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A directional solidification method for growing large single crystals in the Bi,Sr2CaCu208+q sys-

tem is reported. Ion doping, with replacement of La for Sr and Y for Ca, as well as oxygen doping
in these crystals has been explored. Doped and undoped crystals have been characterized using mi-

croprobe analysis, x-ray diffraction, thermogravimetric analysis, and magnetic and Hall measure-
ments. Ion doping results in little change of the superconducting transition for substitution levels
below 20-25%, while beyond this level the Meissner signal broadens and the low-temperature
Meissner signal decreases. Microprobe analysis and x-ray diffraction performed on these more

highly substituted single crystals provide evidence for inhomogeneity and phase segregation into re-

gions of distinct composition. Annealing unsubstituted crystals in increasing partial pressures of
oxygen reversibly depresses the superconducting transition temperature from 90 (as made) to 77 K
(oxygen pressure annealed), while the carrier concentrations, as determined from Hall effect mea-
surements, increase from n =3.1(3)X 10 ' cm ' (0.34 holes per Cu site) to 4.6(3) X 10" cm ' (0.50
holes per Cu site). No degradation of the Meissner transition or other indications of inhomogeneity
or phase segregation with doping are noted, suggesting that oxygen-doped Bi2Sr2CaCu208+z is a
suitable system for pursuing doping studies. The decrease in T, with concentration for
0.34 n 0.50 indicates that a high-carrier-concentration regime exists in which T, decreases with
n and suggests that this decrease does not arise from material inhomogeneity or other materials
problems. An examination of the variation of T, with the density of states and lattice constants for
all of the doped and undoped superconducting samples considered here indicates that changes in T,
with doping are primarily affected by changes in the density of states (or carrier concentration) rath-
er than by structural variation induced by the doping.

I. INTRODUCTION

The ability to examine superconducting and normal-
state properties as a function of carrier concentration is
an important experimental probe of the cuprate high-
temperature superconductors. Control over carrier con-
centration is typically achieved by substituting ions with
different preferred valence states on lattice sites around
the covalently bonded Cu—0 sheets or by annealing in
atmospheres with controlled oxygen partial pressures to
alter oxygen site occupancy in the structure. These
modifications are often referred to as "doping" since the
number of carriers is expected to be altered. Common
ionic substitutions include La + for Ba + in

LaBa2Cu307 &,
' and Sr + for La + in La2Cu04

YBa2Cu307 &, 0 ~ 5 ~ 1, with its oxygen deficient Cu—0
"chain layer, " is the most notable example of carrier con-
centration controlled through sample oxygen content.

Key to all "doping" experiments is the assumption that
ionic substitutions or oxygen site vacancies occur homo-
geneously throughout the sample and that a continuous
range exists over which the carrier concentration can be
varied using substitutions or annealing. Homogeneity is
particularly critical for the cuprate high-temperature su-
perconductors given the small coherence length in these

materials.
Recently, several groups have prepared and examined

ceramic Y (Refs. 8—17) and La + (Ref. 18) substituted

Bi2(Sr2, La„)(Ca, s Ys)Cu20s+s

samples. The consistent variation of the lattice constants
with substitution "' demonstrates that, in fact, Y and
La substitute over a fairly broad range of stoichiometries.
However, in some studies the superconducting transition
temperature appears to be insensitive to small substitu-
tion levels of Y + for Ca +, ' with an abrupt disappear-
ance of superconductivity above this level. In other stud-
ies, the superconducting transition temperature appears
to diminish continuously with substitution. "' In either
case, the Meissner transition degrades consistently with
substitution level, as has been observed in other "doped"
ceramic superconductors, suggesting sample inhomo-
geneity, at least on a microscopic scale. ' Conflicting re-
ports over whether the oxygen content remains relatively
fixed or varies over a large range (0.1~6~0.5) (Refs. 11
and 18) upon annealing or substitution of a 2+ ion with a
3+ ion must also be examined in order to establish the
role oxygen stoichiometry plays in determining carrier
concentration.
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Given the large anisotropy in the BizSr~CaCuz08+z
system and the potential for inhomogeneity, single crys-
tals are clearly the most instructive medium in which to
examine the questions raised by the ceramic samples and
to further address the eft'ect of ion substitutions and oxy-
gen intercalation on the high-temperature superconduc-
tors. In this study we report on the synthesis and charac-
terization of Y- and La-substituted Bi2SrzCaCu208+ &

(2:2:1:2structure) single crystals as well as on the effects
of varying the oxygen content in unsubstituted single
crystals through oxygen annealing. Attempts were also
made to incorporate Na'+ for Ca + in the 2:2:1:2struc-
ture, although no Na was detected in these crystals.
Doped and undoped crystals have been characterized us-

ing microprobe, x-ray, thermogravimetric analysis, and
magnetic and Hall measurements.

II. CRYSTAL GROWTH

The crystals used in this study were grown using a
directional solidification approach employing a stationary
crucible in a strong temperature gradient ( —10'C/cm).
As the average oven temperature decreases from above
the melting point of Bi2Sr2CaCu20, +&, one point or side
of the crucible reaches the crystallization temperature
first. A crystallization zone proceeds across the crucible
as the average temperature is further reduced. The
volume of the melt in this zone, at any one time, can be
controlled by the size of the temperature gradient across
the crucible. The growth rate of the crystals across the
crucible is determined by the temperature ramp rate.

Starting materials for the crystal growth were unreact-
ed Bi203, SrCO3, CaCO&, and CuO for the undoped sam-

ples and, additionally, Yz03, NazCO3, and La203 for the
doped crystals. All starting compounds were 99.99%
purity or better, with the exception of the CaCO&, which
was 99.95% purity. The initial starting materials were
weighted out to +1 mg to yield an atomic ratio

2.4Bi:(2—x}Sr:xLa:(1—y }Cay(Na Y):2Cu .

Excess Bi203 ( —10%) was included to allow for the
evaporation of Bi203 during growth and to act as a flux
for the crystal growth. In addition to undoped samples,
crystals were grown with initial starting concentrations
y =0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, and 1.00 for Y
doping, x=0.05, 0.10, 0.25, 0.50, 1.00, and 2.00 for La
doping, and y =0.05, 0.10, 0.15, and 0.20 for Na doping.
The unreacted and coarsely mixed starting oxides and
carbonates were placed into alumina crucibles. Typical-
ly, Coors high-form alumina crucibles (CH50) were used
and, approximately, 50 g of starting material was placed
into each crucible. Each crucible was covered with an
alumina sheet to reduce Bi evaporation and to prevent
contamination from the oven during growth.

The crucibles were placed into a box oven with heating
elements on three sides of the oven. In order to provide a
temperature gradient, the small (relative to the internal
dimensions of the oven) crucibles were pushed up against
the back or side walls of the oven within, approximately,
0.5 cm from the heating elements. Chromel-alumel ther-

FIG. 1. Top view of an alumina crucible containing 2:2:1:2
crystals grown using a directional solidification approach. The
crystals primarily nucleate on the cold side of the crucible and
grow along the temperature gradient toward the hot side as the
average temperature in the oven is reduced.

mocouples were placed against the hot side (heating ele-
ment side) and cold side (toward oven center) of the cru-
cibles. A temperature di6'erence of typically 25-40C
could be maintained across the alumina crucibles (=50
mm) while the crucibles were being cooled. Initially, the
crucibles were heated in air to 900—930'C (all reported
temperatures were measured on the cold side of the cruci-
ble), and maintained at this temperature for 2 h. The
melts were then cooled in air at a rate of between
0.4—1.0'C/h to, approximately, 725'C at which point
the oven was shut o6'and the crucibles were cooled in air
to room temperature over a 3 h period.

The top view of a crucible containing undoped crystals
is shown in Fig. 1. Apparent from this figure are
numerous nucleation sites primarily on the cold side of
the crucible and the tendency of the crystals to grow out-
ward from these sites in an orientation with the sheets,
approximately, aligned along the temperature gradient.
This growth behavior is expected since the thermal con-
ductivity in the planes of the sheets is higher than that
perpendicular to the micalike sheets. For the crucible
shown in Fig. 1, the melt does not wet the hot side of the
crucible as, apparently, all of the starting material has
been incorporated into the crystals before the crystal-
melt interface reaches this side of the crucible. While the
a-b plane preferentially grows along the temperature gra-
dient, the rotation angle of the a-b planes with respect to
an axis'along the temperature gradient varies and the
crystals appear to grow somewhat randomly oriented
about this axis. Around the top rim of the melt, a region
of greenish-yellow polycrystalline material is apparent
that results from a reaction with the alumina crucible.
The crucible is etched where this phase contacts it and
through microprobe analysis the major constituents were
found to be Bi, Al, Sr, and Ca. This polycrystalline ma-
terial, however, has a sharp interface with the 2:2:1:2
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crystals and Al incorporation in the crystals is, in all

cases examined, quite small ( (0.01 Al per formula unit).
After shattering the crucible, black, shiny, micalike

crystals are removed with in-plane dimensions as large as
2 cm . Perpendicular dimensions for the best single crys-
tals, however, are only 20—100 pm. Crystals are easily
removed from the melt and cleaved using a surgical scal-
pel. X-ray analysis confirms that the c axis of the crystals
is perpendicular to the plane of the sheets.

Undoped crystals were also grown using a
stoichiometric melt, 2.1Bi:1.9Sr:0.9Ca:2.1Cu, where this
composition was decided upon from a microprobe
analysis (described later) of earlier grown crystals. The
starting oxides and carbonates were prereacted and then
melted at 1010'C. The melt was cooled at 10'C/h to
920'C, 1 'C/h to 775 'C, 30 C/h to 300'C, and 50'C/h to
20'C in air. As in earlier runs, the covered crucible was
placed in a temperature gradient, resulting in directional
growth of large (up to 2 cm faces) crystals across the
crucible, from cold to hot side. Only a trace of the
greenish-yellow material was present around the top rim
of the crucible. Sample composition and properties are
similar to those grown in excess Bi20,, indicating that ex-
cess Bi203 is not crucial to the formation of large, high

quality, single crystals in the 2:2:1:2system.
In addition to the large crystals achieved in the un-

doped material, large crystals were also achieved using an
identical process in the lightly substituted La (x =0.05
and 0.10), Y (y =0.05), and Na (y =0.05, 0.10, and 0.15)
melts, with the crystal size and degree of orientation in
the crucible decreasing for larger dopant concentrations.
Small (1—2-mm) single crystals were, however, achieved
even when Y or La complete1y rep1aced Ca or Sr, respec-
tively.

III. CATION STOICHIOMETRY
Wavelength-dispersive microprobe analysis [electron-

probe-microanaiysis technique (EPMA)], using a JEOL

superprobe 733, was performed on each batch of doped
and undoped crystals to determine stoichiometry, dopant
incorporation, and sample homogeneity. Standards used
included Bi metal, Cu metal, SrTi03, CaSi03, Y3A150i2,
NaA1Si308, and LaF3. An acceleration voltage of 15 kV,
a beam current of 20 nA and a beam diameter of 2—10
p,m were used. Measured intensities were corrected for
matrix effects using the ZAF method. Typically 3—8
crystals from each batch were examined at five points on
each crystal. Final average compositions for selected
crystal growth runs with various starting compositions,
both doped and undoped, are reported in Table I. The
experimental uncertainty for each value in Table I is ap-
proximately +0.04 for each cation. For each crystal
composition, only the ratio between element concentra-
tions is important. The results for each composition are
normalized to yield seven cations per formula unit.

Undoped materials yield a stoichiometry

Bi2. ,0Sr& 94Cao»Cup 0708+$ .

While the ratio Bi:Cu is, approximately, 1:1,the material
is apparently slightly Sr and Ca deficient relative to the
expected composition 2Bi:2Sr:1Ca:2Cu for the ideal sub-
cell. Sr and Ca deficiencies may be accommodated as va-
cancies in the crystal, substitution of Bi/Cu for Sr/Ca, or
they may refiect a deviation from ideal (2:2:1:2)
stoichiometry associated with the incommensurate
periodicity observed in the structure. Sample homogenei-
ty, on a micron scale, has been established by examining
the reproducibility of the observed composition at
different points on each crystal (typically five) and on ten
different crystals from the same batch. The detected
number of x-ray counts for each element at different
points on the crystals all fall within 3—50. of the mean
value for each microprobe run, where cr is the square root
of the average number of detected x-ray counts for a
given element.

Introducing Y into the melt during growth was expect-

TABLE I. Melt and crystal compositions.

Substitution

None

Bi

2.40 2.00 1.00

Starting melt composition
Sr La Ca Y/Na

2.00

Bi

2.10 1.94 0.88

Typical crystal composition
Sr La Ca Y/Na Cu

2.07

La

Na

2.40
2.40
2.40
2.40
2.40
2.40
2.40

2.40
2.40
2.40
2.40
2.40
2.40

2.40
2.40
2.40

2.00
2.00
2.00
2.00
2.00
2.00
2.00

1.95
1.90
1.75
1.50
1.00
0.00

2.00
2.00
2.00

0.05
0.10
0.25
0.50
1.00
2.00

0.95
0.90
0.85
0.80
0.70
0.50
0.00

1.00
1.00
1.00
1.00
1.00
1.00

0.95
0.90
0.80

0.05
0.10
0.15
0.20
0.30
0.50
1.00

0.07
0.12
0.23

2.00
2.00
2.00
2.00
2.00
2.00
2.00

2.00
2.00
2.00
2.00
2.00
2.00

2.00
2.00
2.00

2.01
2.04
2.00
2.04
2.05
2.00
2.06

2.01
1.99
2.03
2.07
2.91
2.87

2.14
2.15
2.19

1.89
1.84
1.82
1.74
1.77
1.78
2.15

1.78
1.70
1.57
1.41
1.05
0.00

1.90
1.97
1.98

0.30
0.43
0.51
0.56
1.03
1.46

0.77
0.70
0.59
0.57
0.54
0.46
0.00

0.82
0.76
0.82
0.87
0.53
1.20

0.90
0.85
0.79

0.25
0.39
0.49
0.55
0.57
0.62
0.71

0.00
0.00
0.00

2.07
2.03
2.12
2.09
2.08
2.14
2.08

2.10
2.11
2.07
2.08
1.48
1.47

2.06
2.04
2.04
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ed to result in substitution of Y onto the Ca site since this
site favors smaller ions and since Y occupies an identical-
ly coordinated site in YBazCu307. Experimentally, sub-

stitution of Ca by Y in the melt does result in a decrease
of Ca content with a corresponding increase of Y con-
tent. Single crystals of 2:2:1:2have been formed with Ca
completely replaced by Y. In addition, however, the Sr
content also initially decreases with Y content, then lev-
els off at, approximately, 1.75 Sr atoms per formula unit,
and eventually rises again to 2.15, suggestive of partial Sr
mixing on the Ca site for both pure Ca- and Y-doped ma-
terials. Partial Sr substitution on the oxygen depleted Ca
planes is necessary for the stabilization of the
(Ca, „Sr„)CuOzsystem (i.e., x =0.14), ' apparently
because of ionic size constraints in perovskite-like struc-
tures. The larger atomic concentration ratio of [Sr]:[Y]
in the pure Y-doped crystals (despite a smaller ratio in
the melt}, compared with the [Sr]:[Ca] ratio in the pure
Ca material may reAect the need to counterbalance the
smaller ionic size of Y (1.015 A) relative to Ca (1.12 A).

Note that intended and actual crystal compositions
may be distinctly different. For example, with an intend-
ed melt composition of

2.4Bi:2.OSr:0.95Ca:0.05Y:2.OCu,

we observe a composition in the final crystals of, approxi-
mately,

2.OBi:1.9Sr:0.8Ca:0.2Y:2.1Cu .

For the remainder of this text specific

Biz(Srz „La„)(Ca,~ Y~ )CuzOs+s

samples will be referred to by using the final measured
crystal compositions (x,y) unless "melt composition" is
explicitly noted.

Y substituted samples were less homogeneous than the
undoped crystals. For all samples, the Bi and Cu atomic
concentrations appear to be homogeneous, with the x-ray
counts at all points examined in a given microprobe run
falling within 3-So. of the average value. However, for
the Sr, Ca, and Y concentrations, the observed x-ray
count rates for each element were scattered over the
larger range of +10o about the mean value, indicating a
roughly 5% compositional variation for these elements
over the different crystals in the crucible, and to a lesser
extent across an isolated crystal. For the least substituted
samples, y =0.25, however, substitution of Y for Ca and
Sr appeared to be more homogeneous.

Besides slight compositional inhomogeneity across the
different crystals, several crystals with substitution levels

y &0.39, investigated using backscattered electron imag-
ing and subsequent EPMA analysis, displayed islands
(typically 10—30 pm across) of distinctly different dopant
concentration within the crystal. The single Cu—0 layer
material, Bi2SrzCu06, was also occasionally observed as
an inclusion in some of the most highly substituted crys-
tals. These compositionally segregated islands typically
comprise no more than a few percent of the surface ana-

lyzed. Observation of compositional segregation (rather
than a continuous compositional variation between two
compositions) as well as a large discrepancy between melt
Y:Sr:Ca composition and final crystal composition sug-
gests that several discrete stoichiometries (or ranges of
stoichiometry) might be favored rather than a continuous
homogeneity range for Y substitution. A broader series
of melts is needed to resolve this question. The slight in-
homogeneity on a micron scale in most samples and gross
inhomogeneity in the form of islands of different compo-
sition segregating out within several of the more highly
doped crystals highlight the care that must be taken
when performing and especially interpreting data on cat-
ion "doped" single crystals. Homogeneity problems are
expected to be even more pronounced and diScult to
characterize in "doped" ceramic samples, where concen-
tration gradients in the starting material can lead to the
formation of crystallites or domains with different corn-
position, despite a bulk sample composition identical to
the starting composition.

For the La-doped samples, our intention was to replace
Sr + ions on the Sr site in the 2:2:1:2structure with La +

ions, in order to compare with those samples subject to
ionic replacement on the Ca site. The roughly inverse re-
lation between La and Sr atomic concentrations is con-
sistent with a preferential substitution of the La atoms for
Sr atoms. However, mixing of the La atoms between the
Sr and Ca sites cannot be ruled out by the microprobe
analysis.

The 2:2:1:2 phase does not appear to be stable
throughout the entire range of compositions
Biz(Srz „La„)CaCuzOs+s, 0&x ~2, using our growth
technique. Above a melt composition of, approximately,
x =0.5 the observed stoichiometries of the single crystals
examined were qualitatively different from the 2:2:1:2
composition. For both melt compositions examined with
x & 0.5, the crystals had the stoichiometry
Biz(Sr,La,Ca}, sCuO„which is approximately the 2:2:0:1
composition. The sample made with melt composition
x=2.0 formed 2:2:0:1 crystals with Sr completely re-
placed by La and Ca.

Homogeneity for the La-substituted samples appears to
be similar to the Y-doped samples. Bi concentration ap-
pears homogeneous, while La, Sr, Ca, and additionally
Cu data show evidence for slight inhomogeneity. No
segregation into macroscopic islands of distinct composi-
tion were observed (using backscattered electrons) in the
La-substituted samples, although the possibility of this
happening in some sample cannot be ruled out.

Finally, no evidence of Na incorporation is found in
crystals grown from melts with Ca partially replaced by
Na. However, as the Ca concentration in the melt de-
creases, the final Ca content in the crystal decreases,
while the Sr and Bi contents increase to compensate
(Table I). Partial mixing or substitution of Bi, Sr, and Ca
on their ideal sites must be present to allow for this range
of compositions. Attempts were also made to jointly in-
corporate Na'+ for Ca + and La + for Sr + to satisfy
charge neutrality without introducing extra oxygen or
changing the oxidation states of the Cu or Bi ions.
Again, no Na was detected in the crystals.
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IV. OXYGEN STOICHIOMETRY

Besides ionic substitutions, the possibility of altering
the oxygen stoichiometry was also explored. Based on
preliminary thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) studies on the 2:2:1:2
and related compounds, the following annealing
schedules were decided upon. Several crystals were an-
nealed in flowing oxygen at 840 C for 6 h, slow cooled at
60'C/h to 600'C and then oven cooled to below 200'C.
Additionally, some of these crystals were oxygen an-
nealed at 5 atm and then 12 atm at 540'C for 18 h and
quickly (1 h) cooled to room temperature. Finally,
several of the oxygen-annealed crystals were later argon
annealed at 725'C for 10 h. At each stage of the anneal-
ing sequence, crystals were removed for analysis. The
composition of several crystals, before and after oxygen
annealing, were determined using microprobe analysis
and no change in cation stoichiometry was detected.

Thermogravimetric analysis using a Dupont 951 TGA
system, was used to determine changes in oxygen con-
tents during annealing. The balance resolution is 2 pg
and the typical starting sample was a collection of crys-
tals weighing, approximately, 100 mg. Uncertainties in
starting sample cation composition result in relatively
large uncertainties on the absolute value of 5 (approxi-
mately +0.1). However, the differences in the oxygen
contents between oxygen annealed and unannealed crys-
tals, coming from the same crystal growth runs, have a
significantly smaller uncertainty.

A typical TGA analysis is shown in Fig. 2. The sample
is initially heated in fiowing 15%Hz —85%He to 150 C
and held for several hours to remove adsorbed gases and
moisture from the sample and sample pan. In a typical
run, a fairly large weight loss (0.5-1.0%) occurs during
this initial phase as seen in Fig. 2. This weight loss was
shown to be due to adsorbed gases or water by comparing
a TGA run for a sample that was annealed in a tube fur-
nace, removed to laboratory air for several days and then
reduced in the TGA, to one that was annealed in the
TGA and measured immediately without removing the

sample from the TGA. Only the sample that sat in air
for several days demonstrated the large initial weight loss
at low temperatures.

After the initial bake out at 150 C, the temperature is
ramped to 500'C and held for several hours in order to
destructively reduce the Bi2Sr2CaCu20s+s sample (in a
15% Hz —85% He atmosphere) to 2Bi+(2Sr,Ca)O+2Cu.
The measured weight loss yields 6. Weight loss begins as
early as 175'C in the 2:2:1:2 crystals, indicating that
some of the oxygen is loosely bound in this structure. To
ensure that the reduction reaction is complete by 500'C,
the temperature is ramped to 520'C in two steps and the
sample weight monitored to detect any further significant
weight loss. Care must be taken not to raise the tempera-
ture much above this or a weight loss due to Bi evapora-
tion will occur.

Annealing an unannealed, unsubstituted sample in 1-
atm oxygen results in the uptake of 0.23(5) oxygens per
formula unit, while the additional oxygen uptake ob-
served when considering a 12-atm Oz annealed sample is
only 0.06(5) oxygens. The largest change in oxygen con-
tent is therefore seen to be in going between the unan-
nealed and 1-atm O~ annealed samples.

La and Y samples were also measured and the results
demonstrate that substitution of trivalent Y or La ions
for divalent Ca or Sr ions is accompanied by at least
enough oxygen uptake to counterbalance the valence
difference. The La-doped x =0.30 and 0.43 samples each
yielded an oxygen content 0.4(1) above that of the unan-
nealed unsubstituted samples. The Y-doped y =0.25
sample also demonstrates an oxygen content enhance-
ment with an oxygen content of +0.3(1) relative to the
oxygen content of the unannealed, unsubstituted samples.
TGA measurements on both the ion-substituted and
oxygen-annealed samples demonstrate that the 2:2:1:2
system can accommodate a significant variation in oxy-
gen contents and therefore that oxygen content is an im-
portant parameter when considering doping in the 2:2:1:2
structure.

V. X-RAY ANALYSIS
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FIG. 2. Thermogravimetric analysis of a 12 atm oxygen-
annealed crystal in 15%H2/S5%He. The weight loss corre-
sponds to the complete reduction of the sample to Bi, Cu, and
(Sr,Ca)O. Note that the initial weight loss during the 150 C
bake out corresponds to adsorbed gases and water.

X-ray diffraction data were collected along the a, b,
and c crystallographic axes, using a four-circle
diffractometer, to examine the lattice constants, incom-
mensurate superstructure period, degree of twinning, and
phase homogeneity for several of the ion- and oxygen-
doped crystals (Table II). The Ka radiation from a rotat-
ing copper anode was selected with a vertically focusing
graphite monochromator before the sample. A flat
graphite monochromator was placed after the sample.
The maximum scattering angle used in this study was
20=80. Typical sample dimensions were 2X2X0.03
mm.

The subcells for samples without ion substitutions
display tetragonal symmetry within the experimental
resolution. However, the incommensurate superstruc-
ture, along one of the axes (bo) breaks the symmetry be-
tween the a and b axes. We note that no twinning is ob-
served in samples without ion substitutions. Both of the
Y-doped samples are highly twinned and exhibit weak
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TABLE II ~ Lattice parameters for ion- and oxygen-doped samples.

Doping

Oxygen-
annealed
2:2:1:2

Sample

no anneal (crystal 1)
no anneal (crystal 2)
1-atm 02
5-atm 02
12-atm 02

ao

5.413(2)
5.413(2)
5.411(2)
5.409(2)
5.408(2)

0
Lattice constants (A)

bp

5.411{3)
5.411(2)
5.414(2)
5.414(2)
5.413(2)

CQ

30.91(1)
30.89(1)
30.80(1)
30.81(1)
30.81(1)

Superstructure
period (x bp)

4.7(1)
4.8(1)
4.7(1)
4.8(1)
4.7(1)

Ion-
substituted

2:2:1:2

Bi2 01Sr1 89Cap 77

Yp. 25CU2. 0708+
Bi2.06Sr2. 15Yp 71

CU2. 0808+a

Bi2 p1Sr1 78Lap 3Q

Cap 82Cu2 1008+
Bi1 99 1 7pLap 43

Cap. 76CU2 1108+

5.406(4)

5.432(2)

5.416(2)

5.435(2)

5.409(4)

5.467(2)

5.425(2)

5.440(2)

30.83(1)

30.23(1)

30.71(1)

30.55(1)

4.6(1)

4.1(1)

4.6(1)

4.7(1)

reflections for the single layer 2:2:0:1material, consistent
with the micr op robe —scanning-electron-microscopy
(SEM) analysis that detected islands of single layer ma-
terial intergrown in the more highly substituted of these
samples. The La-doped crystals are not twinned, but ex-
amination of the shape of several reflections in a 28 scan
for the more highly doped crystal yield evidence for corn-
positional segregation as a second set of diffraction lines
appear, which are very close to the main lines but distin-
guishable. For both the La- and Y-substituted samples,
x-ray diffraction confirms the presence of phase and/or
compositional segregation within a crystal, as discussed
earlier in the microprobe analysis section. These prob-
lems are however, significantly reduced in the least sub-
stituted La- and Y-doped samples.

Oxygen annealing produces very little change in the a0
and b0 lattice parameters or in the incommensurate su-
perstructure period that remains at, approximately, 4.7b0
for each of the samples. However, a very distinct
difference is seen in the c-axis dimension between the
unannealed samples (30.90 A) and all of the oxygen-
annealed samples (30.81 A). This apparent step in the c-
axis parameter with oxygen annealing most likely reflects
the large difference in oxygen content between unan-
nealed and 1-atm oxygen-annealed samples versus the
much smaller difference between the 1- and 12-atm
oxygen-annealed samples. However, a subtle structural
change, perhaps occurring in the BiO planes, where oxy-
gen content variation is apparently accommodated, can-
not be ruled out.

Replacing Sr with La results in a significant decrease of
the c0 lattice parameter to 30.55 A for x =0.43, while the

O

ao and bo parameters increase to ao=5.435(2) A and
ho=5. 440(2) A. Similar behavior is observed in the Y-
substituted sample, where the c0 parameter decreases to

0
30.23 A and the a0 and b0 parameters increase to
ao=5.432(2) A and ho=5. 467(2) A for y =0.71 and no
Ca. The superstructure period appears to be relatively
insensitive to ion substitutions for small substitution lev-
els, but for y =0.71 it has been reduced to 4.1bo.

VI. MAGNETIC MEASUREMENTS

Magnetic measurements were obtained using a Quan-
tum Design (SQUID) magnetometer. Superconducting
properties were typically studied by cooling the sample in
the magnet remanant field (

—1 Oe) and measuring the
sample magnetization as it is warmed up in this field.

Figure 3 shows the effect of oxygen annealing on the
Meissner transition in a single crystal with no La or Y
substitution. These data are all taken on the same crys-
tal, with the field applied parallel to the c axis, after each
anneal at progressively higher oxygen pressures and final-

ly in argon. Annealing an as grown crystal in flowing ox-
ygen with a slow cool (as described before) reproducibly
yields a reduction of T,'""' from 90 to 84 K, while the
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FIG. 3. Field-cooled superconducting transitions taken using
a field ( =1 Oe) applied parallel to the c axis of a single 2:2:1:2
crystal with no ion substitutions. The same crystal was progres-
sively annealed at higher oxygen pressures and finally in argon,
demonstrating a reversible progression between a 77 and 90 K
superconductor.
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magnitude of the Meissner transition and the sharpness
of the superconducting transition remain virtually identi-
cal. Further suppression of T,'""' from 84 to 79 K and
finally to 77 K is observed after the 5- and 12-atm oxygen
pressure anneals, respectively. Reversibility was demon-
strated by annealing at 725'C in argon, after which the
90 K transition was completely recovered. Transition
widths (10—90% of complete transition) of 2 —5 K are
observed and no transition width broadening or change in
low-temperature Meissner signal is observed as the tran-
sition temperature is reduced from 90 to 77 K. Samples
were also examined with the ab planes aligned parallel to
the magnetic field so that the demagnetization factor,
1/1 n, is,—approximately, l. In this geometry, the ob-
served flux expulsion is approximately 80% of complete
diamagnetism.

Figures 4(a) and 4(b) show the magnetic onsets of su-

perconductivity for several of the Y- and La-doped sam-

ples, respectively. In each case, all measurements are
made in the same remanant field ( = 1 Oe) and each sam-

ple is oriented with the crystallographic c axis parallel to
the applied field. For the lower La-substitution levels-
i.e., x =0.30 and 0.43—the superconducting transition
temperatures and transition widths are relatively insensi-
tive to whether the system is "doped, " despite rather
large levels of substitution. The Y-substituted y=0. 25
sample also has only a slightly higher onset temperature
( =92 K) than for the undoped samples. The general in-

sensitivity of T, and Meissner signal to the smaller ion-
substitution levels is likely due to the oxygen pulled into
the structure to compensate the replacement of divalent

by trivalent ions. For larger Y- or La-substitution levels,
however, the transition widths rapidly broaden and the
Meissner signal decreases precipitously, while the onset
temperature only decreases marginally. The broadening
of the superconducting transition and disappearance of
the Meissner signal most likely can be attributed to phase
segregation and inhomogeneity as observed in these sam-
ples using microprobe and x-ray diffraction analyses.

Normal-state magnetic properties were looked at for
temperatures above the superconducting transition tem-
perature using a 50 kOe field applied parallel to the c axis
of each crystal. The magnetic response from the sample
holder was measured separately and subtracted.

Figure 5 demonstrates the effect of increased oxygen
content on the normal-state magnetization of samples
with no ion substitutions. The susceptibility is enhanced
with oxygen annealing and can be returned to the as
made value by annealing in argon. Pauli susceptibilities
are extracted from the displayed data by assuming that
the measured susceptibility can be expressed as a sum,

X Xpauli +XLandau +Xcore+ Xcune(

The roughly temperature-independent behavior (or even

X increasing with T behavior in the as made samples)
above T„allows us to neglect the yc„„„term. Core di-
amagnetism can be calculated using tabulated values for
the ion s present and is, approximately,
= —2.30X10 7 cm'/g for the samples without ion sub-
stitution. For a gas of free fermions with effective mass
m*,
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FIG. 4. Field-cooled superconducting transitions taken using a 1 Oe field applied parallel to the e axis for (a) La-substituted and (b)
Y-substituted samples. The compositions x,y refer to the actual La and Y contents, respectively.
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FIG. 5 ~ Normal-state magnetic-susceptibility data for the ox-

ygen annealed 2:2:1:2crystals as a function of temperature and

annealing conditions. The 50-kOe field was applied parallel to
the crystallographic c axis.

FIG. 6. Comparison of the norma)-state magnetic suscepti-
bility for unsubstituted and light1y Y and La substituted 2:2:1:2
crystals. The 50-kOe field was applied parallel to the crystallo-
graphic c axis.
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where m, is the free electron mass. In light of the
enhanced effective masses typically observed in the
cuprate superconductors, gL,„d,„

is expected to be at least
1 order of magnitude smaller than gp, „„andwill be
neglected in this analysis. The values for gp, „~;,computed
using the values for y at 270 K are listed in Table III
along with the corresponding density of states g(ef ) ob-

tained using the relation, yp, „„=ILIbg(eF).
The density of states g(ef ) varies from 6.1 states per

eVCu site for the unannealed samples to 7.2 states per
eVCu site for the 12-atm 02 annealed samples. These
values are, approximately, a factor of 2 higher than pre-
dicted by band-structure calculations. Elevated mag-
netic susceptibility obtained density of states values, corn-
pared with band-structure calculations, have also been
observed in other cuprate superconductors.

Normal-state magnetization data for the lightly ion-
doped single crystals are shown in Fig. 6 and the comput-
ed Pauli susceptibilities are listed in Table III. The La-
doped sample with x =0.30 has virtually the same T, as
the undoped, unannealed single crystals and also has, ap-
proximately, the same normal-state susceptibility. It is

important to note, however, that the x =0.30 sample has
significantly different lattice constants than the unan-
nealed, unsubstituted sample (Table II), thereby suggest-
ing that T, is not as strongly coupled to the structural
changes as it is to the density of states in this doping re-
gime. The Y-doped sample with Y content y =0.25 has a
slightly higher T,'""' and slightly lower density of states,
consistent with the oxygen-doped samples that display an
inverse relation between g(ef ) and T, in the range of
doping considered.

VII. HALL EFFECT

Hall measurements were performed on the as made, 1-
and 12-atm oxygen-annealed crystals to determine if the
increasing oxygen contents in these samples contribute
extra mobile carriers. Note that in the YBa2Cu307
system, this is not true over the entire range 0~x ~ 1,
since some holes become localized on the oxygen deficient
Cu—0 chain layer. It is of interest to see if there is a
similar charge reservoir in the 2:2:1:2system.

The crystals were examined in cross section under an
optical microscope to insure thickness uniformity. For
average thickness determination, however, the crystals

TABLE III. Normal-state susceptibility for superconducting ion- and oxygen-doped samples.

Doping

Oxygen-
annealed
2:2:1:2

Sample

no anneal
1 atm
5 atm
12 atm
Ar anneal

gp, „i,(10 crn /g)

4.3
4.9
5.0
5.2
44

g(cF ) (states per eV Cu site)

6.1

6.9
7.0
7.2
6.1

Ion-
substituted

2:2:1:2
La

Bi2.olSr, 89Cao 77

Yp 25Cu2 0708+ y

Bi, olSrl 78Lao 30

Cao. 82Cu2. lOO8+ 6

4.0

4.5

5.6

6.3
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FIG. 7. Hall resistance, RH vs temperature for A: an unan-
nealed 2:2:1:2crystal; B: a 12-atm oxygen-annealed 2:2:1:2crys-
tal; and C: a YBa,Cu307 thin film (data from Ref. 29).

were weighed and the thicknesses calculated using the
measured in-plane dimensions and the known density.
Thicknesses ranged from 10—50 pm. Silver paint con-
tacts were used in a standard five point contact geometry.
The 5.5-T magnetic field was applied parallel to the
2:2:1:2crystallographic c axis. A dc current of 10 A/cm
was used although several other applied fields and
currents were also used to check the linearity of the Hall
voltage with respect to both current and magnetic field.
Three different crystals were examined for each oxygen
treatment, using both polarities of current and field,
thereby yielding an average value for the Hall voltage for
each group of samples. A platinum thermometer was
used to determine the sample temperature in zero applied
magnetic field.

Figure 7 shows the temperature dependence of the Hall
constant RH for the unannealed and 12-atm oxygen-
annealed samples. Hall measurements on the
YBazCu307 „(with x close to zero) system yield data
with pronounced temperature dependence, ' compli-
cating the interpretation of the Hall carrier concentra-
tion, at least within a single band mode1. The Hall effect
in the 2:2:1:2single crystals appears to demonstrate a less
pronounced temperature dependence with RH (100
K)/RH (270 K) =1.3 as opposed to RH (100 K)/RH (270
K}= 3.0 for the YBa2Cu30~ system.

The measured Hall carrier density for the unannealed
samples at 270 K, 3.1(3)X10 ' cm (0.34 holes per Cu
site), is consistent with values in the literature for unan-
nealed, unsubstituted 2:2:1:2 single crystal samples, '

especially given the likelihood of small stoichiometry
differences between the samples. Annealing in 1 atm of
oxygen increases the carrier density to 3.7(2) X 10 ' cm
(0.40 holes per Cu site), while further annealing in 12-atm
oxygen results in 4.6(3)X10 ' cm (0.50 holes per Cu
site).

The carrier concentrations for the unannealed and
oxygen-annealed 2:2:1:2single crystals can be compared

with the values obtained for the T, =90 K YBa2Cu307
phase, approximately, 0.25 holes per Cu I 2 ] site (in
the Cu—0 planes), and the T, =60 K YBazCu306 6

phase, approximately 0.12 holes per Cut2I site. While
the unannealed sample has a concentration only slightly
larger than that found in YBa2Cu307, the values for the
oxygen annealed samples diverge further from this value.

The fact that T, decreases with increasing oxygen con-
tent and carrier concentration in the 2:2:1:2crystals can
be rationalized in terms of the relatively large carrier
concentrations, starting at 0.34 holes per Cu site for the
unannealed samples and increasing to 0.50 holes per Cu
site in the 12-atm 02 annealed samples. Data for
cation-doped Biz(Sr,Ca)3Cu20s+s (Refs. 32 and 33)
YBazCu307 „,and La2Cu04 ~ (Ref. 28} ceramics sug-

gest a maximum in T, versus mobile hole concentration
on the Cu—0 sheets (i.e., neglect the localized holes in
the Cu—0 chain layer of YBazCu307 „)at around
0.2-0.3 holes per Cu site. Since we are in a regime above
this maximum, the decrease in T, with n is consistent
with earlier studies on cation-substituted ceramics. It is
important to note, however, that all prior doping studies
that probed the high-carrier-concentration regime, of
which we are aware, suffered from degradation of the su-
perconducting properties above the optimal (i.e., yielding
the highest T, in the material) doping concentration.
Broadened transitions and depressed low-temperature
Meissner signals call into question the microscopic homo-
geneity of these samples and consequently the intrinsic
nature of the decrease in T, above n =0.3 carriers per Cu
site. The observed decrease in T, with carrier concentra-
tion in this study with 0.3 n 0.5 holes per Cu site,
without degradation of the superconducting properties or
any other evidence of inhomogeneity or phase segrega-
tion, confirms that this maxima in T, versus n is an in-

trinsic property of the double Cu—0 layer high-
temperature superconductors.

We can also compare the change in carrier concentra-
tion with the change in oxygen content. In going from
the unannealed to the 12-atm oxygen-annealed samples,
the carrier concentration increases by 0.32(3) holes per
formula unit, while the oxygen content increases by, ap-
proximately, 0.29(5) oxygens per formula unit contribut-
ing an extra 0.58 holes per formula unit. The discrepan-
cy between the number of holes theoretically contributed
by the extra oxygen and the number of mobile holes actu-
ally measured in the Hall measurements suggests that
some of the added holes do not contribute to the mobile
carrier concentration as is the case in YBa2Cu307
O~x 1. In the case of YBa2Cu307 these extra holes
get localized on the oxygen-deficient Cu—0 chain layer,
whereas for the 2:2:1:2system, it is likely these holes par-
tially oxidize the Bi—0 layer.

Finally, using the measured density of states from the
magnetic-susceptibility data and the carrier concentra-
tions described here, the relation between the two is
found to be consistent with the anisotropic three-
dimensional Fermi gas relation, g(sf ) ~ m 'n '~, with

m '=m m '~ =9.2(3) .xy z
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We note, however, that more precise data over a consid-
erably wider range of carrier concentrations is necessary
to establish whether this system actually obeys a 3D Fer-
mi liquidlike relation, over an appreciable range of car-
rier concentration.

VIII. CONCLUSION

A directional solidification method has been described
for the growth and preparation of ion-doped (La for Sr
and Y for Ca) and oxygen-doped single crystals in the
BizSrzCaCu208+~ system. The critical aspect of this
growth technique is the use of a temperature gradient to
limit the region of the crucible in which the nucleation
takes place and to orient the growth of the crystals. Thin
(10—100 pm) micalike single crystals have been grown
using this technique with in-plane dimensions as large as
2cm.

Oxygen annealing a 2:2:1:2single crystal in increasing
partial pressures of oxygen results in a reduction of T,
from 90 to 77 K. Most significantly, however, this
change in T, with doping is not accompanied by a
broadening of the superconducting transition nor a
reduction in low-temperature Meissner signal, as is typi-
cally seen in oxygen- or ion-doped YBazCu307 „or
LazCu04 . The doping-induced degradation effects in
these compounds, as well as in the more highly ion sub-
stituted 2:2:1:2crystals, can be explained in terms of in-
homogeneity on a microscopic scale and phase segrega-
tion as the system is pushed away from an ordered state
or preferred composition and in terms of the very small
coherence length in these materials. The closest analogy
to the oxygen doping in the 2:2:1:2system is the existence
of two distinct superconducting compositions in the
YBazCu307 system as a function of oxygen content,
the T, =90 K (x =0) and the 60 K (x =0.4) composi-
tions. The apparently monotonic variation of the su-
perconducting transition temperature (with narrow tran-
sition widths), carrier concentration, oxygen content, and
normal-state magnetization with oxygen annealing
strongly suggests that this system can be tuned at least
approximately continuously. This system therefore ap-
pears to be ideal for pursuing the very important ques-
tions relating to how properties change with carrier con-
centration.

The Hall-effect carrier concentration observed in the
unannealed and oxygen-annealed samples range from
0.34 mobile holes per Cu site (unannealed, T, =90 K) to
0.50 mobile holes per Cu site (12-atm Oz, T, =77 K).
These values are high compared to the value obtained in
the T, =90 K YBazCu307 material, where n =0.25
mobile holes per Cu I 2 J site. ' The reduction of T,
with n in this high-carrier-concentration regime, without
evidence for inhomogeneity or phase segregation with in-
creased doping, confirms findings on ceramics that there
is a high carrier concentration regime in which T, de-
creases with n (i.e., this cannot be ascribed to materials
problems).

Ion substitutions provide an interesting extra degree of
freedom in the study of doping in the 2:2:1:2system. For
both Y- and La-substituted samples, x-ray diffraction and

microprobe analysis indicate problems with inhomogenei-
ty and phase segregation in the more highly substituted
samples. These material problems manifest themselves in
the superconducting properties as broadened transitions
and a reduced low-temperature Meissner signal. Howev-
er, for the lower substitution levels ( (20—25%), homo-
geneity appears to be less of a problem. Small quantities
(x =0.3) of La substituted for Sr results in little or no
change in T, or density of states g(ef ), as measured using
magnetic susceptibility, when compared with an unsub-
stituted sample prepared similarly. This results from the
extra oxygen taken into these samples which counteracts
the trivalent for divalent substitution. However, while T,
and g(ef ) do not change, the structure does change. For
the unannealed, unsubstituted sample ao =5.413(2),
b o=5.411(2), and co=30.90(1), with an incommensu-
rate superstructure period of 4.8(1)bo, while for the

Biz.01 r l.78 o.3o 0.82Cu2. 10 8+5

sample, ao=5.416(2), b =O5. 425(2), co=30.71(1) and
the incommensurate superstructure period is 4.6(1)bo.
Combined with the observation that for the oxygen-
annealed samples, the structure remains unchanged
within experimental resolution, while T, shifts with

g(ef ), it is shown that the sensitivity of T, to doping in
this doping regime derives from the changes in carrier
concentration or density of states, rather than from varia-
tions in structural parameters induced by the doping.

In all of the samples considered in this paper, variation
in oxygen content plays an important role in determining
sample properties. A reasonable guess is that this oxygen
is principally incorporating into the Bi—0 layers since
these layers are strained as they try to stretch over the
Cu—0 layers. The incommensurate periodicity observed
in the 2:2:1:2material appears to be due to a periodic
modulation of the Bi—0 bond lengths in the Bi—0
planes. The oxygen bound to the Bi with the longest
bonds is expected to be loosely bound and may be at least
partially responsible for the oxygen stoichiometry varia-
tion upon annealing.

In going from the unannealed to the 12-atm Oz an-
nealed sample, the change in sample oxygen content is
approximately 0.29(5) oxygens per formula unit. Com-
paring this with the actua1 change in effective mobile car-
rier concentration, hn =0.32(3) holes per formula unit,
we find that approximately half of the holes contributed
by the additional oxygen contribute to the mobile carrier
concentration. The rest are likely to be associated with
the Bi—0 plane, where they can effectively oxidize Bi +

to Bi +. The Bi—0 layer in the 2:2:1:2plays a similar
role as the Cu—0 cHain layer in the YBazCu307 material
in that it is capable of acting as a charge reservoir. The
existence of an electrically (and mechanically) "soft" lay-
er that can act as a charge reservoir appears to be a com-
mon feature among the double Cu—0 layer supercon-
ductors.

Another interesting factor to consider in a doping
study includes the dependence of the density of states at
cz on the density of carriers n. While our data is con-
sistent with m'n' behavior, with an effective mass of
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m*=9.2(3)m„a considerably wider range of carrier
concentration and tighter error bars in the carrier con-
centration data are necessary to establish the exponent
carefully enough to decide that the density of states obeys
a Fermi-liquid-type relation over an appreciable range of
carrier concentration. A wider range of carrier concen-
trations and T, 's may be possible by higher pressures of
oxygen during annealing and hydrogen anneals at low
temperature ( (250'C).

Taken together, the data demonstrates that reversible
and reproducible continuous changes in superconducting
and normal-state properties can be made to occur in
homogeneous single crystals of "2212"by oxygen doping.
Simple models for the transport and magnetic data have
been used to highlight the appearance of nontrivial corre-

lations among them. More complete treatments will be
presented elsewhere.
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