PHYSICAL REVIEW B VOLUME 54, NUMBER 10 1 SEPTEMBER 1996-1

Temperature dependence of the in-plane resistivity in underdoped B&r,CaCu,0,
single crystals
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A number of underdoped B8r,CaCw,0, single crystals have been obtained by two different ways:
substitution of Y for Ca, an@?) removing oxygen from crystals by vacuum annealing. The in-plane resistivity
(pap) measurements reveal different transport properties between these crystals. For the Y-doped crystals,
pan(T) exhibits metallic behavior until the crystal reaches a doping level where the metal-insulator transition
should occur. ArS-like T-dependenp,,(T) in the underdoped samples, similar to the observations in under-
doped YB3Cu;0;_, and La_,Sr,CuO,, was observed. However, for vacuum-annealed cryspajls,T)
becomes nonmetallic. We analyze the data and argue that the disorder introduced by vacuum annealing is much
greater than that by Y doping as long as the crystals have the $an{&0163-18206)04634-9

I. INTRODUCTION crystals in a vacuum state. The f&r,Ca; Y ,Cu,0,
single crystals were grown from a bismuth-oxide-rich melt in
The understanding of high-temperature superconductivitAl ;05 crucibles. We chose BiSr,Ca; Y ,Cu,0, with
requires the careful study and understanding of the unusual=0, 0.07, 0.11, and 0.17 as the nominal compositions of
normal-state properties of these materials. A promising wayhe melt. The mixture of the starting materials of,Bis,
towards this goal is to perform a systematic study so as t&rCO;, CaCQ;, Y ,03, and CuO was ground and fired at
establish how these properties evolve as a function of dope800 °C for 17 h 2 or 3imes. The products were melted at
carrier concentration. Previous studies on underdoped70-1000 °C(depending on the Y concentratjofor 4 h,
YBa,Cu30,_, (Ref. 1) and YB&Cu,Og (Ref. 2 have pro-  then cooled down slowly to 820-835 °C at a rate of 1.5
vided evidence that the charge transport in the gplanes  °C/h, followed by a furnace cooling down to room tempera-
is determined by spin scattering. Similar systematic studiesture. The crystals were removed mechanically after breaking
on charge transport have also been done gn L8r,CuQ, at  the crucible. To improve the homogeneity of oxygen content,
different doping levelg:* In this work, we present measure- some crystals were annealed in an @mosphere at 620
ments of the temperature dependence of in-plane resistivityC for 18 h. Vacuum annealing was carried out in a con-
in underdoped BiSr,CaCu,0, (Bi2212) single crystals. stantly pumped quartz tube at, approximatety5x 10 ©
As in other highT. cuprate systems, there are two waysmbar and 400 °C.
to reduce the carrier concentration and, thus, prepare samples X-ray-diffraction (XRD) measurements were performed
out of the underdoped region in gr,CaCu,0,. One isto in an effort to determine the possible presence of secondary
substitute an element in the crystal structure by another onghases and to demonstrate the effect of Y doping and oxygen
with a higher valence state. In this case the substitution ofoncentration on the-axis lattice parameter. The resistivity
Y3* for Ca®" has been found to be most efficient in was measured via an at<43 Hz) four-probe method using
Bi2212? It should be mentioned that although a lot of work a lock-in amplifier. The typical dimensions used to determine
has been done on this substituted system, only a few experihe resistivity were 1.5 mnx 0.7 mmXx 8 um. Contact was
ments were performed on single crysti8 Another way is  made using silver paint. These silver contact pads were
to remove oxygen from the pure samples. This can bgainted on samples before annealing. Normally the contact
achieved by annealing the samples in an atmosphere witlesistance was below (B for oxygen-annealed samples.
low partial oxygen pressurfeThough both methods have However, for vacuum-annealed samples, the contact resis-
been adopted to adjust the carrier concentration and prepatgnce, which depends on the Y concentration in the crystal,
samples out of the underdoped region in the past, there hagcreases strongly.
so far, been no careful comparison and discussion about
whether or not the normal-state properties evolve in a similar
way. We shall show here that, when the superconducting Ill. RESULTS AND DISCUSSIONS
transition has been depressed to about the same temperature
by the different methods, the normal-state resistivity behav- By means of XRD we could verify the crystals, which

iors become completely different. grow preferentially along thab plane, to be of the proper
2212 phase. No trace of secondary phases could be identi-

fied. As examples, Fig. 1 shows tk@0,1 x-ray-diffraction
patterns for a pure 2212 crystal both before and after
As mentioned above, we used two ways to get undervacuum-annealing and also for a Y-doped crystal with
doped BiLSr,CaCu,0, single crystals: By(i) growing x=0.11. We see that there is an opposite trend for the effect
Y-doped BjSr,CaCu,0O, crystals and(ii) annealing the of Y doping and vacuum annealing on tbeaxis lattice pa-

Il. EXPERIMENTAL DETAILS

0163-1829/96/54.0)/74454)/$10.00 54 7445 © 1996 The American Physical Society



7446 N. L. WANG, B. BUSCHINGER, C. GEIBEL, AND F. STEGLICH 54

«Q
[

=]

) - after vacuum-annealing
‘ FIG. 1. X-ray-diffraction pat-
5000 i ]

8
@

o 08
E 307
B £ e \D terns for a pure 2212 crystal both
£ s . before and after annealing in a
s0q] PSR Inesing | vacuum~5x10"° mbar at 400
0% 005 010 015 0™ °C for 14 h and for a Y-doped

nominal Y concentration

2212 crystal withx=0.11, mea-
sured using 1.54 A CK« radia-
tion. There is no indication of sec-
ondary phase material. The inset
x=0 shows thec-axis parameter as a
. it - function of nominal Y concentra-

R x=0, vacuum-annealed A 4
N A »" . .

Intensity

"

tion both before and after vacuum

N
ob el Wl o et | annealing.

1 N 1 A 1 . 1 ) 1 . ) : 1
20 25 30 35 40 45 50

2-Theta

rameter. The lattice parameterdecreases with the increase due to the reduction of the carrier concentration. The disor-
of Y concentration. However, vacuum annealing results in amler introduced as a result of substitution of 'Y for Ca?*
increase of the lattice parameterThe inset of Fig. 1 illus- also contributes to this increase. Tke 0.17 sample can be
trates the lattice parameter before and after annealing in considered to be close to the critical doping level where the
vacuum, as a function of Y concentration. The dependenceetal-insulator transition should occur in the well-
of the c-axis parameter on nominal Y concentration in unan-established phase diagram for high-cuprates. Concerning
nealed crystals is in good agreement with previoughe S-like temperature dependence of the in-plane resistivity
publications®® The increase of the lattice parametegfter  in the underdoped sampléve shall focus here on the
vacuum annealing is apparently due to the loss of oxygen in=0.11 samplg there could be two explanations. One is
the crystal structure so that the repelling force amongst cathat the accelerated decrease in the resistivity at around 200
ions becomes relatively large. As we shall see below, th& can be related to the opening of a gap in the spin-
vacuum-annealed pure 2212 crystal has nearly the same su-
perconducting transition temperature as the Y-doped crystal
with nominal compositiorx=0.11. While the lattice param-
eterc of the vacuum-annealed crystal is increased compared 10 | F‘ -
to pure unannealed sample, it is reduced for the Y-doped 1
crystal. From this observation, we conclude that the super- -
conducting transition temperature is not directly related to A
lattice parameters. X‘
Figure 2 shows,, vs T curves for an undoped and sev- A
eral Y-doped Bi2212 crystals. The latter ones were annealed KR ]
in an O, atmosphere. There are several features worth men-= _l \w& nominal |
tioning. Firstly, the superconducting transition temperature W Pon x=0.17
T. (defined as the onset of the sharp transjtiorecipitously
drops as Y is added.; for undoped 2212 is 87 K, 70 K for
nominal x=0.07, 32 K forx=0.11 and 14 K forx=0.17,
respectively. This shows clearly that the crystals evolve from
optimally doped to underdoped as a result of hole filling due
to the substitution of ¥* for Ca?". Secondly, the crystals J
still show metallic behavior withdp,,/dT>0 up to {
x=0.11, even though the magnitude of the resistivity in- I -
creases rapidly. The metal-insulator transition occurs when 1
the nominal Y concentration approaches 0.17. Thirdly, the ] | e r—————
underdoped sample exhibits 8rike T-dependent resistivity 0 50 100 150 200 250 300 350
in the normal state. This is evident in Fig. 2 for the T (K)
x=0.11 sample. Thip,,(T) dependence is similar to the
one observed in underdoped YB2u3;O;_, (Ref. 1) and FIG. 2. Temperature dependence of the in-plane resistivity for
Laz,XSrXCuO4.3'4 pure and Y-doped BiSr,CaCwyO, single crystals.x gives the
The increase of the resistivity with Y doping is apparently nominal Y concentration.

Y-doped Bi2212 crystals

_—~
£
[&]
(@}
S

S

o
8 x=0.11 |

2k
x=0.07

pure




TEMPERATURE DEPENDENCE OF THE IN-PLAH. . .

7447
| ' | ! | ¢ | v I L ) 200
20 vacuum-annealed
D":\ \% 10
|l:‘ [ ) .‘
?3 .\ pure 08 _ 150
15 _;‘2\1 . \s go.s FIG. 3. Temperature depen-
- o3 . " E., ' . dence of the in-plane resistivity
= . * & airannealed c for both a pure and an Y-doped
o - \ 0z 4100 © x=0.07 Bi,Sr,CaCy,O, single
g 10 4 ’ﬂé . % crystal after vacuum annealing.
S & \ %% W oEE = The inset shows the,,(T) curve
d‘% I ‘E{ o‘.% normalized at 300 K for the same
A \\ vacuum-annealed pure 2212 crys-
5 - 150 tal, but after having been rean-
nealed in air at 400 °C for 1 h.
0 " 1 1 | n 1 " 1 1 0
0 50 100 150 200 250 300
T (K)

excitation spectrum, a situation similar to other bilayered cu-doped region. The increase of thexis parameters provides
prates like YBgCuzO;_, (Ref. 1) and YBa,Cu,0g.2 How-  additional evidence for the loss of oxygen. However, we re-
ever, the available experimental data concerning the spifrained from performing a quantitative determination of the
excitation for Bi2212 do not yield a consistent picture, oxygen content before and after the annealing.

though it may be expected that the bilayer-coupling systems The large change i, allows us to compare how the
should have similar excitation spectra. For example, Ishidaormal-state properties evolve upon reducing the doping lev-
et al1? reported that even for a slightly overdoped Bi2212els caused either by Y doping or by oxygen removal via
crystal, theT-dependent Knight shift’3(T), as well as the vacuum annealing. The vacuum-annealed pure 2212 sample
spin-lattice relaxation rate,T(T) "%, resemble the behavior has almost the same superconducting transition temperature

established for underdoped YB@u;O;_,: %K(T) de-

(~30 K) as the Y-doped x=0.11 crystal. However the

creases upon cooling and@ {T) ! vs T has a peak above normal-state in-plane resistivities behave completely differ-
T.. In contrast to this, no distinct features have ever beerntly. The Y-doped one shows metallic behavior with

observed inp,, vs T for undoped Bi2212 crystals.

An alternative approach is to consider tBdike shape of
pan(T) as an indication of resistivity saturation at high tem-
perature. We noticed that Takagt al2 analyzed their ex-
perimental results for underdoped 4.3.Sr,CuQ, following
this idea. From simple Drude model for a quasi-two-
dimensional (2D) system p,,=(h/e?)d./kel, where
d.=c/2 is the periodic length in the axis, ke is the Fermi
wave vector, antlis the mean free path, it is easy to estimate
the saturated valugy, of the resistivity by application of the
Mott-loffe-Regel criterionkgl~1. This yields py~4 m
Q cm for 2212. From Fig. 2, we find that the resistivities for
x=0.11 forT>270 K and 0.17 samples already exceed this
value. As the mean free pathcannot be less than the mini-
mum scattering length/2 (a is the in-plane lattice param-
eten, this may imply thatkg is much smaller thanr/a. In
other words, this could imply that the underdoped materials
have a small Fermi surface.

Figure 3 shows the,,(T) curves for two crystals after
annealing in a high vacuum~(5x 10" ® mbay at 400 °C for
14 h: i.e., a pure 2212 and a Y-doped one with nominal
compositionx=0.07. We find that vacuum annealing de-
presses the superconducting transition temperatures strongly.
T is reduced from 87 to 30 K for the pure 2212 crystal, and
from 70 to 10 K for the Y-dopedx=0.07) crystal. This

oxygen content which shifts the sample towards the underrthmic plot.
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FIG. 4. p,, vs T curves for both the Y-doped=0.17 crystal
rapid depression i is undoubtedly caused by the loss of and the vacuum-annealed Y-dopee 0.07 crystal in a semiloga-
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dpa,/dT>0, while the vacuum-annealed crystal shows a4. The results suggest that all the crystals belong to the
semiconductinglike behavior. For the vacuum-annealedveak-localization regime.

Y-dopedx=0.07 crystal, the in-plane resistivity increases by ~ Finally, we show that the vacuum-annealed samples can
more than one order of magnitude as temperature drops frol: reversibly, transformed to superconductors with high
300 to 10 K, while the increase of resistivity of the oxygen- ransition temperatures after annealing in air or in oxygen.
annealed Y-doped=0.17 crystal withT,~14 K is much As an example, the inset of Fig. 3 shows a normalized

smaller in nearly the same temperature interval. For ou ap(T) curve for the vacuum-annealed pure 2212 crystal dis-

) ) layed in the main part, having been reannealed in air at 400
vacuum-annealed Y-doped samples witr0.11, we did not ¢ tor only 1 h. The transition temperatufe returns from
obtain reliable data due to very large contact resistanceo to 90 K. Though the residual resistivity is higher com-
However, we are confident that the resistivity must be largepared to the original as-grown sample, the in-plane resistivity
than in all the other samples measured, as a high samplecomes metallic after reannealing in air. Considering the
resistance also results in a high contact resistance. rather short annealing period and the relatively low anneal-

The above results indicate that the vacuum annealing afng temperature, we believe that the oxygen addition during
fects the normal-state properties more strongly than substitihe air-annealing starts to fill up O vacancies within the
tion of Y for Ca does. This implies that the disorder intro- CUC; layers. _
duced by vacuum annealing must be greater than that caus%d In summary, we have successful_ly obtaln_ed underdoped
by Y doping provided that the crystals have the safge 12Sr,CaCL,0y single crystals by using two different meth-
This can be understood by assuming that substitution o ds: (i) growing Y-doped crystals. and) removing oxygen

at o4 N ) . rom crystals by vacuum annealing. We find that there are
Y=" for Ca™" mainly introduces disorder in the Ca layers gyong differences in the in-plane transport properties be-
sandwiched between the Cy@lanes, while vacuum anneal- tween these crystals. In case of Y doping, the in-plane resis-

ing removes oxygen from different layers. Considering thetivities exhibit metallic behavior until the crystal reaches a
significant difference of the in-plane resistivities in these twodoping level where the metal-insulator transition ought to
cases and also the fact that the in-plane transport is domoccur. Particularly, we find a complicatedS-like
nated by the scattering within the Cy@ayers, we argue that T-dependentp,, in underdoped BiSr,CaCw,0, single
at least some of the oxygen atoms have to be removed frogrystals, similar to previous observations in underdoped
CuO, layers by vacuum annealing. YBa,Cuz0;_y and La,_,Sr,CuO,. However, for vacuum-
Realizing that the semiconductinglike behavior of @nnealed crystals, the in-plane resistivity becomes nonmetal-
pp(T) for vacuum-annealed samples may be mainly causelic- Our anaIyS|_s |Ilgstrates that the d|sorde( introduced by
by the disordering effect, we have tried to fit thg,(T) data vacuum annealing is much higher than that introduced by Y
n the nomal state to Motts formula of variable-range- SRS, T8 P 22 i FAEEs e e e e account
ggpglnndgaczog;d; (f:gro r?lil)Dabsg/rs)tegg?ﬁgglr:?m;\tlglr;,athelldSaIgrcanal,so when explaining other experimental data for underdoped
not be reproduced well by this formula. Instead, we find tha 2572CaCl,0y samples.
for both the Y-dopedx=0.17 sample and the vacuum-
annealed Y-doped=0.07 sample, the resistivities increase

approximately ag,,(T)~ — (h/e?)InT, typical for a 2D car- N.L.W. gratefully acknowledges the support from the Al-
rier system in the weak-localization regime, as shown in Figexander von Humboldt Foundation.
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