resistivity. It has been pointed 8titat the appearance of
negative to positive and becomes nonlineal |ii2) a broad  the broad peak in th&-T curve with increasing (decreasing
peak appears and this peak shifts towards higher temperaarrier densityis due to the opening of a gap in the normal
tures,(3) a small anomaly appears slightly above the peak irstate termed the “pseudogap” or “spin gap.” The rapid
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FIG. 2. Temperature dependence of the thermopdwelr Bi,Sr,Ca, _,Y,(Cu, _,Cq),05 samples for various impurity concentrations
(y). @ x=0.0. (b) x=0.20.(c) x=0.30.(d) x=0.40.(e) x=0.50.

decrease oS below this peak is also due to the opening of samples. Serat al® proposed tha$ consists of two parts: a
this gap. In the Zn-substituted YB@u;O; and YBgCu,Og  T-linear part and an anomalous part. The linear term is usual
samples, this broad peak is suppressed considerably and thrd ascribed to electron diffusion in metals while the anoma-
thermopower is enhanced at low temperatures well below thipus term is due to the spin fluctuations or spin correlation.
peak® The disorder introduced in the Cy(plane by the They suggested that the decreaseSdfy Zn substitution is
random distribution of Zn ions suppresses the gap. The tendue to the decrease of the anomalous spin fluctuation term.
perature at whicls of Zn-doped samples deviates from the However, the thermopower of Bi-2212 system shows a dif-
undoped one has been assigned as the gap-opening tempdiaent kind of behavior with Co dopingS is observed to
ture. In the La_,Sr,CuQ, system too, thermopower de- increase monotonically with Co concentration up to the high-
creases considerably with Zn and Ni dopfhhis behavior ~est value ofy and shows a broad peak for optimum and
is seen in the underdoped as well as in the highly overdopednderdoped samples. Also, we have not seen any enhance-
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FIG. 3. Temperature dependence of the thermopower for the 100
underdoped BiSr,Ca _,Y,Cu,Og samples withx=0.30, 0.40, | (b)
0.42, 0.44, and 0.46. Far=0.30 sampleShas been shifted upward

-~ 804
by 8.5 uV/K. The arrows indicate the appearance of a weak
anomaly due to the opening of the normal-state gap.
— 60
ment of S below the peak in the Co-substituted samples as § 1 x=

observed in Zn-doped YBE&u;O; (Ref. 6. Except for a 2 40
small shift in the peak towards the higher temperature, the 3 ]
nature of theT dependence df for the Co-doped samples is wg 20 /A/,ﬂ——/"”/
similar to that of undoped samples. The above unusual be- | o4 //
havior of Swith Co doping cannot be ascribed to a decrease 0.3 E__,/‘n//
in the carrier density. Maedet al'® measured the Hall co- 012 .
efficient of Zn-, Ni-, Co-, and Fe-doped Bi-2212 and did not 0.00 002 004 006 0.08
observe any decrease in the carrier density. In fact, their

results show a small decrease in the Hall coefficient for Fe- y(Co %)

doped samples as compare.d.to the undoped one. We haVeFIG. 4. () The variation of T, with room-temperature ther-
also measured the Hall coefficient at room temperature for hopower  Gip )  for  various values of x in

x=0.4 sample for different Co concentrations and Observe‘éiZSrzCaifox(Culfqu,)208 samples.(b) The dependence of
thatRy does not depend on the impurity concentration. Thugeom temperature thermopowes4, ) on Co concentration for
the increase of with Co doping must have a different ori- various Y content BiSKLCa, _,Y(Cu, -, Ca,),05 samples.

gin.

In Fig. 3, we show the temperature dependencé &r . L
the underdoped samples#0.3) with y=0. Above the perature _depend_ence & but at _thls moment it is hard te
peak, thermopower shows a small anomaly below a charadudge wh!ch one is best to describe the thermopower of h|gh—
teristic temperatureT%). This feature was reproduced in T. materials. Nevertheless, efforts have been made to find
several measurements. It may be noted that Co-dope‘ﬁ(hether any correlation between the thermopower and other

samples with differenk also show a similar anomaly above ph_ysmzzlil zapar_ameters such as carrier density, etc.,
the peak. As has already been discussed, the broad p&ak irffXISts™ With the variation of carrier level, a strong de-
arises due to the opening of the normal-state gap. The tenendence off . on room-temperature thermopoweSsfo )
peratureT% below whichS shows anomaly is assigned to the similar to that of T, vs carrier density has been observed in
gap opening temperature. A deviation from the lineardifferent systems. To observe whether the Co-doped Bi-2212
resistivity'®?° behavior below a certain temperature and asystem shows a similar behavior we have plotgg) « as a
small anomaly in the thermopowrclose to this tempera- function of T, and Co concentration in Fig. 4. Figuréas
ture has been observed for oxygen deficient Bi-221Xhows that for a givelY concentrationT. decreases linearly
samples. It has been suggested that the normal state gaith S;y, . This behavior is quite different from that of
opens below this temperatul®?’ The gap opening tempera- parabolic dependence @f. on Ss « in Oxygen deficient
turesT% are 179, 196, 203, 230, and 258 K, respectively, forsystem$' whereT, is suppressed due to the decrease of car-
our samples withx=0.3, 0.4, 0.42, 0.44, and 0.46. Theserier density. Thus the effects df. suppression on normal-
temperatures T§) are comparable with those reported by state thermopower due to the disorder in the €p@ane and
others for samples with similaF, and doping levet:"1®2°  due to changes in carrier density are different in nature. It is
Due to the complicated temperature dependence of theglear from the Fig. &) thatS;q,  increases linearly with Co
mopower in highT; superconductors, it is difficult to deter- concentration for samples with<0.50. Forx=0.5 sample,
mine the carrier density or other normal-state parameters red strong deviation from linear behavior is observed. It may
lated to electron transport in these systems. Severdie mentioned that the=0.5 doping is close to the metal-to-
theoretical models have been proposed to explain the tenirsulator transition in this system. This suggests that the in-
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fluence of Co substitution o8is different in the metallic and - - T
in the insulating regimes. 1.0 ey
The various normal-state transport parameters of Righ-
superconductors can be scaled to universal master curves 0.8
Uchidd showed that the in-plane resistivity of
YBa,Cu;O; _ 5 deviates from linear behavior below a char- 06
acteristic temperaturé’j; well above theT. and observed *cg I :
that all thep,, vs T plots for underdoped samples including ¢ 4 4 ’ ml ° 02
HgBa,CaCu;0g,  fall into a single curve by scaling/T;‘ I S -
and pay(T)/pan(T3). Hwanget al** found that the Hall co- 0ol , N i
efficientRy(T) of La,_,Sr,CuQ, can be scaled to a univer- | ok
sal functional formRy(T)=R%+RAf(T/TY). Ry(T) is P R
temperature dependent below a characteristic tempergfure 00 0.5 1.0 1.5 2.0 2.5 3.0
and becomes T independeRY) aboveT},. The tempera- T
ture T}, is found close to the characteristic temperatures
where the susceptibility and the Knight shift show peaks. As FIG. 5. The thermopower for BSr,Ca, ,Y,(Cu,yC0,),0g
in the other casesT is also found to increase with the Samples of Fig. 2 with 0.26x<0.60, plotted rescaled &S* vs
depletion of carrier density. For the Y-123 system, similar'/T" - The symbols are for present work. All samples are not plot-
type of scaling behavior for the Hall coefficient is confirmed ted in this figure to avoid overlapping. The scaling behavior for
by Chenet al?® They observed that the characteristic tem-."rf‘zéxséxcc'“b%‘ ((F;eff' ;g YBtaZCLbO7 (Rlef' 2h3’ and ::]'.dofped
peraturesT’p‘ and T}, are close to each other. So far the 2 B AUt (Ol SySOms are aiso snown in this figure-

. . e Inset: The variation off* andS* with (1—x).
scaling has been done on materials with finlie and the
physical properties considered mainly resistivity and Hall oy, the case of resistivity and Hall coefficient, one can scale
efficient. Mandal et al™ established a scaling of ther- yhermopower also into a single universal curve of the form
mopower for the nonsuperconducting Bi-2212 and TI-2212g, g« =f(T/T*). As Sis zero afT =0, the functionf (T/T*)
samples. They observed that tBes T plots for the nonsu- g5 14 also vanish af=0. The inset of Fig. 5 shows the

perconducting samples fall into a single curve by scaling,ayation of T* and S* with Y concentration(carrier den-

» " - S .
(T)/S* andT/T* as in the case of r_eS|st|V|ty. H*erié,_ IS sity). The nature of variation of these two parameters with
the temperature whe@shows its maximum valug®. Simi-  carier density are qualitatively similar to that for the

lar scaling behavior fo6 has also been reported recently by
Cooper and Loraft for La,_,Sr,CuQ, and YBgCuO;_ 5 Is'iét_grirsx_cuo‘l (Refs. 23,24 and YB3CW,0,-, (Ref. 23
systems. They observed that the temperatlig) (where In summary, we have investigated the normal-state trans-
shows maximum is approximately two times higher than thaport properties of Co-doped Bi-2212 system over a wide
of T*. To investigate whether a similar type of scaling is alsorange of carrier concentration by means of resistivity, ther-
applicable for Co-doped samples we have plo®8" vs  mopower, and Hall coefficient. Our studies reveal the fol-
T/T* in Fig. 5. It is clear that all th&vs T plots for super-  |owing. (1) T, decreases linearly with increasing Co impu-
conducting as well as nonsuperconducting samples of Fig. gty (2) In the optimum and underdoped regim&ys T
which show broad peaks can be scaled to a single curve. Fahows a weak anomaly above the broad peak associated with
some superconducting samples, the low-temperature data d¢r normal-state gap opening phenomenon. The gap opening
viate and are not plotted in this figure. This is due to the highemperatures obtained from the thermopower measurements
superconducting onset temperature which is closer to thgre close to those reported from other measureméats.
peak as compared to other samples. Thermopower increases monotonically with Co doping and
It has been observ&dhat the opening of the pseudogap the room-temperature thermopower for<0.5 samples
strongly modifies the temperature dependence of in-plane resnows a linear dependence on Co concentration. Fox the
sistivity belowT} . pap, remains linear abov&, but follows  —( 5 sampleSincreases with Co at a rate much faster than
T?* dependence beloW! . This behavior is universal for all |inear. (4) All the Svs T plots showing broad peaks fall into
underdoped cuprates. This suggests that the resistivity for aj single curve by scaling/T% andS(T)/S*. (5) As with the

the underdoped cuprates can be scaled into a single universakistivity the thermopower of underdoped cuprates can be
curve after subtracting the residual resistiithlow the  scaled into a single functional form.

question arises of whether a similar type of universal scaling
also exists for other transport coefficients. For this we have
plotted the thermopower data for,Ba,CaCyOg (TI-2212)
(Ref. 26, La, ,Sr,CuQ, (LSCO (Ref. 23, and The authors would like to thank Dr. M. Sarkar and Mr. D.
YBa,Cu;0;_ 5 (YBCO) (Ref. 23 systems in Fig. 5. One can Mitra of ANP Division, SINP for estimating the Co content
see that all the curves for different systems fall onto a singlén the system, Dr. P. Choudhury for useful discussion, and A.
curve. For the La ,Sr,CuQ, system, the small deviation Pal for technical assistance. One of (BB.) is grateful to
may be due to the scattering of experimental d&fehus as  CSIR for financial support during this work.
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