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Abstract. The crystal structure of RESr2GaCu207 (with RE=Er...l~a and Y) has been studied by
powder neutron, powder X-ray and single crystal X-ray diffraction. These compounds crystallize in

Space group Ima2 with approximate lattice parameters a m
22.8A

m 2 c (1-2-3), m
5.5A

m
vi

(1-2-3) and c m
5.4A

cS
vi

a
(1-2-3) and 4 formula units per cell. Like the hi gh-Tc Superconduc-

tor YBa2Cu307 ("1-2-3") the structure contains double layers of Cu-05-pyramids separated by Y or

trivalent rare earth ions. The Cu-04 square planar chains of 1-2-3, however, are replaced by Ga-04

tetrahedral chains running along the diagonal of the basal plane of the 1-2-3 subcell. The role of Ba

to fill the large voids in 1-2-3 is played by Sr in these compounds. The Structure forms with Y and all

trivalent rare earth ions from Er through l~a with the exception of Ce. The oxygen stoichiometry is

fixed to 07 and the compounds are semiconducting. They can be p-doped by partially replacing RE by
divalent earth alkali ions, thus reducing the resistivity drastically. However, despite their strong simi-

larity to 1-2-3, particularly with respect to the Cu05 -pyramidal bilayers, combined with the possibility
of p-daping, all attempts to make these compounds metallic or even superconducting have failed so

far.

1. Intnduction.

The relation between crystal structures and superconducting properties of high-Tc superconduc-
tors, and particularly of the so-ca lled 1-2-3 family of compounds (with YBa2 Cu307 as their prota g-
onist) has been the subject of extensive research during the last 4 years since the discovery [Ii and

first structural characterization [2] of this class of compounds and has made YBa2Cu307 proba-
bly one of the most intensely studied (but not necessarily one of the best understoctd) complex
inorganic substances.

(*) Laboratoire Commun CEA-CNRS.
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In order to establbh knowledge about structural prerequisites for high-Tc superconductivity
and to identify and understand the various structural influences on Tc, a number of different ap-
proaches have been used. The basic idea is to modify the structure in some way and correlate

these mctdifications with changes of the properties of the substance and of superconductivity in

particular. Besides the more "physical" ways to perform a structural modification like, for in-

stance, changing sample temperature or applying extemal pressure, there are several "chemical"

ways to accomplish this, for instance by changing the oxygen stoichiometry, replacing oxygen by
fluorine, replacing Y by rare earth ions or alkaline earth ions and also by partially replacing Cu

by some other small cation like transition metal or group III cations. Each of these interventions

into the structure has characteristic effects on both the crystal structure and the superconducting
properties [3,4]. Replacing Y by rare earths, for instance, changes markedly some of the nearest

neighbour distances (RE-O) but leaves others almost unaltered (in-plane Cu-O) and has virtually

no effect on Tc. This has, in a very early stage, been taken as an indication that the Cu-O planes are

most important for superconductivity in these compounds. This assumption wasfurthersupported
by the observation that even small amounts of dopants on the Cu sites reduce the superconducting

transition temperature 7~ drastically. In some cases this doping on the Cu site is accompanied by
structural changes as for instance in the case of Fe [5-7~ and Co [8,9], where the apparent symme-

try of the crystals changes from orthorhombic to tetragonal and the microstructure is drastically
altered, however, without obvious correlations to superconducting properties. In other cases like

Zn and Ni there are only subtle structural changes although Tc decreases even more drastically
[10,1Ii. Obviously, the effects of changes of the crystal structure and of predominantly electronic

modifications upon doping on the Cu-site(s) are intimately mixed and the separation of both is an

important problem yet to be solved.

From a diflractionist's point of view, mctdification of the crystal structure by parthl chemical

substitution carries along with it a principle complication: Due to the structural disorder invari-

ably introduced by partial replacement, quite a bit of information on the local environment of

the atoms is lost because diffraction, as a method which probes long range ordered structural

elements, yields averaged atom positions and averaged bondlengths only. In cases where the dis-

tribution of these quantities is broad, the averaged values may be of little use, particularly if they

are intended to be correlated with "short range phenomena" like superconductivity. Thb is why in

cases where disorder is a problem, a situation which is typical for high-Tc superconductors (which,
by their own nature, are hardly ever stoichiometric) the "complementary" local structural probes
like electron microscopy, EXAFS or M0sbauer spectroscopy, although less "quantitative" than

diffraction, become extremely valuable tools for structural analysis.

The situation changes in favour of diffraction methods if a site (here the former Cu(I) chain

site) is fully and exclusively occupied by some other species. In this way one obtains stoichiometric

compounds instead of partially substituted (and disordered) ones. Many groups have claimed the

existence of such 1-2-3 derivatives, however, we are aware of only three cases where a complete
substitution for Cu(I) has been accomplished and has been proven by decent measurements. They

are the closely related compounds I~aBa21bCu208 [12,13] and I~aBa2NbCu208 [14], both with

16-06 or Nb-06 octahedra replacing the Cu-04 squares and a Pd substituted 1-2-3 with Pd exclu-

sively occupying the square planar coordinated former Cu(I)-(chain-) site [lsj. The structure of

YBa2WCu209-j [16j on the other hand is a cation-ordered variant of the cubic perovskite struc-

ture and b therefore not considered to be a derivative of1-2-3, although the chemical formula

seems to suggest this. In a broader sense the oxygen ordered phases of YBa2Cu307-b and the

"stacking variants" YBa2Cu408 [17~ and Y2Ba4Cu701s [18] with double chains of Cu-04 squares
also belong to this group of "fully substituted" 1-2-3 derivatives. The class of compounds we are

going to report on in this paper has Ga-04 tetrahedral chains substituted for the Cu-04 square
planar chains. Due to the topological problem of fitting tetrahedra into a network of (incomplete)
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Cu-06 octahedra the atom positions and also the unit cell dimensions and the symmetry are more

drastically changed than in most of the cases mentioned above.

2. Preparation.

Single phase samples of RESr2GaCU~O7 can be prepared by the following procedure: RE203
~Y203, Tb407, Pr6011), SrC03, Ga203 and CUO are intimately mixed in a ball mill, the mixture

is calcinated at 900° C in air for 10 hours, homogenized by ball milling, pressed into pellets, fired

at 950° C in air for 20 hours, ball milled and pelletized again and then annealed at 960° C for an-

other 20 h in air followed by unregulated furnace cooling to room temperature within about 6

hours. DSC/TG analysis (see Fig. I) performed in air on two representative samples, one with

a small trivalent cation ~Y) and the other with a large one (Nd) show no oxygen loss or uptake
up to I0&PC and l130°C, respectively. Above these temperatures a decomposition reaction oc-

curs accompanied by a pronounced weight loss which is only partially reversible. Most probably
at least part of the Cu~ in the sample is being reduced to Cu + upon decomposition, leading to

the evolution of oxygen and a corresponding weight loss. The decomposition b furthermore evi-

denced by the observation of transparent needles of Ga203 which are extruded from the surface

of the pellets after prolonged heat treatment at temperatures above the decomposition temper-

ature. We have no evidence for considerable amounts of a liquid phase being produced during
this reaction. The Y-compound exhibits an additional endothermic peak at about 1000°C which

occurs reversibly upon cooling provided the sample has not been heated above the decomposi-
tion temperature. It shows a hysteresb of about 20°C indicating that it is of first order. This

peak could well be due to a structural phase transition, the nature of which is yet to be investi-

gated. The preparation conditions given above apply to all rare earths from I~a through Er with

the exception of the Ce compound which up to now could not be prepared in single phase form.

Notably, TbSr2GaCu207 forms the same structure whereas TbBa2Cu307 does not crystallize in

the 1-2-3 structure but in an ordered cubic perovskite variant [19]. As the DSC/TG results show,

the stability of the compounds against therrnal decomposition increases with increasing rare earth

ionic radius. Samples with rare earth ions smaller than Er were not strictly single phase but the

majority of the X-ray powder lines were still those of the title com pound. Also, for the two largest
RE-ions I~a and Pr, weak lines of an unkown phase appear. We believe that this is due to a ten-

dency towards dbordering of RE and Sr over the two sites available in the structure, accompanied
by slight changes of stoichiometry as will be shown below.

The typical grain size of the crystaflites growing during preparation by solid state reaction is very
small, even after extended periods of heat treatment just below the decomposition temperature.
It h therefore not practicable to grow by this method single crystals which are large enough even

for single crystal X-ray studies. In only one case (YSr2GaCu207) we were able to obtain a crystal
of about 10 pm i11 diameter by deliberately heating above the decomposition temperature for a

short time. Thb crystal was used for the single crystal X-ray measurements (see below). Attempts
to grow crystals of the title compound from various fluxes including "self-flux" have failed so far

or have led to dbordered variants of these compounds.

3. Structure determination and refinement.

The structure was initially deterrnined from X-ray powder data of the Y-compound. Indexing of

the pattern [20] yielded a monoclinic- cell, very similar to "ordinary" 1-2-3 with a =

3.846(1) fi~ b
=

11.401(2) fi~ c =
3.846(1)fi~ fl

=
90.95(2)° and possible space group Plml. Ri-



724 JOURNAL DE PHYSIQUE I N°5

YSr~ Go Cu
~

0~
30

ot

~
] 20

>

10 4
o I

c
e

w o
, ~

w ~

~ ~
o~ m

G
z

x ~

#

_,
fl
o
~
e
o

~

i 5

-2
0 200 400 600 800 1000 1200 1400

Temperature/°C

a)

i
Nd Sr~ Go Cu~ 07

~5

o

(
15

>

5 4
o

0 u
c
f

; z
; ~

~
~

~ 5 ~
o'

o

x §
wI

-I e
~
E
z

~

i 5

~~0 200 400 600 800 1000 1200 1400
Temperature/°C

b)

Fig. i. DSCfTG curves for a) YSr2GaCu207, b) Ndsr2GaCu2o7.

etveld refinement using 1-2-3 coordinates as a starting set of parameters gave reasonable agree-

ment factors but left some weak low angle reflections unaccounted for. Also, inspection of the
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lbble I. Diffraction measurements, erperimentaldetaih.
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lhble II. Stn~cmral parametm.

sample YSr,Gacuzoi;6K
72elhod powderneulron

all] 22.7727(3) 22801415) 22793(7) 22887413) 22924s13) 229201(6)

bill 5.4767(1) 5 4819(1) 5 484(2) s s38~l) 5 5452(1) 5 s438(1)

c[1) 5 3891(1) 53936(1) 5 396~2) 54360(1) 5443911) 5 440811)

x
05 o-S 05 05 05 05

y oo oo o-o oo oo oo

z 00 00 oo 00 oo 00

x lo lo lo lo lo lo

Bill) 087161 05 05W6) 0 8818) 093(81 05

x
0349611) 03495(2) 0 3493(2) 0 3489111 03488011 0 3488131

y 00137(31 0 013111 0 0153131 00135(41 0014W4) 0011121

z 0 0013(7) 0.005(3) .0 00118) 0 0 0 0 0 0

N 0 975(7) 0 0 0 99(1) 0 99(1) 0

B [12] 0 77(4) 0.7 0 69(5) 0 83(6) 0 9@6) 0 7

x 0-426%U 0 4274(4) 0.4269(1) 0 4234(1) 0 4234(~) 0 4246(6)

y .0 0003(3J 0 0 0 0005(5J .0 0013(4) .0 000714) 0 0

z 0 4984(7) 05 0 501(1) 04984(9) 0.4982(9) 05

N 1 0 1 0 0 99219) 0 0 0

Bl12) 0 91(3) 05 051(6) 091(4) 0 86~4) 05

x 075 075 075 o.75 075 075

y o.4296(3) o 43~2) 0 430~8) o 4307(4 ) 0 4306~5) 0 438~31

z o o410(8) o 036~3) o 044(1) o 0364(9) o 0365(9) o 029(5)

N 0 95(1) 1 0 0 97(1) 0 95(1) o 94(1) o

B (12j 0 82(71 0 5 o 44191 ( 1(11 oil) 0 5

x 025 025 025 025 025 025

y 0 8163(5) o 6111) o 62213) o 6213(7) 0 6211171 0 61(1)

z 0 3906(81 0 4011) 0 404(51 0 3831U 0 383111 o 39121

N 0 9311) 0 0 0 93(21 0 93(2) 10

B Ill) 0 911) 9 9(7) 0 811) 0 9(1) 9

x 04349(~) 0434(2) 04346(7) 04299(1) 0430Wi) o431(3)

>.
07520(61 075 0749(6) 0 7514(9) 07505(9) 075

z 0 2461~i o 25 0 260161 0 245(11 0 247(21 o 25

N lo lo lo lo lo lo

B ill( 14(5) 13 3(4) 22(6) 2417) I 3

x 0 437611) 0 439(2) 0 437215) 0 4329(1) 0 4329(U 0 43213)

y 0 245116) 0 25 0 251(5) 0 2491(9) 0 249019) 0 25

z 0753(1) 075 0 755(5) 0 75211) 075211) 075

x lo lo lo lo lo lo

B l121 0W4) 0 6 0 614) 0716) 0 9316) 0 6

x 0 3240(1) 0 327(2) 0 323316) 0 3229(1) 0 32291U 0 32912)

>.
0 4579(3) 046U6) o 45612) 04551(4) 0 455514) 045418)

z 09762(8) 097(1) 0996~6) o 97411) 0974(() 09611)

N low) lo lo loo<i) own) lo

B l121 1 24(61 3 3(4) 66(7) 67(8) 3

3 95 3 79 RF 8 92 4 34 4 43 2 58

521 494 Rw,F 528 571 561 331

2 60 7 70 41 2 97 3 13 (1 33

2 29 11 98 2 79 3 I 4 11 55
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Fig. 3. Low angle portion of the powder neutron diffraction pattern of Ysr2GaCu207 at 6 K.

refined heavy atom positions clearly suggested a higher symmetry in a larger cell. The final de-

scription of the structure was done in space group Ima2 with
a m 22.8 fi~ m 5.5 fi~

c m 5.4 A which

ivas later confirmed by single crystal X-ray diffraction and b also in agreement with powder neu-

tron diffraction results obtained for YSr2GaCu207 and NdSr2GaCu207. It is worth noting that

space group Ima2 b closely related to P4/mmm as well as Pmmm, the space groups of 1-2-3-06
and 1-2-3-07 respectively, by simple supergroup-subgroup relations.

lb introduce the structure we first dbcuss the results of the neutron diffraction experiments.
The first section of table I gives some experimental details concerning these measurements which

were performed on ILL's powder diffractometer DlA~ A typical powder neutron diflractogram
(here of the Nd-compound at a temperature of 6 K) is shown in figure 2 along with the calculated

profile, the difference between observed and calculated profiles and markers for theoreticil line

positions. The quality of the refinement b quite reasonable as can be seen from the difference

curve and also from the reliability factors in table II. Figure 3 shows an enlarged portion of the

corresponding diflractogram for the Y-compound at small angles. It is obvious that all observed

lines are accounted for by the structural model which b given in table II. The occurrence of re-

flections like (l10), (310), (510) and (710) demonstrates the necessity to choose the enlarged cell

of about 22.8A
x

5.5A
x

5.4fi~

Single crystal X-ray diffraction on a particulary small single crystal of YSr2GaCu207 (see third

part of lbb. I for details) also yielded this cell. No violations of the systematic extinctions corre-
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sponding to space group Ima2 could be detected. Single crystal X-ray reflections profiles (2@- as

well as w-scans) just resembled the resolution functions of the instrument with no indications of

any line broadening or splitting which could have been indicative of structural inhomogeneities
or twinning. A difference Fourier synthesh (observed single crystal structure amplitudes minus

calculated structure amplitudes derived from the refined structural parameters in lbb. II) was

essentially flat with the largest difference peak about 0.5 A away from the centre of the strongest
scatterer ~Y3+ 36e- and corresponding to a difference density of less than 1.5 electrons/A3.

4. Description of the structure.

lbble II gives a compilation of the refined structural parameters for the Y and Nd compound
from both the powder neutron as well as the single crystal and powder X-ray measurements. The

agreement between X-ray and neutron diffraction results is quite satisfactory. A scetch of the

structure is plotted in figure 4 in a perspective view approximately along the [011] direction. This

plot is idealized with respect to the oxygen positions for clarity. The dominating features of this

structure are, just as in 1-2-3, the bilayers of comersharing Cu-Os pyramids separated by Y or

RE ions. However, the connection between one bilayer and the next one along the longest axis

(a in this setting) is mediated by Ga-04 tetrahedra sharing two apical oxygen atoms of the Cu-Os
pyramids and connecting to neighbouring Ga-04 tetrahedra via the two other oxygens (the former

"chain-oxygen" of 1-2-3).
Sr fills the large voids located approximately at the x-level of the apical oxygens as Ba does in

1-2-3. A detailed view of the Ga-04 tetrahedral chains b given in figure 5 in a projection along

a. The chains are basically running along c, the diagonal of the 1-2-3 basal plane, but in a zig-zag
like fashion. There are two different orientations of the Ga-04 tetrahedron which altemate along
the chain direction.

5. Cation coordination.

Figure 6 shows the local oxygen coordination of the cations in four separate plots. The numbers

are dbtances (in A) and angles for the Y~ompound at 6 K The numerical values for selected

nearest neighbour cation-oxygen distances (calculated from the results given in lbb. II) including
estimated standard deviations are summarized in table III. Only bond lengths from the powder
neutron refinements are given because these are superior to the X-ray results with respect to the

accuracy of the oxygen positions. The Cu-Os pyramid (Fig. 6a) involving oxygens O(2), O(3), O(4)
(labelled analogous to the conventions introduced by Beno et al [2] for 1-2-3) is fairly regular with

four short Cu-O bonds (1.93 A and 1.94 A) in the basal plane and a long bond (2.36 A) towards

the apex. Unlike in 1-2-3, the bond angles O-Cu-O deviate strongly from 90 degrees, by as much

as 10 degrees for the O(2)-Cu-O(4) angle.
The Ga-04 tetrahedron (Fig. 6b) consbting of Ga, O(I) and O(4) is symmetry constrained

by the mirror plane mla which runs through Ga and the two O(I) atoms. It is also only slightly
distorted with two short bonds to the apical oxygen O(4) (1.83 A) and two longer ones (1.90 A)

to O(I) in the b c plane. The O-Ga-O angles are close to the ideal tetrahedral angle with the

exception of O(4)-Ga-O(4), the angle from Ga to the two closest apical oxygens, which amounts

to 134.4 degrees. The oxygen coordination of RE (Fig. 6c) h very similar to the Y coordination

in 1-2-3 with 4+4 oxygens (O(2) and O(3)) at a distance of about 2.4 A (see lhb. III).
Sr is coordinated by 4 oxygens in the basal plane of the Cu-Os pyramids (O(2), O(3)), by 4

"apical" oxygens (O(4)) and one "chain" oxygen (O(I)) (Fig. 6d). The second O(I) atom is more
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lhble III. Selected bond dhwnces (Powder neu~on dam ).

Y,6K Nd,6K Nd,24?K

ill 1.933(3] 1,95214J 1.95314)
1.926t21 1.940t4J 1.945t3)

-Ot3J 1.93?13) 1.962j4J 1.964t4J
1.93613) 1.94213) 1.94614)

I.933 I.949 1.952

.Ot4) 2.35812) 2.31713) 2.32it3)

I.904j51 1.907151
I.907151 I.910151

-Ot4) 2xi.82814) 2xi.816t5) 2xi.819151

1.864 1.861 1.864

2x2A0714) 2x2.500(5)
2x2.44614) 2x2.53515)

.Oj3) 2x2.368141 2x2.46614) 2x2.470t5)
2x2A1014) 2x2.48315) 2x2A8615)

2.408 2.496 2.499

2A51t3) 2.468t3)

-O(21 2.749(5) 2.706(5) 2.721(5)
2.791(5) 2.739(5) 2.742(5)

.O(3) 2.726(5J 2.686(5) 2.691(5)
2.753(5) 2.702(5) 2.706l5)

-O(4) 2.505(3J 2.S21(4J 2.523(5J
3.102(31 3.152(4) 3.157(5)
2.630(5) 2.651(6) 2.651(6)
2.893(5) 2.925(6) 2.931(61

2.733 2.728 2.732

than 3.5 A away from Sr and is therefore not considered to belong to the coordination sphere of

Sr. Except for these two "chain" oxygens the Sr coordination polyhedron is similar to that of Ba

in 1-2-3. However, to our experience the RESr2GaCu207 structure type does not form with Ba

instead of Sr. We believe that the introduction of Sr plays a key role in stabilizing the rather "odd"

intergrowth of Cu-Os double pyramidal nets with Ga-04 tetrahedral chains in this compound
because the smaller Sr atom allows the "apical" oxygen O(4) to move towards the alkaline earth

site and provide a more regular tetrahedral environment for the Ga atom. The free energy gain
associated with this dbplacement seems to overcome the energy cost due to the severe angular
distortion of the Cu-Os pyramid, probably because this defornlation mode is relatively "soft" as

it does not involve any considerable changes of the Cu-O bond lengths.

6. Tilt pattern.

As can be seen in table II the z-coordinates of oxygens O(2) and O(3), forming the approximately
square planar base of the Cu-Os pyramids are significantly different from each other. Also the a pi-
cal oxygen O(4) does not lie exactly above or below the Cu atom. These deviations correspond in

a firs~ very rough approximation to a rotation of the Cu-Os pyramids around the c-axis. The basal

plane is rotated by about 2.6° while the Cu-O(4) bond direction rotates by as much as 5.6° around

c, illustrating the severe distortion of the Cu-Os pyramid. This tilt pattem is scotched in figure 7

which only shows the oxygen polyhedra around copper and the Ga position. Arrows indicate the

directions of the atomic shifts upon tilting. Complete rows of double pyramids along c rotate in

the same direction while the next row in the same plane, being coupled to the first one via the

comers of the pyramids, rotate in opposite direction. Also, the sign of rotation altemates in going
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from one double sheet to the next one along the a axis thus reflecting the doubling of the longest
axis compared to 1-2-3. The tilt pattem of the Cu-O-polyhedra in the pyramidal planes closely

resembles the corresponding pattern found in the low temperature orthorhombic modification

of (I~a,Sr)2Cu04 with the remarkable difference, however, that instead of the distorted Cu-06

octahedron of (I~a,Sr)2Cu04 a pair of Cu-Os pyramids acts as a "rigid body" in RESr2GaCu207.
In ~La,Sr)2Cu04 a second rotation axis in the same plane but perpendicular to the first one is

possible. They both correspond to equivalent directions in the high temperature tetragonal mod-

ification and lead to two possible twin orientations in the low temperature form of (I~a,Sr)2Cu04
[22]. In RESr2GaCu207 the situation is different because the tilting is enforced by the tetrahedral
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Fig. 7. Tilt pattern of Cu-os pyramids in REsr2GaCu207.

coordination of Ga and the direction of the Ga-04 tetrahedral chains determine the tilt direction

probably already during crystal growth. The existence of a possAle high temperature modification

of RESr2GaCu207 with zero tilt angle is quite unlikely. At best there might be a disordered form

with short segments of chains running either along b or c
and changing direction at point defects.

Provided the linear chain segments are sufficiently small (compared to the coherence length of the

diffraction experiment), such a pattern would appear to the dfllraction experiment as a tetragonal
structure with intense disorder within the Ga-O plane and large temperature factors of the atoms

belonging to the still locally tilted pyramids. Evidence for such a dbordered phase will be given
elsewhere [23].

7. Temperature dependence.

The temperature dependence of the structural parameters of RESr2GaCu207 was studied for the

Nd compound by neutron powder methods (see lhbs. I, II and III). A comparison of the results

at 247 K and at 6 K demonstrates that the atom positions are essentially unchanged upon cooling
(within one standard deviation) and that there is no structural phase transformation within this

temperature range. Only the lattice constants change significantly and, consequently the bond

distances change (lbb. III). More interesting, the thermal parameters do not change very much

upon cooling. Although they have quite reasonable values at room temperature, they are some-

what larger at 6 K than comparable values for 1-2-3. This might point to small static deformations,
either locally or even macroscopically. It should be noted that the structure described in space

group Ima2 is highly symmetry constrained for there are only 8 independent atoms just like in

YBa2Cu307 but the cell volume is quadrupled. Moreover, the crystal structure h also topologi-
cally constrained: The three-dimensional linkage of nets of tetragonal pyramids with tetrahedral
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chains leads to severe dbtortions, particularly of the bond angles, from their ideal values and this

could lead to internal strain. However, there is no evidence for a deviation from Ima2 neither

from our powder neutron and X-ray work nor from the single crystal X-ray study on an admit-

tedly very small sample. Such devhtions, if they should exist at all, would probably first show up

as anomalous anbotropic temperature factors of the oxygen atoms, which we hesitate to refine

from either of these data sets. O@ng to the large unit cell and potential absorption problems in

the X-ray case, sufficiently accurate diffraction data would probably require large homogeneous
single crystals for single crystal neutron diffraction studies.

8. Structure as a function of rare earth ionic radius.

As already stated in the last paragraph, the structures of YSr2GaCu207 and NdSr2GaCu207 are

very similar (see structural parameters in lhb. II and bond dbtances in lhb. III). These two com-

pounds already mark the two extreme cases of a very small trivalent cation and a rather large RE

ion and both are close to the stability limits of this structure type with respect to the rare earth

ionic radius. Here we briefly dbcuss some further results of powder X-ray measurements and

Rietveld-refinements on RESr2GaCu207 with various RE ions. The experimental details have

already been given in section 2 of table I. A typical powder X-ray pattern (observed, calculated

and difference profile) b depicted in figure 8. lbble IV gives some structural parameters derived

from these measurements. All parameters not shown in table IV may be taken from table II

(second column). They are either fixed by symmetry or were deliberately set to these "special"
values (like for instance y of O(2) equal to 0.75) to reduce the number of variables. In each case

it had been checked in previous refinement cycles that these values were equal to the "special"
ones within one standard deviation. Due to the comparatively small X-ray scattering power of

oxygen the estimated standard deviations of the positional parameters of these atoms are quite
large and we therefore prefer not to discuss individual cation-anion bond lengths in too much

detail. However, we feel that it is worth dbcussing average cation-oxygen distances derived from

these measurements. In figures 9a and b the lattice parameters are plotted as a function of the

theoretical RE-O distance calculated from the compilation of ionic radii published by Shannon

[24]. The 02- -radius was taken as 1.25 fi~ The short axes and
c

increase strongly with increasing
RE radius, as does the orthorhombicity 2(b c)/(b + c) (not shown). Even more pronounced

is the increase of the longest axis a, particularly for the larger RE ions. This general increase

of the lattice parameters of course mainly reflects the increasing space requirement of the RE

cation. This is demonstrated in figure 10 which shows the observed averaged RE-O distance as

a function of the "expected" one. Both quantities correlate nicely and they agree even quantita-
tively. The Sr-O distance plotted on a similar scale (Fig. ii) on the other hand is almost constant

with some small decrease for the larger RE ions. lbgether with the observation of increased

scattering 4ensity on the Sr site for the Pr and particularly for the l~a-compound, this is taken

as evidence for a RE-Sr cation disorder for the large rare earths, similar to what has been ob-

served for I~a(Bai-zl~a~)2Cu307. With increasing RE ionic radius, an increasing amount of RE

ions appears to be occupying the Sr site. A corresponding increase of the Sr occupation on the

RE site, however, has not been observed. It seems that the compounds with the large RE ions

(Pr,I~a) are slightly off the desired stoichiometry, an assumption which fits to the observation of

small amounts of an unidentified second phase in the diffractograms of these compounds. For

a detailed investigation of these disorder effects, combined powder X-ray and powder neutron

diffraction measurements are in progress [23]. Like the Sr-O distance the average Ga-O distance

of1.86(7) A (not shown) remains constant within one standard deviation upon doping. In contrast

to this the average in-plane Cu-O distance increases significantly with increasing RE radius ~lbb.
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Fig. 8. Powder X-ray diffraction pattem of HoSr2GaCu207 at ambient temperature.
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III and Fig. 12) and the distance to the apical oxygen correspondingly decreases ~lbb. III). The

latter statement is mainly based on the powder neutron results for the Y- and Nd-compound. The

estimated standard deviations for this distance from the powder X-ray data are much too large
to draw such a conclusion but they are at least not in contradiction to iL It is interesting to note

that the in-plane Cu-O distances cover, as a function of the rare earth ionic radilw, almost the

whole range of Cu-O distances observed in the series from semiconducting YBa2Cu306 to super-
conducting YBa2Cu307. However, in RESr2GaCu207, in-plane and apical Cu-O distances are

coupled in such a way that the formal oxidation state of Cu (derived from the bond length bond

strength formalism discussed in [25] and using the parameters given therein) h almost constant

through the whole series. We find the following approximate values for the "bond valence rums"

of the cations:

For RE
=

Y at 6K vcu
=

2.17, vGa
=

2.80~ vsr
=

1.92, vY
=

2.80

RE
=

Nd at 6K : vcu
=

2.llj vGa
=

2.83j vsr
=

1.95; vNd
=

2.79

RE
=

Nd at 247Kj vcu
=

2.09, vGa
=

2.81; vsr
=

1.93; vNd
=

2.77

vcu is approximately constant and is always larger than 2.0 while vGa is below 3.0. The effect of

temperature is negligible. These bond valence sums could be interpreted in terms of a partial Cu-

Ga-disorder (see also next paragraph) amounting to approximately 9 at9b Ga on the Cu site and

correspondingly about 199b Cu on the Ga site. However, we prefer not to put too much weight on

these numbers because the validity of the bond length-bond strength formalism is questionable
particularly in cases where Jahn-llsller ions ~like Cu~+) or mixed site occupancies (Ga/Cu) are

involved.

9. Doping studies,

Various ways of chemical doping have been tried in order to render the compounds, which all

are semiconducting when stoichiometric, metallic or even superconducting. "p-type doping" was

accomplished by partially repladng Y (or RE) by Ca. Under the preparation conditions given
above, the solubility limit checked by powder X-ray diffraction appears to lie somewhere be-

tween 15 at9b and 20 at9b Ca substituted for Y. The specific resistivity drops drastically (from
several Mocm to about 1.5 Qcm for Yo.8sCao_isSr2GaCu207 at room temperature). Below room

temperature the resistivity upon cooling first increases only gradually but quite rapidly below

about 50 K. AC-susceptibility measurements show no traces of superconductivity down to 5 K

m any of these samples. A similar behaviour was found for Gdi-zCa~Sr2GaCu207. For the Gd

and Tb containing compounds we see a pronounced increase of the paramagnetic susceptwil-
ity upon cooling below about 20 lQ indicating magnetic ordering probably of the RE magnetic

moments. Also, the hypothetical solid solution series Ndi-zSr2+zGaCu207 was briefly investi-

gated. The solubility appears to be smaller than in the cases mentioned above, a sample with z =

0.15 already showed weak lines of a second phase. Partial replacement of Ga~+ by Mg2+ or
Li+

(nominally YSr2Ga_7Mg,~Cu207 and GdSr2Ga 8Li 2Cu207) and Sr~+ by Na+
or K+ (nominally

Ndsri.7Na_3GaCu207 and Ndsri.7K 3GaCu207) did not yield single phase samples. This also ap-
plies to our preliminaq attempts to "n-dope" these compounds by partially replacing Nd~+ by
"Ce~+"

or
Ga~+ by Ge +



738 JOURNALDEPHYSIQUEI N°5

The structural characterization of the doped single phase products by diffraction method8 will

be the subject of a separate paper [23]. Here we only briefly discuss some preliminary results of

powder X-ray Rietveld refinements.

As a common characterbtic of doped RESr2GaCu207 samples we find a pronounced positional
disorder intrctduced by doping. This disorder, evidenced by large thermal parameters, mainly
involves the Ga-position and its surrounding oxygen atoms. Of course the occupancy of the RE-

site (where the substitution is supposed to take place) changes, but quite unexpected, the Sr-site

occupation changes as well. In the case of Y,8Ca_2Sr2GaCu207, for instance, the Y- as well as

the Sr-site occupancy refines to values less than 1.0 while in the undoped compounds they do not

differ significantly from 1.0. As Y and Sr are almost undistinguishable by X-rays (as fhr as their

scattering powers are concemed) this means that the dopant (Ca) which b a weaker scatterer than

Y or Sr goes to both the RE and the Sr site. In (Gd, Ca)Sr2GaCu207 (where Gd is by far the

strongest scatterer) the Sr site occupancy is larger than the equivalent of I Sr atom indicating tha~

upon doping, the RE ion partially goes to the '~wrong" site similar to what is observed for the very
large RE ions Pr and I~a already without doping. This unexpected occupational disorder on the

Sr site would then quite naturally explain the observed tendency towards positional disorder of

the Ga-04 tetrahedra because they are adjacent to the Sr site.

Of course, with three different atomic species on each site just one diffraction experiment can-

not unambiguously yield the true partial occupancies. We plan to combine powder neutron and

X-ray diffraction experiments to clarity this point (which could very well be one of the reasons for

the lack of superconductivity in this family of compounds) and also to put the interpretation of

individual bond distances on a more quantitative basis.

The most important question concerning structure property relations in these compounds is

probably why they are not superconducting or at least metallic. We feel that, at present, we don't

nearly have sufficient information at hand concerning both structural as well as physical properties
to give a serious answer to this question. We therefore prefer just to name some of the possible

reasons one might, on the bash of our present knowledge, think of:

The first (and to our feeling the most probable) reason to name is the possibility of some Ga

atoms occupying the Cu-site. It is well establbhed that virtually every dopant which goes to the

Cu(2) site in 1-2-3 even in very small concentrations reduces Tc drastically. Unfortunately, the

scattering powers of Cu and Ga for X-rays (27e~ for Cu~+, 28e~ for Ga~+ (at Q
=

0)) and neu-

trons (7.72 fermi for the natural mixture of Cu isotopes and 7.39 fermi for Ga [26j) are so close

together that we cannot exclude such an occupational dborder of Cu and Ga by diffraction mea-

surements even if it would amount to several at9b A large amount of Ga on the Cu-site and

vice versa should, however, manifest itself in additional oxygen positions because the most stable

coordination polyhedra are different for the two cations. We have no indication of such additional

positions in the undoped compounds, but we again cannot exclude this possibility for the doped

ones. Yet another indication for the absence of intense Cu-Ga dborder is the observation (for the

undoped spedmens) of constant oxygen stoichiometry (see TG results): large amounts of Cu on

the Ga site (and the corresponding quantity of Ga on the Cu site) would probably lead to some

of the oxygens being weakly bound like in the Cu-O chains of 1-2-3 and therefore to the loss of

oxygen at high temperatures. Clearly the important point of possible cAtion disorder on the Cu

and Ga sites needs further clarification by methods other than diffraction.

Another mechanhm of occupational dhorder, namely the tendency towards occupation of the

Sr site by considerable amounts of RE particularly for large RE ions, has already been dbclwsed

above. Analogous to La(La,Ba)2Cu307, this could lead to a reduction of the "effective excess

charge" introduced by the doping process.
Furthermore the hole concentration reached so far by doping (estimated by just counting

charges) is below the assumed optimum of about 0. IS holes per "active" Cu-site. For Y 8Ca 2Sr2
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GaCu207 for instance, a composition which seems to be at or slightly above the solid solubility
limit, the formal Cu-charge would be 2.I, provided the oxygen content stays constant, an assump-
tion which itself b yet to be confirmed by methods other than X-ray diflraction- Simultaneous

doping on two different sites might help to further increase the hole concentration but this would

make preparation and structural characteri2ation even more complicated.
Apart from these arguments which mainly apply to the doped samples, the undoped structure

itself already shows certain peculhrities which could be responsAle for the lack of superconduc-
tivity: The severe angular dbtortion of the Cu-Os PYramids could point to significant differences

in the Cu-O bond character (compared to "ordinary" 1-2-3). Particularly, the apical oxygen O(4)
b now bound to Ga by a strong covalent bond which does not point along the longest axh anymore.
In 1-2-3 the position of O(4) along c b supposed to refeq the charge transfer from the "chains"

to the "planes" and in fact its z-coordinate responds sensitively to changes of the oxygen content

[27~ and to various kinds of doping [3] and the Cu(2)-O(4) bond dhtance correlates strongly with

Tc [27~. In RESr2GaCu207 such a variable charge transfer between chains and planes does not

occur because the oxidation state of Ga b not variable and the oxygen content is fixed to 07.

Also, the difference in symmetry between 1-2-3 and the title compound is to be mentioned in

this context: The space group of ReSr2GaCu207, Ima2, has no center of symmetry and the point
symmetry of the Cu-site and of its surrounding oxygen sites is I whereas in Pmmm (the space group
of1-2-3) Cu(2) and O(2), O(3) and O(4) are on special positions on intersecting mirror planes
(point symmetry mm). It b interesting to note that the vast majority of superconductors crystallize
in centrosymmetric space groups [28]. On the other hand, there are at least two counter-examples
amongst the high-Tc superconductors, namely T12Ba2Cu06 and B12Sr2CaCu208 [3], both with

space group Ccc2.

The very basic complication with these doping studies b that it is much easier to show a sub-

stance to be a superconductor than to prove that b it not possible to make it superconducting. In

fact, the number of different ways to dope such a complex compound is huge, as b the number

of possible ways to prepare such samples under different conditions and definite statements like

"the sample cannot be prepared in single phase form" or "the compound is not superconducting"
always relate to the specific preparation conditions used and also largely depend on the obstinacy
of the people involved.

10. Comments on possibly related compounds with tetrahedral chains.

First indications of the possible exbtence of compounds with complete replacement of Cu-04

square chains by tetrahedral chains were found in the course of single crystal X-ray studies on a

series of partially Sr substituted YBa2Cu307 grown from BaO- and CUO-rich fluxes in AJ203 cru-

cibles [29]. Refinement of the Ba- and Cu(I)-site occupancies clearly showed a correlation of the

Al-content (due to corrosion of the crucible) on the Cu(I)-(chain-) site with the Sr~oncentration

on the Ba site accompanied by a strong tendency towards disorder of the chain oxygen O(I). The

correlation was strongest for the highest Sr-concentrations and pointed at a formulation of a hy-
pothetical solid solution series of the type Y (Bai-zsr~)~ Cui-zAl~Cu207-I The end member

YSr2AlCu207 was then prepared in single phase form by solid state reaction. It crystallizes in a 1-

2-3-like apparently tetragonal cell with space group P4/mmm and a =
3.861(1) A,

c =
11.102(3) fi~

Rietveld refinement of X-ray powder data showed pronounced dhorder in the basal plane also

for ah "stoichiometric" compound. It involves both the cation as well as the oxygen site(s) and

is so intense that we even can't firmly establish the type of Al-O polyhedra in this substance by
X-ray powder diffraction. The same is true for the compound NdSr2FeCu207 (a

=
3.%8(I) fi~

c =
11.499(3) fi~ space group P4/mmm) which can also be prepared in single phase form. Yet,
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both compounds seem to be thermodynamically stable and it is not very likely that they are actually
disordered on a scale comparable to the cell dimensions. Most probably these substances consist

of a microtwin pattem of ordered domains like for instance in Fe- or Co-doped YBa2Cu307 [5-
9] and it is not unreasonable to assume that these domains locally resemble the structure of the

title compound RESr2GaCu207. Just like the transition from orthorhombic to apparently tetrag-
onal symmetry in Fe- or Co-doped 1-2-3, the symmetry gain could be accomplished by stochastic

changes of the chain directions, here the AJ-04 or Fe-04 tetrahedral chains, induced for instance

by small amounts of residual Cu in these chains. Also, the match between the fairly rigid Cu-O

pyramidal nets and the AJ-04 or Fe-04 tetrahedra will probably play an important role. How-

ever, all this is still to be confirmed by using local structural probes or by finding out preparation
conditions or chemical modifications which allow long range ordering of the chains in the AJ- and

Fe~ompounds.
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