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Abstract. Studies of a large number of compounds :ave provided a consistent pic-
ture of what structural features give rise to the highest T.'s in copper-oxide supercon-
ductors. For example, various defects can be introduced into-the blocking layer to
provide the optimum carrier concentration, but defects that form in or adjacent to the -
CuO,, layers will lower T, and eventually destroy superconductivity. After these re-
quirements ‘are satisfied, the highest T,'s are observed for compounds (such as the
HgBayCa,_1C,00,42:x family) that have flat and square CuO, planes and long apical
Cu-O bonds. This conclusion is confirmed by the study of materials in which the
flatness of the CuO; plane can be varied in a systematic way. In more recent work,
attention has focused on how the structure can be modified, for example, by chemical -
substitution, to improve flux pinning properties. Two strategies are being investi--
gated: (1) Increasing the coupling of pancake vortices to form vortex lines by short-
ening or "metallizing" the blocking layer; and. (2) the formation of defects that pin
flux.

1 Introduction

The structural complexity of the copper-oxide high-T, superconductors provides the
opportunity to optimize the superconducting properties. Over fifty distinct com-

pounds have been discovered in the last-ten years. For each of these, chemical substi- - h

tution or- variations iit oxygen composition at a crystallographic site that supports .-
variable occupancy can be used to "tune” the properties. For a number of years, the
primary goal of such studies has been to achieve a high superconducting transition
temperature, T.. Steady progress has been made, although one might argue that new
record-high T.'s were simply the result of exploring the variety of chemical composi- .
tions that could form rather than the result of a directed effort to achieve a crystal
structure that had been predicted to yield a higher T.. In the course of this work, how-
ever, it has become clear how T, is related to various structural features and there is
consensus concerning what structures yield the best high-T. superconductors. A -
summary of what has been learned is presented in this paper. :
More recently attention has turned to how one might adjust the stmcmral properues
to improve the critical current behavior (J.) of these materials.[1] This work has been
driven by the need to achieve better J's in order to use.high-T; materials in current
carrying applications. The bulk J. of a conductor depends on both extrinsic proper-
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ties, such as grain alignment and the nature of grain boundaries, and-on intrinsic prop-

erties, such as the flux pinning behavior of the material. Dramatic differencesin the . -

intrinsic flux pinning of the various compounds suggests that crystal structure, includ-
ing both the "ideal” features of the structure and the presence of defects, can play an
important role. For example, YBa;CuzOg, (hereafter abbreviated as Y-123) displays
much better intrinsic flux pinning than Bi-Sr-Ca-Cu-O materials (BSCCO).
However, the latter materials are preferred for wire applications because the grains
align and form favorable grain boundaries for conduction during extrusion and firing

processes. Clearly, if one could i improve: the intrinsic flux .pinning behavior of .

BSCCO, theresults would be of great importance. Recent work in several laborato-
ries has focused on chemical substitution as a means of improving flux pinning
behavior by modifying the crystal structure. - This paper will review some of this
work and outline a strategy for improving flux pinning through chemical substitution;

2 Optimizing T,

It was realized early in the study of high-T, materials that the superconductivity is a
property of the CuO; layers that are present in every high-T. structure.[2] These
CuO,, layers can occur singly or in groups separated by metal atoms such as Y or Ca.

The intervening space between these groups of layers, which we will call the blocking -
~ layer, can be filled with a wide variety of structural elements (¢.g. Cu-O chains, TI-O .
layers, Bi-O layers, Hg-O layers, COs3 ions, etc.). This flexibility is what has given

rise to the large number of high-T; compounds now known. For any of these com-
pounds, certain conditions muist be satisfied to achieve superconductivity.

-First, the carrier concentration in the CuO, planes must be adjusted to the optlmal’
level.[3, 4, 5, 6, 71 This is typically done by chemical substitution on a metal site .

(other than a Cu site in the CuO, layers) or by varying the oxygen content in a crys-
tallographic site that supports variable occupancy.[2, 8, 9, 101 For example; the T,
of Lay_,Sr,CuO4 (LSCO) varies with the amount of Sr2+ substituted on the La3+ site,
with the maximum T, achieved for x=0.15.[5, 11] For low values of x, T, decreases
and the material enters an insulating state; while for values of x higher than the opti-
mum (near 0.15). T, decreases and the material goes to a nonsuperconducting metallic
state. This behavior appears to be true for all copper-oxide high-T, materials[3, 4, 7,
12, 13}, but in some compounds limitations in' what compositions will form prevents
the whole range of behavior from being accessed. For example, the YBayCuzOg,x

compound exhibits its maximum T near the maximum oxygen concentration of 7

oxygen atoms per formula unit and is under doped for lower oxygen contents[14, 15,

16], while the Tl,Ba;CuOg,;x compound exhibits its maximum T, for x near zero and .

is over doped as the oxygen content increases.[17, 18]

The second requirement is that there be no defects in or near the Cu02 layers
Defects-such as oxygen atoms next to the Y or Ca atoms that separate adjacent CuO,
layers have been shown to lower T and destroy. superconductivity.[2, 8, 9, 19]
Substitution of other metal atoms (e.g., Ni, Fe, or Zn) on the Cu sites in the CuO,

layers in very low concentrations also destroys superconductivity.[20, 21, 22] Thus, -

chemical variables in the blocking layer are typically used to control T.. (It is-possi-




ble to modify carrier concentration thh appropriate chemical substitution at the Y/Ca

site.[12, 23, 24])
After these requirements are saUSﬁed there is a maximum T, possible for each
compound. These maximum T's vary widely (e.g.,-about 40 K for LSCO[11] vs. 90

-K for Y-123[15] and 135 K for Hg-1223[25, 26]), suggesting that structural properties

-control the maximum' T, that can be achieved. Comparison of the structures of a
large number of copper-oxide superconductors has led to the conclusion that the high-

est T is achieved in structures with flat and square CuO; layers (which implies a -

tetragonal crystal structure)-and long apical copper-oxygen bonds connecting to these
layers.[26, 27, 28, 29, 30, 31] The HgBayCa,.;Cu,02042:x (HBCCO). compounds,
which have the highest T,'s yet observed for n=1, 2, and 3 layer compounds, also have
the flattest CuO; layers and the longest Cu-O apical bond lengths.[26, 28] The rele-
vant structural parameters are listerd in Table 1.

- Table 1. Copper-oxygen apical bond length (Cu-O) and buckling angle of the CuO,
plane (Cu-O-Cu) for HgBayCap, 1Cu,02q424x compounds.[26, 27, 28]

. No.oflayers,n __ T.(K) ~  Cu-O(A) - Cu-0-Cu (°)
1 o5 278 180
2 126 278 S V1)
3 135 2.74 : 178

The systematic correlation between buckling angle (the Cu-O-Cu angle in the CuO,
plane), Cu-O apical bond length, and T, for compounds with two CuO, layers (for
which the most data aré available) is shown in Fig. 1. For consistency, the figure is
based on data for compounds in which Ca separates the two CuO,, layers and the com-
position (carrier concentration) has been optimized to achieve the maximum T, for
each compound.[15, 19, 28, 32, 33, 34] For these compounds, the correlation be-

-tween T, and the buckling angle or apical bond distance is clear. However, Y- - .

123[15], YBa;Cu4qOg (Y-124)[35, 36], and Pb,Sr,YCu3zOg (PSYCO)[37] (and
HBCCO compounds at high.pressure, which will be discussed later) are exceptions.
We believe that the most important difference for these compounds is the presence of
metallic copper in the blocking layer as well as in the CuO, planes. The importance
- of this structural feature for obtaining high T; will be discussed later. ~ -

. The apical bond distance and buckling angle are closely related variables. This is
-illustrated in Fig. 2, where the apical distance is plotted vs. the buckling angle for the

same compounds. Short apical distances lead to buckled CuO, planes because. of :

oxygen-oxygen repulsion, while long apical distances a]low the planes to approach a
nearly flat condition.

An instructive confirmation of the relationship between buckling angle and
T comes from the investigation of a single compound in which the buckling angle
can be varied at constant carrier concentration. Such experiments can be done in the
Lay xMxCuO4 (M=Sr,Ba,Ca,Nd, etc.) system. In this structure, buckling of the CuOy
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plane results from a nearly rigid coordinated tilting of CuOg octahedra. The degree of
tilting (and buckling) can be varied by the application of hydrostatic pressure or by
substitutional chemistry on the La site. - The application of pressure reduces the buck- -
ling angle and raises T..[38] For a composition with the maximum T, (T=40K for
x=0.15 Sr substitution), T, increases systematically as the buckling angle is reduced

. by the application of pressure.[39] Eventually, the buckling angle becomes 180° (flat

CuO;, planes), resulting in a transformation from orthorhombic to tetragonal symme-
try. Further increases in applied pressure do not raise T.

Comparison of the Ca substituted system with the Sr substituted system leads to
the same conclusion. At the same carrier concentration (x=0.15) the Ca substituted
system has a larger amount of plane buckling and a lower T..[40] Through the use of -
the combined substitution of Nd, Ca, and Sr on the La site, a wide range of buckling
angles can be achieved at constant carrier concentration.[41] Such experiments have
yielded the quantitative relationship between buckling angle and T,.. T decreases 20 .
K for an increase in the buckling angle of 8°. .

The highest T.'s yet achieved were-observed by applying pressure to the HBCCO
compounds.[42, 43, 44, 45] By the application of pressures on the order of 15-30
GPa, an increase of nearly 25 K is achieved for the T,'s of the n=1, 2, and 3 com-
pounds; giving a record-high T, for Hg-1223 of 160 K at ~20 GPa.[43] The struc-
tures of these compounds at high pressure are particularly interesting. Fig. 3 com-
pares the structure of Hg-1212 at 15 GPa with the structure at ambient pressure.[46]

1 atm. 15 GPa

— A . ey o
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Fig. 3. Comparison of the structures of Hg-1212 at ambient pressure and 15 GPa. Values
for selected bond lengths and angles, and the percentage change over this pressure range,
are shown. The 15 GPa structure is extrapolated from accurate measurements at 0.6 GPa.




(The most accurate structural data at high pressure are obtained for the one- and two-
-layer compounds because impurity phases in samples of the three-layer compound
reduce the precision available from structural refinements.) The largest pressure-
induced structural change is a dramatic shortenmg of the apical Cu-O bond, from 2.79
10 2.25 A. As would be expected, this_ is accompanied by a buckling of the CuO,
planes. The relationship between apical bond length and plane buckling angle nicely-
follows the behavior observed for.other compounds as shown in Fig. 2. -
Clearly, the large pressure-induced increase in T, cannot be explained in terms of the
systematic relationship between buckling angle, apical bond length, and T, presented
in Fig. 1. One important difference between the Hg-1212 structure at high. pressure
ang the other two-layer structures is the length of the-in-plane Cu-O bond. Pressure - .
shortens this bond to 1.84 A for Hg-1212 at 15 GPa, whereas it is around 1.92A for
all of the two-layer compound¥ at ambient pressure. This shortened Cu-O in-plane
bond has important implications for the electronic structure, which remains very two
dimensional, with a well-defined van Hove singularity in the density of states, even
though the apical bond length is dramatically shortened by pressure.[47, 48] A peak
in the density of states resulting from the van Hove singularity is thought to corre-
- spond to the optimum doping level.[49, 50, 51, 52] We speculate, however, that
another difference in the electronic structure may be more important. Band structure
calculations for the high-pressure structures.show that the application of pressure -
either produces or significantly increases'the overlap of a band involving Hg with the

Fermi energy, resulting in an electronic structure where there are more carriers associ- - -

ated with the Hg-O layer.[47, 48, 53] These calculations are not accurate enough to
detérmine exactly when the Hg-O layer first becomes metallic because. of the difficulty -
~ of accurately specifying the electron count for these compounds. Experimentally, :

variable oxygen content at a-site in the Hg layer is used to set the carrier concentra- . -

tion.[25, 26, 27, 28, 30, 54, 55, 56, 57, 58] ‘However, judging from the large differ-
. ences-between optimal oxygen contents for samples made by different procedures in
different laboratories, one or more additional defects that have not yet been identified in .
structural studies, also control the carrier concentration.[27, 59,.60]

If our hypothesis is correct, the record high T¢'s for HBCCO compounds at hlgh
pressure result from metallization of the blocking layer. At ambient pressure, these

- - compounds fall on the systematic curves for T, vs. buckling angle and apical bond

distance along with other compounds that have insulating blocking layers (Fig. 1).
* 'When pressure is applied, the blocking layer becomes more metallic and the HBCCO
compounds display behavior-analogous to the Y-123, Y-124, and PSYCO com-
pounds, which have metallic copper in their blocking layers and are exceptions to the
systematic behavior.

2 Optimizing J.

For applications, one would.like to optimize both T and J... Unfortunately, the
compounds with the highest T.'s ofteri do not exhibit high J.'s.[1] For film applica-
tions, Y-123 is the most widely used compound. High J's can be-achieved through
proper processing, such as Ion Beam Assisted Deposition (IBAD). BSCCO is the pre-
ferred material for bulk applications. Because of the micaceous nature of the material,
the crystallites cleave and orient in a favorable way when wires, consisting of BSCCO .




powder in metal sheaths, are drawn. Unfortunately, the J,. is limited by the relatively .

poor flux pinning of BSCCO. Relatively poor flux pinning of the HBCCO com-
pounds limits their usefulness for applications.[61, 62, 63, 64]
' Work to improve J. has concentrated for some time on issues such as achieving

favorable orientation of crystalline grains, for example, by the cleaving process that. -
occurs naturally in BSCCO or the recently developed IBAD process for Y-123 -

films.[1] Considerable effort has been spent investigating the effects of grain bound-
aries, which act as weak links in the conduction process. Work to understand and im-

prove the intrinsic flux pinning behavior of copper-oxide superconductors began more - -

recently. Some of the first work focused on ways to improve flux pinning in
HBCCO compounds. Shimoyama et al. reported significant improvements in the flux
pinning of HBCCO compounds where Hg has been partially replaced by Re or Cr and

Ba replaced by Sr.[65, 66, 67] These compounds also exhibit improved chemicals*

stability.

These early studies of chemically substituted HBCCO compounds have provided-a -

framework for.understanding how flux pinning might be improved through chemical

substitution. Shimoyama et al., have argued that at least two features of the modified

structures may enhance flux pinning: (1) The substitution of Sr for Ba significantly.
shortens the blocking layer distance[65, 67], and (2) the substitution (e.g., Re or Cr)

at the Hg site may make the -blocking layer more metallic.[68] Both of.these are -
thought to increase the couphng of pancake-hke vortices to form vortex lines along -

the ¢ axis. This increases flux pmnmg because fewer pinning centers are required to
-.pin extended vortex lines than to pin an equivalent amount of flux in the form of indi-

vidual pancake vortices.[69, 70] In a recent paper, Chmaissem et al. also explored the -

possibility that chemical substitution (Cr for Hg) in Hg-1201 can form extended

- defects that.could act as pinning centers.[71] We have recently performed some of the- -
- - first detailed structural studies of these chemically subsntuted HBCCO compounds A

brief review of the findings will be given here.

'The most successful method to date for shortening the blocking layér has been the' .

full substitution of the smaller Sr ion for Ba.[65] It was found, however, that this
substitution could not be achieved unless the Hg site was also partially substituted by
" Re or Cr and part of the Ca separating CuO, layers was substituted by Y.[65, 66, 67,

71] High pressure synthesis methods were used by Yamaura, et al. to synthesize
compounds in which this substitution on the Ca site was not required.[68] -The struc- .

tures of these materials, Hgy xRe,SroCa;, 1Cu,0904245 (for n=2 and 3, and x=0.25),

have been determined by neutron powder diffraction.[72] The pomons of the struc-

tures containing the Re substitution are shown in Fig. 4.

When Re substitates at the Hg ssite, it achieves coordination to six nearby oxygen
atoms by incorporating four additional oxygen atoms (O3) into the Hg/Re plane (in
addition to the two apical oxygen atoms, O2"). This sixfold coordination of Re to

. oxygen is typical of Re(VI) compounds. The perovskite ReO3, where Re has the -

same coordination, is one of the most metallic oxides. One might expect the Re sub-
stitution to make the blocking layer more metallic, but no experiments have been

done to characterize how the electronic character of the blocking layer is modified by -
the Re substitution. One oxygen site per formula unit is available in  the Hg/Re‘

plane, setting a conceptual solubility limit for Re of x=0.25, which is observed in
synthesis experiments. The substitution of Sr for Ba shortens the blockmg layer by
about 0.8 A, as shown in Table 2. The improvement in flux pinning is characterized
by measuring the irreversibility field as a function of temperature, as shown in Fig. 5




for Hg-1223. The chemically substituted compound has a lower T, (by about 15 K)
but a higher irreversibility field at any temperature below about 115 K. )

|
|
“
l

(HgRe)-1212 - ' (HgRe)-1223 -

Fig. 4. Portions of the structures of Hg; ,Re,SryCa, 1Cu, 05,4245 (for n=1 and 2) showing
the local environment around the Re site.[from Ref. 72]

Table 2. Blocking layer distances for ideal and chemically substituted HgBayCa,,_
1CunO24424x compounds. The chemical substitutions are full substitution of Sr.for

Ba and partial substitution of Cr for Hg (~40% substitution) for Hg-1201 and Re for
Hg (~25% substitution) for Hg-1212 and Hg-1223.[71, 72]

Compound " Ideal ' Subst-ituted

Hg-1201 . 952A - 870A
Hg-1212 9.58 A 8.80 A

Hg-1223 943 A 8.67 A
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The shortening of ‘the blocking layer is thought to play a significant role in the
improvement in flux pinning. : Shimoyama, et al. have found a systematic relation-
ship between the blocking layer distance and the irreversibility behavior. However, in -
other recent experiments, Shimoyama, et al. have used high-pressure synthesis tech-.
niques to partially substitute Cr, Mo, or Re on the Hg site without the replacement of
Ba by Sr.[65] These compounds also show enhanced flux -pinning, even though the .
blocking layer is not shortened; in fact, it is lengthened in some compounds. These
experiments emphasize the need to investigate other structural effects on flux pinning, -
such as metallization of the blocking layer and the formation of defects that pin flux:

Structural studies of the Hg ,Cry SroCuO4, 5 system illustrate how chemical substi-
tution can lead to the formation of extended defects. The structure of this compound,
. determined by neutron powder diffraction, is shown in Fig. 6.[71] Srsubstitution at
the Ba site leads to a shortening of the blocking layer distance of about 0:8 A, as was
seen in the two- and three-layer compounds (see Table 2). Cr substitutes for Hg, but
is displaced off the ideal site to allow tetrahedral coordination to four oxygen atoms.
. Two of these are the original apical oxygen atoms (02) which have been displaced to
form an appropriate bond distance to Cr (the O2' site) and two additional oxygen
atoms (O3) are incorporated into the Hg/Cr plane. The Cu-O2' distanceis 3.13 A.
This apical oxygen atom has essentially been removed from the CuOg octahedron.
The Cu atom displaces towards the remaining apical oxygen (02) to form a rather
short bond (225 A). Thus, one effect of the Cr substitution is to convert elongated
CuOg octahedra to CuOs pyramids. Energetically, the formation of four-coordinated




(a)

Fig. 6. Portion of the structure of Hg,; ,Ct,S1,Cu0,4,5 showing the local configuration
. around a Cr site (a) compared to the ideal Hg-1201 structure (b).[from Ref. 71] -

Cu?* is unlikely. For this reason, Cr and Hg tend to alternate along the c axis, lead-
ing to a doubling of the unit cell in this direction.

All possible O3 oxygen sites-in the Hg/Cr plane will be occupled for a conceptual
Cr substitution limit of 50%. In experiments, it has been found to be difficult to
exceed about 40% substitution. Cr atoms tend to cluster in the Hg/Cr plane. As addi- -
tional CrOg4 units are added to these clusters, they must orient so that the associated
03 oxygen-atoms can occupy available sites as shown in Fig. 7. Ultimately, the size
of these clusters is limited by the availability of possible sites for the O3 atoms, lead-
* ing to a maximum cluster size of about 2.5 unit cells (see Fig. 7). This ordering
effect leads to an incommensurate supercell of approximate dimensions 5a x 52 x 2c,
which has been observed in electron diffraction measurements. In this supercell, Cr-
- and Hg-rich reglons alternate in all three directions, but the orientational frustration of
the CrOy4 units as they cluster (as illustrated in Fig. 7) leads to considerable disorder
within the supercell.

The existence of this supercell provides a structural dxmenswn that allows defects of
- a size that could be effective for flux pinning. It is important to consider what kinds
of defects can form for Cr concentrations below the solubility limit of 50%. In such a
- case, extended Hg-rich clusters will form. A particularly interesting aspect of these
clusters is that they give rise to columns of CuOg octahedra along the ¢ axis, embed-
ded in a structure that consists mainly of CuOs pyramids, as shown in Fig. 8.
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Fig. 7. Representation of one layer of the Hg/Cr plane of Hg; ,Cr,SroCuQOy,5 showing a
possible arrangement of -CrO4 units to. form a cluster of approximate dimensions 2.5a.
Cluster size is limited by the availability of sites for O3 atoms.[from Ref. 71]

Although no measurements have yet been done to determine whether these defects

. -are effective for pinning flux, it is encouraging to observe that defects of a favorable

size (comparable to the coherence length) can be produced by chemical substitution.
Based on the present observations, it is likely that extended defects will also form in

- the limit of low Cr concentration. If CrO4 units tend to cluster, as has been observed

for concentrations near 50%, the resulting defects would be islands of Cr in the Hg/Cr
plane about 10 A (2.53) in diameter. In this region, CuOg octahedra with long apical
bonds would be converted to CuOs pyramids with short apical bonds, locally disrupt-
ing the superconducting properties of the CuO; plane to form the pinning center.

3 A Strategy for Optimization

To produce the ideal material for applications, one would like to optimize both T, and
Jo. A summary of the methods for doing this is given in Table 3. Shortening the
blocking layer will improve flux pinning, but if it is done in a way that leads toa
shorter apical Cu-O bond, T, will likely be lowered. This effect is observed in the
chemically substituted HBCCO compounds, where T.'s are typically 15 K or more
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Fig. 8. Representation of the columns of CuOg octahedra along the ¢ axis that are expected
to form for Cr concentrations below 50%.[from Ref. 71]

lower than for the ideal compounds.[71, 72] We propose that metallizing the block-
ing layer will raise T, and improve flux pinning at the same time. Chemical substi-
tutions that produce this effect should be explored to verify whether this hypothesis
holds. Additionally, there must be defects that will pin flux. Our work suggests that
it may be possible to produce favorable defects (having dimensions approaching the
coherence length) by chemical means. If these defects are in the blocking layer rather
than in the CuO; planes, the effect on T, should not be too severe, but, clearly, the
defects must perturb superconductivity locally to pin flux. It is also important to cor-
rectly adjust the concentration of such defects.




Table 3. Possible methods for structurally optimizing T, and J,. -

. ) Effect on T, EffectonJ,
Shorten blocking layer Short apical Cu-O bond Short . blocking layer
lowers T, improves flux pinning

Metallize blocking layer  Metallic blocking layer Metallic blocking. layer

raises T, improves flux pinning -
Insert pinning defects Defects in the wrong site Defects of the proper size
lower T, can pin flux

4 Conclusions

The desire to optimize high-T, materials for applications has motivated investigations
of how both T, and J. might be controlled by chemical/structural methods. A consid-

erable data base, coming from years of work on the relationship between T, and struc- -

ture, has led to a consensus of what structural features lead to the highest T... For

- compounds where the blocking layer is an insulating charge reservoir, there is a clear
correlation between T, and buckling (or corrugation) of the CuO; plane and the apical .

Cu-O bond length. Flat and square CuO; planes and long apical bonds yield the high-
est T¢'s. Compounds like Y-123, Y-124, and PSYCO, which seem to violate these
- rules, suggest that T, will be even higher if the blocking layer is metallic.. High
pressure studies of HBCCO compounds seem to confirm this view. Thus, the highest

possible T, would be observed in a compound with flat and squareé CuO, planes, long’ -

apical Cu-O bonds, and a metallic blocking layer. No compound 'yet discovered
(including the HBCCO compounds at high pressure) combines all of these features.
Thus, T¢'s even higher than 160 K may be possible through creative chemistry if the
desired structural features can be achieved.

Work to increase J. by improving the intrinsic flux pinning properties of the mate-

rials is still in its infancy. Initial studies indicate that structural properties can have a - -

- significant effect on flux pinning. At least three strategies look promising. The first
two focus on improving the coupling along the ¢ axis by shortening the blocking

layer or metallizing the blocking layer. The third strategy is to devise chemical meth-

ods for creating defects that are effective for pinning flux. Experiments to date have

focused on compounds in which more that one of these effects may be present at the .
same time. It will be important in the future to investigate each effect individually. .
In-the long term, the goal of such work will be to optimize both T, and J. at the -

same time. It is already clear that significant progress toward this goal is likely.
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