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A systematic study of yttrium substitution for calcium in the high-temperature superconductor
Bi,Sr,CaCu,05 has been performed. Single crystals were grown, cleaved, and characterized with use of
x-ray fluorescence, electron microprobe, and electron- and x-ray-diffraction techniques. The dc resistivi-
ty, diamagnetic shielding, and Hall coefficient of the samples were also measured as functions of the tem-
perature from 4 to 300 K for different dopant concentrations. We conclude that our systematic substitu-
tion in the family Bi,Sr,Ca,_,Y,Cu,O4 gives an insight into this high-temperature superconducting ma-
terial as well as into weak localization and metal-insulator transitions.

INTRODUCTION

In the study of the superconducting and normal-state
properties of the high-T, cuprates, it is often of interest
to create samples with a reduced transition temperature.
Our principal motivation for the present study is to gath-
er information about superconductivity by destroying it
in various ways and studying the trends in the charac-
teristic parameters of the system.

It is well established! ~° that the transition temperature
in the Bi,Sr,CaCu,04 system can be adjusted by replac-
ing Ca with Y. One would expect that yttrium, having a
larger valence than calcium, would act as a dopant and
smoothly decrease the conduction-electron density, while
retaining the crystalline structure.

Tamegai et al.> were among the first to study the
diffraction pattern and lattice parameters as well as the
resistivity, Hall effect, and susceptibility of these com-
pounds. Maeda and co-workers® measured the change in
lattice constants, resistivity, susceptibility, Hall effect,
and optical reflection. Ando et al.® measured these same
properties excluding reflection and also measured the
Meissner  fraction. Fukushima et al.’> measured
diffraction, the c lattice parameter, resistivity, and mag-
netization. Groen, DeLeeuw, and Feiner® measured lat-
tice constants, oxygen concentration, and resistance.
Much of this work seems to have been motivated by the
early efforts of Manthiriam and Goodenough,” who mea-
sured changes in resistance and lattice constants with yt-
trium substitution, as well as by the efforts of Yoshizaki
et al.* who measured resistivity and susceptibility on
yttrium-doped samples.

All of these studies, however, were performed on poly-
crystalline or ceramic samples. In the time elapsed since
these experiments were completed, more groups have be-
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gun to concentrate on single-crystal samples, especially
for doping studies. Mitzi and collaborators' have con-
ducted the primary single-crystal yttrium-doping study,
measuring lattice parameters, magnetization, susceptibili-
ty, and Hall effect. They also studied the composition of
the crystals and were able to illustrate the inhomogene-
ous, polyphasic nature of grown crystals.

In this paper, we discuss the preparation and charac-
terization of Bi,Sr,Ca;_,Y,Cu,Oy single-crystal samples
used in both infrared transmission'®!! and tunneling'?
studies. Furthermore, we present the electrical transport
properties and offer an analysis of the trends observed in
the data.

PREPARATION

The crystals were grown from a powder charge
comprised of Bi,03, SrCo;, CaCOj3, Y,0;, and CuO. The
amount of Y,0; was systematically varied in order to in-
duce changes in the structural and electronic transport
properties of the solid. The starting composition was
stoichiometric [Bi]:[Sr]:([Ca]+[Y]):[Cu]=2:2:1:2; the rel-
ative amount of [Y]:[Ca] ranged from 0:1 to 1:0. (In this
paper the symbol [] will be used to indicate the amount
of the corresponding element.) Additionally, an extra
20-50 % of CuO was often, but not always, used as a flux
to facilitate large crystal growth. We observed that the
excess CuO flux aids the crystal growth of the more
heavily doped samples, while it does not change the prop-
erties of the samples themselves in any apparent way oth-
er than crystal size.

The general routine was as follows: once measured and
manually mixed, the powder charge (typically 200-300 g
total mass) was put into a high-purity alumina crucible.
It was then placed in the furnace and heated in about 4 h

13 025 ©1992 The American Physical Society



13 026

to 1020°C. The charge was maintained at this tempera-
ture until all of the powders had melted, a period of
roughly 6 h. The cool down did not begin until a visual
inspection of the crucible (through a hole in the top of
the furnace) revealed a totally homogeneous (devoid of
visible flakes) and slightly viscous fluid. The mixture was
then stirred with an alumina rod to insure the homo-
geneity of the melt.

The cooldown began at 1020°C and continued to
840°C at a rate of 1.6°/h, a process which takes just over
4 days. From 840°C, the crucible was cooled much more
quickly (approximately 10°/h) down to room tempera-
ture. The solid-liquid phase transition was at approxi-
mately 900°C for the undoped preparation. For a few
batches we performed a crude DTA (differential thermal
analysis) with a differential thermocouple attached to the
crucible and to a hot reference point inside the furnace.
The transition appeared fairly broad and it may depend
on the Y concentration—hence, the wide, 180°C range
for the slow cooldown. Mitzi et al.! emphasized the
influence of the temperature gradient on the crystal
growth direction. In our furnace, the temperature gra-
dient was a vertical one since we observed and stirred the
samples through a hole in the top (center) of the furnace
and the heated panels are below the crucible.

Once cool, the crucible was cracked open to reveal mi-
calike flakes with shiny crystal faces. Crystals with sur-
face areas as large as 1 cm? have been grown in the pure
and slightly yttrium-doped samples (up to 10% nominal
yttrium content). For larger yttrium concentrations the
crystal size decreased rapidly, although it was possible to
get single crystals with y =1.0 which had dimensions of
approximately 1 mm X1 mm. For this study, samples
with nominal yttrium concentrations of y =0, 0.03, 0.06,
0.075, 0.09, 0.10, 0.12, 0.2, 0.5, and 1.0 (fully yttrium
doped) were grown, prepared, and analyzed. The tenden-
cy of these crystals to cleave perpendicular to the c axis
was exploited in a manner discussed elsewhere!’ to
prepare thin, high-quality single crystals throughout the
doping study.

The crystal growth was performed in air. It is well
documented that annealing or “heat treatment” of
Bi,Sr,CaCu,03 samples has led to differences in
7,.M81%15 Qur crystals have routinely shown supercon-
ducting transitions around 75 K (zero resistance) as
grown. After heating the cleaved crystals in air to
~600°C for as little as a minute, the T, rises to typical
values of 85-90 K. Conversely, heat treatment in He,
vacuum, or any low oxygen pressure reduces the critical
temperature. Under a variety of low oxygen pressures,
annealing temperatures, and time spans we failed to see
any increase in superconducting transition temperature.
These observations suggest that the crystals are oxygen
deficient when grown and that the critical temperature is
increased by the oxygen uptake for oxygen pressures up
to a few atmospheres (the largest tried).

Concerning this feature, the published data is contra-
dictory: Mitzi et al.! observed improvement in 7, with
heat treatment in low oxygen pressure, while Crommi
et al.'’® agree with our findings. The oxygen deficiency,
and the exact composition of other elements in the sam-
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ple, may well depend on apparently subtle details of the
preparation conditions, such as the heat distribution in-
side the furnace (it might be very important if the top or
the bottom of the sample freezes first). We did not ex-
plore all these factors, and we did not have an indepen-
dent control over all, potentially important, cir-
cumstances. A great effort was made, however, to ensure
that the conditions were reproduced as closely as possible
between subsequent preparations.

COMPOSITION

The composition of the melt-grown crystals is open to
discussion, since typically there were large amounts of
secondary material left in the crucible. Therefore, it was
essential to perform composition analysis on the crystals.
We selected two different methods: x-ray fluorescence,
sensitive to (Y, Cu, Sr, Bi) and electron microprobe, sen-
sitive to (Ca, Y, Cu, Bi, Sr). When the same element was
analyzed with both methods, the results of the two
methods generally agreed. We observed significant
differences between the ‘“nominal” and “actual” composi-
tions, especially with respect to the amount of yttrium
present in a given crystal.

The stoichiometric coefficients of the samples was stud-
ied with wavelength dispersive spectrometry on the
Cameca CAMEBAX electron microprobe at SUNY Sto-
ny Brook. Absolute measurements of the elemental con-
centrations was achieved by comparing peak intensities
of the unknown with those from well-characterized stan-
dards of known composition. Corrections were made for
the matrix effects of atomic number, absorption, and
fluorescence by other elements in the sample and in the
standard, by using Cameca PAP, a ¢-p(z) correction
scheme. All elements, with the exception of oxygen, were
measured this way. For oxygen, the resolution of the in-
strument was not high enough to reach other than trivial
conclusions.

In the electron microprobe we first looked for composi-
tion differences between the 2:2:1:2 crystals and the sur-
rounding material. Such differences were visible in back-
scattered electron images, since the displayed gray scale
is based on average atomic weight; the heavier phases
appear brighter. For this we prepared samples by sand-
ing and polishing a large amount of the solid with ran-
dom crystallographic orientation. In such cases we ob-
served the presence of several phases in addition to the
2:2:1:2 crystals. In particular, a bulk sample of undoped
2:2:1:2 showed small inclusions of copper (or copper
oxide—we were not sensitive to oxygen), presumably
from the flux. Also, an intermediately doped sample,
nominally y =0.12, showed that there were some areas
on the periphery which contained no yttrium at all.
Similarly, a bulk sample of y =1.0 contained extraneous
bismuth-free and copper-free phases as well as pure yttri-
um inclusions.

After this preliminary investigation, we performed
similar measurements on thinly cleaved single crystals.
In such samples (typical dimensions 1.0 mmX1.0
mm X 1.0 um) we saw no inclusions of different composi-
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tion on the length scale of 1 um or larger (smaller in-
clusions can not be resolved by the probe). However, for
larger and thicker crystals, inclusions are likely to occur.
Based on this observation we emphasize the importance
of using thin single crystals in the study of the physical
properties.

The composition analysis was performed on different
crystals from the same batch, as well as on several spots
in the same crystal. Apparently, the yttrium content
varied even within a single batch. Variations within the
same single crystal were much smaller, but further stud-
ies will be necessary to establish the length scale and the
degree of uniformity.

Table I contains the measured concentrations for
several members of the study, with the sum of the cations
per formula unit fixed to seven for simplicity. The data
represent the average figures for 10—30 different crystals
of each nominal concentration.

The x-ray fluorescence studies were performed at The
National Synchrotron Light Source at Brookhaven Na-
tional Laboratory using the x-ray fluorescence beam line
X-26A. Several crystals of each nominal yttrium concen-
tration were mounted on copper grids and glass slides.
The copper grids were washer-shaped with an inner di-
ameter of 0.6 mm. The samples (most of which were
transparently thin) were attached to the grid with a tiny
drop of silver contact paste. Those samples mounted on
slides were generally thicker, and were glued down (on
the underside only) with nail polish. Calibration samples
(pelletized powders of known composition and density)
were also measured. The synchrotron (broadband) x-ray
beam was incident on the samples with a spot size of ap-
proximately 10X 10 um. The fluoresced x rays were
detected with a Si(Li) detector mounted 5 cm from the
sample at 90° from the incident beam.

The Bi La, Bi LS,, Bi LS,, Sr Ka, Ca Ka, Cu Ka,
and Y K «a peaks were fit with Gaussian functions and the
area above the background was calculated. The results
were evaluated by comparing the intensities with the cal-
culated intensities obtained from computer simulation.!®
Due to the energy dependence of the x-ray absorption,
the sample thickness plays an important role in the evalu-
ation of the data. Since the samples did not all have the
same thickness and this dimension was not always
known, certain peak intensities (because of their sensitive
dependence on thickness) proved more difficult to mea-
sure. Because of the number of experimental parameters
being varied from sample to sample, only the ratios of
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different peak counts are presented here. For reference
we selected strontium since its atomic number (and there-
fore Ka x-ray energy) was closest to yttrium, the compo-
sitional variable.

For the purposes of this study, the primary considera-
tion was the yttrium content of the actual single crystals
obtained from large preparations. The proximity of the
yttrium line to the strontium (both Ka), as well as the
thickness independence of the ratio between them, allows
for quite accurate determination of the Y content, assum-
ing that [Sr] does not change. Figure 1 displays the mea-
sured yttrium content versus nominal Y content for 31
independently measured samples. It must be stressed
that it is the ratio of 2[Y]/[Sr] that is plotted. However,
due to the invariance of the Sr composition with a change
in the yttrium content and the thickness, the variation in
this ratio can be fairly safely thought of as resulting sole-
ly from a real change in yttrium concentration. For com-
parison, we have also plotted the results of the electron
microprobe study, taken from Table 1.

Several aspects of the data represented in Fig. 1 war-
rant discussion. First, there is a preferential introduction
of Y into the single crystals as they grow, indicated by
the steep slope in the figure for nominal concentrations of
less than 0.2. This is in good agreement with Mitzi’s re-
sults.! Only a fraction of the initial powder charge grows
in crystals which, by virtue of their size, are useful for ex-
periments, hence, it is possible to find that some crystals
contain 40% Y when the starting composition was only
10% Y.

It is of interest to note that, according to the x-ray
fluorescence measurements, the composition saturates at
about [Y]=0.8, distinctly different from the
stoichiometric 2:2:1:2 expectation. Similar conclusions
can be drawn from the electron microprobe study, and
similar observations were made by other groups as
well.17—20

Finally, the scattering of points for each nominal com-
position reflects the inhomogeneity between samples as
they grow in the crucible. Indeed, there seems to be some
correlation of T, with the vertical origin of a given crys-
tal within the crucible: the lower in the crucible, the
higher T.. This may be due to the fact that the crystal
grows downward, preferentially incorporating Y, leaving
less Y in the fluid for crystals at the bottom.

Bismuth concentration was measured by using the sum
of the counts under the three bismuth lines (all L lines).
Although individually thickness dependent, the sum of

TABLE 1. The results of electron microprobe analysis. Starting powder charges correspond to
Bi,Sr,Ca,_, Y, Cu,O; with yttrium contents as given in the “nominal” column. Error bars represent
approximately one standard deviation of scatter in the data.

Nominal Bismuth Strontium Calcium Yttrium Copper Ca+Y

Y=0 2.14+0.04 1.93+0.05 0.92+0.03 0 2.02+0.04 0.9240.03
Y =0.09 2.03 1.87 0.79 0.30+0.07 2.00 1.09£0.10
Y=0.12 2.01 1.86 0.65 0.4410.05 2.05 1.09+0.08
Y=0.20 2.04 2.05 0.41 0.5510.03 1.95 0.96+0.05
Y=0.50 1.91 1.95 0.53 0.64+0.02 1.98 1.17+0.05
Y=1.0 2.02 2.10 0.86+0.02 2.00 0.8610.02
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FIG. 1. The measured ratio of 2[Y]/[Sr] for single crystals is
given as a function of nominal 2[Y]/[Sr] composition. Both x-
ray fluorescence and electron microprobe data are shown. Yt-

trium is preferentially incorporated into those samples with
lower concentrations and saturates at a value of [Y]=0.8.
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FIG. 2. The ratios of (a) [Bi]/[Sr] and (b) [Cu]/[Sr] for single
crystals are plotted as functions of measured 2[Y]/[Sr] yttrium
concentration (from x-ray fluorescence). Both x-ray fluores-
cence and electron microprobe results are shown. Bismuth and
copper each appear to have larger concentrations than stronti-
um in the fluorescence data, but only bismuth does so in the
electron microprobe data. In general, the concentrations of
these elements is independent of yttrium concentration.
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the three lines turns out to be constant (to within a single
percent) in the range of thicknesses between 0.1 and 10
pm. The concentration of bismuth in the single crystals
was found to be about 5-10 % higher than for Sr, in ac-
cordance with the electron microprobe results (Table I).
The bismuth/strontium ratio is plotted in Fig. 2(a).

Figure 2(b) depicts the 2[Cu]/[Sr] ratio as a function of
the measured Y-doping content. Since the copper sample
holders would interfere with this measurement, only the
21 samples mounted on glass slides have been included.
The sustained deviation of the ratio from the expected
value [Cu]/[Sr]=1 has been seen elsewhere.!>®718-20
We argue that the x-ray fluorescence is a less reliable
method for determining [Cu]/[Sr], since the technique re-
lies on two lines (Cu Ka and Sr Ka), which have very
different thickness dependences due to x-ray attenuation
in the sample. Although we made efforts to correct for
these effects, such attenuation leads to a significant
scatter in the data (as seen in the figure), and it may easily
cause a systematic error of 10%.

In summary, for the Y end member, the x-ray fluores-
cence gives a composition of Bi,SrgY,CusOg, where
a=[Bi]=2.2+0.1, B=[Sr]=2 (fixed), y=[Y]=0.8
+0.05, and 6=[Cu]=2.2%0.2. The exact amount of ox-
ygen was not determined in our study. If, instead of
fixing strontium to 2, we fix the sum of the four cations to
seven, we get a=2.12, $=1.94, y=0.80, and 6=2.12.
The [Bi]/[Sr] and the [Cu]/[Sr] ratios proved to be in-
dependent of the Y content. There is a good agreement
between the x-ray fluorescence and electron microprobe
results. In particular, the composition of the samples
deviates from the ‘“ideal” [Bi):[Sr]:([Ca]+[Y]):[Cu]
=2:2:1:2 in that there is an excess amount of Bi and Cu
with a significant deficiency of Y and Ca.

STRUCTURE

The structure of the samples was studied by x-ray and
electron diffraction. The x-ray study concentrated on the
variations in the c lattice parameter of the crystals, while
the electron diffraction produced diffractograms in the
a*-b* plane. Because the individual samples used in
these experiments were not measured for composition, all
yttrium dopings listed are nominal. For actual composi-
tions, the reader is referred to Table I.

As noted elsewhere,! 2! substituting Y for Ca in
2:2:1:2 preserves the basic crystalline structure while de-
creasing the c-axis parameter and increasing both the a-
and b-axis parameters. We have measured the c-axis
modulation with Y concentration using a four-circle
diffractometer and cleaved crystals. The x rays used were
from the Ka line (8.847 A ™) of a rotating Molybdenum
anode.

Figure 3 shows the observed variation of the c-axis pa-
rameter for thin crystals with increases in yttrium con-
tent. Data points were arrived at from a Gaussian fit to
the peak, with a least-squares value for the center and un-
certainty therein. Typically, the reflections used were
(0,0,8), (0,0,10), and (0,0,12) with othe uncertainties in
Qeak centers corresponding to 0.03 A for (0,0,8) and 0.02
A for (0,0,12) measurements. These uncertainties are
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FIG. 3. The crystallographic c axis is plotted as a function of
measured yttrium content 2[Y]/[Sr] (from x-ray fluorescence).
The data strongly suggests a linear dependence of the ¢ axis on
Y doping. This is presumably due to the fact that yttrium
atoms take up less space than the calcium atoms they are ex-
pected to replace.

roughly the scale of the data points themselves in Fig. 3.
No attempts were made to increase the resolution.
Working with thin single crystals is more difficult than
with bulk samples, since the thinner ones bend, yielding a
considerable mosaic and restricting the portion of the
sample that satisfies the Bragg condition at any one
orientation. As a consequence of this, all of the c-axis
peaks were resolution limited (a full width of 0.1° or
~0.1 A, in these terms) and no information could be gar-
nered about the long-range order of the crystals.

It is interesting to note that, had the assumption been
made that the c¢ axis changed linearly with Y content,
some of the same conclusions drawn from the composi-
tion analysis could have been made on the basis of these
experiments alone. Specifically, these are the observa-
tions regarding the preferential introduction of Y into the
Ca sites and the crystal-to-crystal inhomogeneity within
the same crucible.

Due to the relatively low resolution of the x-ray mea-
surement, the a and b lz}ttice constants were both mea-
sured to be 5.40%+0.02 A for the calcium end member.
Although the orthorhombic structure is not apparent in
the lattice spacing, it can be easily observed in the super-
lattice peak characteristic of modulation in the b direc-
tion.! 73821724 The location of this peak at (0,2.213,0) is
in good agreement with the generally accepted value of
4.7b for the superlattice modulation period. No attempt
was made with x rays to observe the small changes in a
and b with yttrium-dopant concentration.

The structural effects of doping on a, b, and the super-
lattice are most readily evident using a transmission
electron-diffraction technique.?!"2° The photographs
generated with this apparatus, wherein a 200-keV beam
of electrons impinges upon a thin sample cleaved perpen-
dicular to the c axis, map the a* and b* plane. Figures
4(a)—4(d) show the effects of increased Y content on both
a and b. Naturally, the tiny changes in @ and b them-
selves are difficult to discern on film. However, the
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broadening (smearing) of the peaks indicates a decrease in
long-range order for a*, b*, and the superlattice—a fact
which, if inherent, may explain the tendency for the
heavily doped samples to grow smaller crystals.
Selected-area electron-diffraction (SAED) patterns
were recorded using a JEOL 200CX transmission elec-
tron microscope operating at 200 keV. Cleaved thin
flakes (typically 100—250 nm thick) of nominal composi-
tion [Y]=0.0, 0.075, 0.09, 0.12, 0.2, 0.5, and 1.0 were
mounted on copper support grids with silver contact
paint. SAED observations were limited to the [001] zone
axis owing to the method of sample preparation. The
fundamental 5.4X5.4 A pseudotetragonal cell was ob-
served for all compositions. Furthermore, the charac-
teristic incommensurate modulation indicated by satellite
reflections along b* was present in all samples [Figs.
4(a)-4(d)]. Although not the focus of the present
electron-diffraction work, the modulation wavelength
was observed to decrease with increasing nominal Y con-
tent from approximately 4.7b in the Y-free material to
4.05-4.1b in the pure Y compound. These results are in
good agreement with those published in Refs. 2, 22, 21,
23, and 24. No evidence is found for twinning by rota-
tion around the c axis. This is in contrast to the

YBa,Cu;0, material, where this type of twinning is com-
mon.
Satellites indicating an apparent secondary modulation

FIG. 4. [001] zone-axis selected-area electron-diffraction pat-
terns of Bi,Sr,Ca;_,Y,Cu,O; thin specimens: (a) y =0, (b)
y =0.12 nominal, (¢) y =0.2 nominal, and (d) y =1.0 nominal.
An incommensurate modulation occurs along the b* direction,
as indicated by the satellite reflections around, for example, 200
and 020. In (a) and (b), the corresponding first-order satellite
reflections are indicated by arrows around the weak (and forbid-
den) 100 spot (small arrow). In (c) and (d), first-order satellite
reflections (arrows) are seen to have a separation half that in (a)
and (b), and correspond to an apparent secondary modulation.
In addition, the forbidden 100 spot is absent in (c) and (d). In
(c), diffuse streaking is observed between first- and second-order
satellite reflections
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were observed in samples with nominal Y contents of
y =0.2 and 1.0 and possibly for y =0.5 (discussed below).
These satellites were present only in rows along the b*
direction, where positions have 4 +k =odd, and are seen
in Figs. 4(c) and 4(d) around the position of 100 (a forbid-
den reflection). Other rows contain satellites of the pri-
mary modulation. The separation of the satellites is
twice the modulation vector, and, using the y =0.2 sam-
ple as an example, this distance corresponds in real space
to 4.5b. This yields a secondary modulation vector
equivalent to 9.0b, which is twice the 4.5b primary
modulation (for y =0.2). Using the four-dimensional no-
tation of de Wolff et al. for incommensurate superlat-
tices, the satellites in Figs. 4(c) and 4(d) around the for-
bidden 100 (or 1000) position would be 1001 and T001.

In contrast, only satellites for the primary modulation
were observed in samples with lower nominal Y contents:
y =0.0, 0.075, 0.09, and 0.12. Again using the four-
dimensional notation, these spots would be indexed as
1001 and 1001 for first-order satellites around 1000. We
note that, even though the 1000 reflection is forbidden, it
appeared very weakly in all strongly exposed [001] pat-
terns for y =0.0, 0.075, 0.09, and 0.12. Its presence is al-
most certainly due to reciprocal-lattice rods from higher
layers. Specifically, 1010 is an allowed reflection. With
this in mind, it is significant that, in samples exhibiting
the secondary modulation, 1000 was indeed truly absent,
even in the most strongly exposed patterns.

Kulik et al.? found remarkably similar evidence of a
secondary modulation in Bi,Sr,Ca,_,Gd,Cu,0g, where
0.85<x <1.0. In [010] zone-axis diffraction patterns
they found 10/ reflections to be absent for materials ex-
hibiting the secondary modulation. If this were also the
case for our Y-substituted material exhibiting the secon-
dary modulation, then intensities at the 100 position de-
rived from higher layers (e.g., 101) would not be expect-
ed. So, the lack of forbidden 100 spots in the secondarily
modulated samples and their presence in normal
Bi,Sr,Ca,Cu,O4 samples are consistent with structural
differences found elsewhere in [100] and [010] zone-axis
diffraction patterns.

Highly specific streaking was observed in SAED pat-
terns for compositions y =0.2, 0.5, and 1.0. For the
y =0.2 sample, some heterogeneity between crystals was
observed. In one sample, diffuse streaking along the b*
direction was found between (i.e., connecting) first-order
satellites for the secondary modulation (e.g., between
1001 and TOO;). In a second foil [Fig. 4(c)], the streaking
was restricted between first- and second-order satellites of
the secondary modulation (1001 and TOO%), In both cases
images revealed apparent stacking disorder along b and
the streaking is presumably associated with this. In the
pure Y sample [y =1.0; Fig. 4(d)], very weak streaking
was observed between first- and second-order satellites
for the secondary modulation (e.g., between 1001 and
100;), as in the case of one foil of y =0.2.

In the y =0.5 sample, the electron-diffraction evidence
may suggest incipient development of the secondary
modulation. Streaking occurs along the b* direction
through 1001 and 1001 satellites, but not through 1000
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spots, which as noted above occur from higher layers.
These streaks, however, show a weak maximum at the
position of the secondary satellites, possibly suggesting a
poor development of a secondary modulation.

We want to emphasize that the electron-diffraction
studies were performed on large, thin single crystals, and
therefore we were able to correlate the structure with the
composition and the electronic transport properties quite
accurately. In some cases we measured electrical resis-
tivity on the very same crystal used in the electron mi-
croscopy. As discussed later in greater detail, supercon-
ductivity disappears at about [Y]=0.45. Remarkably,
the secondary modulation appears at about the same Y
concentration. It remains to be seen if this is a simple
coincidence or if there is a fundamental relationship be-
tween these subtle structural features and the conduction
electrons in the material.

ELECTRONIC TRANSPORT

A primary motivation for replacing calcium with yttri-
um in these oxide superconductors was to change the car-
rier concentration, and to observe how this affected trans-
port properties of the metal. In introducing Y** for
Cu?*t, one would expect a decrease in the number of
holes since it is well known that, in Bi,Sr,CaCu,0yg, the
dominant charge carriers are hole type. This has been
demonstrated by the positive Hall coefficient measured
for all temperatures.! ~ 6252772

We have studied the dc electrical resistivity and Hall
coefficient of the Y-doped samples described above. Re-
sults of optical transmission'®!! and tunneling'? studies
on the undoped samples, as well as resistivity’®3! and
Hall*>3! data for selected metallic and insulating speci-
mens have been reported earlier.

For resistivity and Hall-effect measurements, very thin,
regularly shaped single crystals were prepared. Typical
dimensions were 1 mmX0.5 mmX1 um for supercon-
ducting samples and 1 mmX0.5 mmX(1-10) um for
semiconductors, the smallest dimension being along the
crystallographic ¢ axis. Electrical contacts were made us-
ing 12-um-diam gold wires and silver epoxy fired at
600°C. Contact resistances were typically less then 1.
The a-b plane resistivity was measured using line contacts
in a conventional four-probe arrangement.

For the Hall effect, two line contacts (for current) and
three point contacts (for voltage) were attached. The
voltage probes were arranged so that the ohmic voltage
and the Hall voltage could be measured independently.
A 70-kG magnetic field was applied parallel to the c axis.
At a given temperature and current, the samples were re-
peatedly rotated in the magnetic field by 180° and voltage
readings were taken. This method allowed us to separate
the ohmic and Hall contributions to the measured volt-
ages. The Hall signal proved to be linear for currents up
to 10 mA and magnetic fields up to 80 kG, the maximum
values applied.

The temperature dependence of the Hall effect is espe-
cially interesting, particularly for the superconducting
samples, and was discussed by us and others else-
where.>2>2° In the present study, however, we concen-
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TABLE II. The Hall coefficient and associated carrier density for different yttrium concentrations.
All values presented were measured at 300 K. Eight coppers per formula unit is assumed.

R (300 K) Carrier density
Nominal Measured (cm3/C) n (300 K) (#/cm®) Hole/Cu site
Y=0 y=0 1.8X 107} 3.5% 102! 0.38
Y =0.09 Y =0.30 4.8x1073 1.3x10% 0.14
Y =0.12 Y =0.44 9.1Xx1073 6.9X10%° 0.07
Y =0.20 Y =0.55 1.8x1072 3.5X10% 0.038
Y=1.0 Y =0.86 1.0 6.4Xx10'® 0.000 68

trate on the reasonably temperature-independent 300-K
values, which, in turn, depend strongly on the Y concen-
tration. For the purposes of comparison we apply the
formula

Ry =1/nec (1)

to convert the Hall coefficient Ry to carrier density n.
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FIG. 5. Resistivity is plotted as a function of temperature for
various single crystals in the family Bi,Sr,Ca;_,Y,Cu,05. (a)
displays the metallic samples on a linear resistivity scale, while
(b) uses a logarithmic resistivity scale to include the insulating
specimens. The addition of yttrium gradually reduces the su-
perconducting transition temperature to zero. For yttrium con-
tents above y =0.45, the crystals become semimetallic and even-
tually insulating.

Table II gives the room-temperature (300 K) Hall
coefficient, hole carrier density, and [hole]/[Cu] for
different members of the study. These results substan-
tiate the assumption that substituting Y for Ca subtracts
from the hole concentration, thereby increasing the Hall
voltage.

Figure 5 shows resistivity data for the various members
of the Y-doping study. We plotted the results with both
linear and logarithmic vertical scales so that the metals
and insulators can all be viewed. For low Y concentra-
tions, an increase in resistivity and a decrease in T, are
the most obvious results of the doping study. At high Y
concentrations, there is a metal-insulator transition
which takes place near a measured Y content of 0.45.

As an independent determination of T, and supercon-
ducting transition width, a measurement of the diamag-
netic shielding has been performed on several members of
the study. This is an ac measurement which involves a
colinear inductance pair separated by a distance of
roughly 3 mm. A cleaved sample is placed between the
pair with its ¢ axis parallel to the line. An ac voltage is
applied to one set of coils (the sender) and read across the
other (receiver). The diamagnetic signature of the super-
conducting state manifests itself as a decreased signal at
the receiver, due to the exclusion of the field from the

- UNDOPED
Y=0.42 >

ARBITRARY UNITS

AC SHIELDING

60 80 100

20 40
TEMPERATURE (K)

O ¢

FIG. 6. ac magnetic shielding is plotted as a function of tem-
perature for four different samples in the family
Bi,Sr,Ca,_,Y,Cu,0O4, with the yttrium concentrations shown.
The decrease in superconducting transition temperature with
increased doping is evident. Although the units are arbitrary
and the measurement yields no information about Meissner
fraction, it reveals not only 7, but also transition width for very
thin single crystals without making electrical contacts.
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TABLE II. Properties of metallic members of the yttrium-doping study (a sample is arbitrarily
defined as “metallic” if the resistivity vs temperature has a positive slope around room temperature).
Data with an asterisk are interpolated from other measurements. Resistivity is interpreted using
Matthiessen’s rule: p=m* /ne’r+m™*a /ne’T as discussed in the text.

n Po dp/dT 300 K) m*/r m*a 1/art
Nominal Actual (cm™) (1 cm) (uQ cm)/K (g/sec)  (g/Ksec) (K)
Y=0 Y=0 3.5x10% 0 1.0 0 8.9 0
Y =0.06 Y=020 2.1X10*"* 0.25 2.1 700 9.1 76
Y =0.075 Y =0.25 1.7Xx 10** 0.40 3.0 1090 9.1 110
Y =0.09 Y =0.30 1.3x 10 0.80 4.0 1100 8.3 130

sample volume. This technique is more sensitive to
secondary phases within a sample than is resistivity,
which may be shorted out by a single superconducting
filament.

Figure 6 shows normalized shielding signals from su-
perconducting members of the Y-doping study. The cor-
roboration of both T, and transition sharpness seen in
the resistivity measurements is evident from the figure. It
should be stressed, however, that these were not the same
crystals used for those measurements, and that these were
not necessarily thin enough to call single crystals. Thus,
the transitions may tend to be a bit wider and may occur
at different absolute temperatures when compared with
those from Fig. 5. Furthermore, the signal scale is arbi-
trary and is not meant to indicate Meissner fraction.

The narrow superconducting transition widths (=~2-3
K) are indicative of high sample quality and homogenei-
ty within a given crystal. The T, for zero resistance in
the calcium end member was ~88 K and gradually de-
clined to below 4.2 K (unmeasured) for the last metallic
sample.

Another consequence of increased doping is the
dramatic rise in extrapolated zero-temperature resistivity,
po (residual resistivity) presented in Fig. 7(b). The addi-
tional data points were measured in the same way as
those appearing in Fig. 5. The scatter in the data is al-
most entirely due to sample variations within the same
batch (especially in the Y-doped crystals) as well as to the
relatively large error bar on the thickness measurement.
This quantity (p,) is zero for the calcium end member,
but gradually increases before diverging in the insulating
phase.

For metallic samples the interpretation of the residual
resistivity data centers around Matthiessen’s rule for
scattering due to impurities and phonons.*® Up to Y con-
tents of ~0.4, the data fit rather well (above the onset of
superconductivity) with the empirical formula:

p=potpm(T), (2)

where po=m* /ne’r and ppn=m"*/ne 2. The relaxation
time for inelastic scattering (ordinarily the hole-phonon
relaxation time), is assumed to be independent of the Y
content and inversely proportional to T, i.e., 7'=1/aT.
Within this approach the increase in residual resistivity
observed in Figs. 5 and 7(b) is indicative of a rise in m*
and/or decreases in either carrier density or relaxation
time. Since it has already been observed that carrier den-
sity decreases with increased doping, the only factor

which remains to be calculated is the ratio of effective
mass to relaxation time. Because p, is zero in the un-
doped case, it is clear that some impurity scattering has
been brought on by the introduction of Y atoms into the
lattice, this disorder being evident in the electron-
diffraction data presented in Figs. 4(a)—4(d).

Table III presents the quantity m* /7 as a function of
yttrium content for those members of the study which
display metallic (positive slope) resistivity at 300 K, and
for which the carrier density is known from Hall-effect
measurements. It should be stressed that, due to the tem-
perature dependence of the Hall effect below 200 K for
these samples, these values only bear upon high-
temperature transport properties.

Figure 7(c) depicts the increase of the resistivity slope,
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FIG. 7. Metallic and superconducting properties of the light-
ly doped single crystals are plotted as functions of measured yt-
trium content. (a) Superconducting critical temperature. (b) po
or “residual resistivity’” defined as the zero-temperature inter-
cept of the linear part of the resistivity curve, taken from mea-
surements similar to those plotted in Fig. 5(a). (c) dp/dT or
slope of the resistivity vs temperature curves similar to those in
Fig. 5(a). The slope is measured in the region of 300 K and so is
positive even for a semimetallic sample. The 300 K slopes do
become negative in the most highly doped samples, as is evident
in Fig. 5(b). (d) po/(dp/dT). The residual resistivity divided by
the resistivity slope, both numbers coming from the data plotted
in (b) and (c). In terms of a Matthiessen’s rule interpretation,
this quantity plots the ratio of a /7, the ratio of the “strength”
of the inelastic relaxation “a” to the relaxation time “7.”
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dp/dT, with increased doping up to the metal-insulator
transition. From Eq. (2) (semiclassical dc model), one
would expect that

dp/dT=m*a /ne? , (3)

where a is the “strength” of the inelastic relaxation in the
expression 1/7'=aT. The graph in Fig. 7(c), then, shows
the doping dependence of the quantity m *a /n. Repeat-
ing the analysis performed on p, isolates the quantity
m *a for those samples for which carrier density is avail-
able, as given in Table III.

Figure 7(d) shows the yttrium concentration depen-
dence of the quantity p,/(dp/dT)=1/ar. The striking
feature of this data is an apparent discontinuity for
dopant values near the metal-insulator transition
(y =0.45). It would appear that, on the lower side of the
transition, there is a linear increase consistent with
Matthiessen’s rule approach, which assumes a metal with
both impurity and phonon scattering. In the insulating
phase, however, this model breaks down and another ex-
planation must be sought. It has been argued®' that the
divergence of the resistivity at low temperatures, com-
bined with the invariance of the Hall coefficient (1/nec),
indicates a localization of the charge carriers.

CONCLUSIONS

We have succeeded in growing, preparing, and measur-
ing the properties of high-quality single crystals in the
family Bi,Sr,Ca,_,Y,Cu,04. In corroboration of the

earlier studies,' ~*?%2:2324 we found that the principal

characteristics of the structure do not change. The c-axis
lattice spacing follows a linear relationship with the Y
content. All samples have a superlattice, breaking the
tetragonal symmetry in the ab plane. We describe subtle
changes in the superlattice structure as the Y content
varies; in particular, we observe a decline in the long-

13033

range order (as evidenced by broader Bragg spot sizes,
and the fact that the crystals are smaller) with increases
in Y-doping concentration. X-ray fluorescence analysis
has yielded a slightly off-stoichiometric composition and
the tendency to preferentially incorporate Y into the Ca
lattice sites. Sample quality has been verified using elec-
tron microprobe analysis, as well as superconducting
transition width.

Electrical transport measurements indicate a decrease
in hole carrier density and concomitant increase in resis-
tivity with heavier doping. Around [Y]=0.45, the
ground state of the system exhibits a metal-insulator
transition. We presented a detailed analysis of this tran-
sition earlier.’! Apparently, there is no metallic ground
state; at 7 =0 the material is either superconductor or in-
sulator, which is a property of the two-dimensional elec-
tron gas.’! The doping of 2:2:1:2 with yttrium has yield-
ed a series of high-quality single-crystal samples with a
variety of T, and clearly illustrates the possibility of tun-
ing both normal-state and superconducting properties of
the solid with a change in only one starting (oxygen was
not measured) compositional component.

In this work we summarize our results on the struc-
tural and electronic transport properties of
Bi,Sr,Ca;_,Y,Cu,0;. Some of the samples described
here were selected for further study, including infrared
transmission!®!! and break-junction tunneling'? measure-
ments. The comprehensive study of these compounds,
performed on single-crystal samples, yields insight not
only into high-temperature superconductivity, but also
into weak localization and metal-insulator transitions.
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FIG. 4. [001] zone-axis selected-area electron-diffraction pat-
terns of Bi,Sr,Ca,_,Y,Cu,O; thin specimens: (a) y =0, (b)
y =0.12 nominal, (c) y =0.2 nominal, and (d) y = 1.0 nominal.
An incommensurate modulation occurs along the b* direction,
as indicated by the satellite reflections around, for example, 200
and 020. In (a) and (b), the corresponding first-order satellite
reflections are indicated by arrows around the weak (and forbid-
den) 100 spot (small arrow). In (c) and (d), first-order satellite
reflections (arrows) are seen to have a separation half that in (a)
and (b), and correspond to an apparent secondary modulation.
In addition, the forbidden 100 spot is absent in (c) and (d). In
(c), diffuse streaking is observed between first- and second-order
satellite reflections



