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The crystal structure of Y$€u;0q, , Ssynthesized under high pressure has been studied in detail using
transmission electron microscopy and powder neutron diffraction. It has been shown th&u%r, , and
YBa,Cu;04,,  are not isostructural after all. The much lovilerof YSr,Cu;04, , (YSCO) with respect to that
of YBa,Cu;04, , has to be ascribed to the different structural arrangement of the reservoir blocks. The
different oxygen ordering and the consequent displacement of the Sr and Cul cations in YSCO yield an
orthorhombic modulated structure with a propagation vector of0l/2*. Perfectly ordered YSCO would
have an oxygen stoichiometry equal to 6.875. Powder neutron-diffraction data yiejdgar@ Q g, for the
as-prepared and annealed phases, respectively.
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After the discovery of YBaCu;O, (YBCO),! several The different behavior between LgBa, 1:Cu0, and the
groups tried to prepare the Sr counterpart X350,  other cuprates can be explained qualitatively in terms of the
(YSCO). However, YSCO could only be synthesized undersimpler structure of the former with respect to that of the
high pressure and,, did not rise above 56 RIn 1987, Cava latter compounds.
et al. (Ref. 3 observed an 8 K¢ increase, when Srreplaced ~ As stated above, even though ¥6t;04., is the Sr
Ba in La gBay 1:Cu0,. Simultaneously, Chet al. (Ref. 4 counterpart of YBCO, it can only be prepared under a very
observed a 12 KT, increase when the same material washigh pressuré?*3This sort of instability indicates that the
subjected to a mechanical pressure of 1 GPa. Later Locqu&tBCO structure cannot “breath,” preventing the total sub-
etal. (Ref. 5 reported that theT. of a La oBay,CuQ,  stitution of Ba with a smaller cation such as Sr. At high
sample increased from 25 K, as measured for a bulk sampl@ressure the Ba sites become smaller. When they become too
to 49 K, as measured for a thin film deposited on a substratemall, a phase transition may occur and in the new structure
made of SrLaAlQ with a smaller lattice parameter than the the Ba coordinates may increased. This can occur because
superconductor. These results strongly indicated that presnions are more compressible than cations. It is possible that
sure, either mechanical, chemical or resulting from strainunder pressure the coordination number of the Sr cations is
can increaseT. of the high-temperature superconductorslarger than 10, that is, larger than that of Ba in fully oxygen-
(HTS) materials. ated YBCO at ambient pressure. As the pressure is released,

As soon as it was known that theT ./ AP coefficients for  the extra oxygen atoms leave the structure, but those left
the Hg-based cuprate superconductors exhibited recoroccupy partially both sites of the basal plane, that is, O4 and
breaking value§;® numerous experiments were carried outO5, in a disordered fashion, and the symmetry appears to be
to simulate the mechanical pressure effect by cation or aniotetragonal by x-ray, neutron or electron diffraction. When the
substitutions inducing a chemical pressure. It was very disas-preparedAP) samples are annealed at a rather low tem-
appointing to find out that the two pressures, except for thgerature(290 °O), a slight increasé4 K) of T, is observed.
doped-LaCuQ, system and perhaps for YBau,Og, had  Even though the average symmetry is still tetragonal, elec-
opposite effect on the critical temperature. This opposite eftron diffraction and high-resolution electron microscopy
fect can be qualitatively explained by the different effect thatshow that the symmetry has become orthorhombic. Further-
the two pressures have on the interatomic distances. If onmore, the structural model deduced from the observed modu-
examines in detail the data published for the YBCO systemlation shows that the anion sublattice in YSCO and YBCO
one sees that in the case of the mechanical pressure, all digre not identical. In the present paper, we describe the ex-
tances decrease with increasing pressure. XtiA P coef-  perimental results that led us to demonstrate that the reser-
ficients are all negative, even though they may vary in som&oir blocks in the two structures have different oxygen ar-
cases by a factor of 2The corresponding valuesd/Ax, in rangements.
which x represents the substitution concentration or the The YSLCuO,, phase was obtained as an almost single-
chemical pressure, vary over a much larger range, and songhase materia(>90%) by high-pressure synthesis carried
of them are positivé® This means that the effect of the out in the presence of an oxidizing agéhThe resistivity vs
chemical pressure is highly anisotropic. Because the strudemperature plots along with those of the susceptibility for
ture is very complicated, it is not easy to single out the structhe AP materials are shown in Fig(al A 1-5°C T, in-
tural feature, which is responsible for this large anisotropy. Acrease and the narrowing of the superconducting transition
try was made to decrease the anisotropy by a double subsfisee Fig. 1b)] was obtained by annealing the AP samples
tution (Yb for Y), but this resulted in an additional decreaseplaced in a sealed quartz ampoules& atm oxygen pressure
of T..1 and 290 °C for 10 h. Hereafter, such oxygenated samples are
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FIG. 2.[100] electron-diffraction patterns of the AP and the OX

1.010° E A samples. The basic reflections are similar for both phases, but the
b \Wu!mg!} 710 OX pattern clearly shows extra satellites.
i 1 ] Il 1

-2010°

-3010° : 810" similar to the images of a YBCO-type structyteig. 3a)].
40 4 50 % 60 65 70 Instead, the OX samples are mostly a mixture of a tetragonal
Temperature (K) and an orthorhombic phase. It is important to notice that the
FIG. 1. Resistancéa) and susceptibility(b) of YSCO of as- c/a ratio of the OX is_ 2.95, name_ly smaller than th_at of the
prepared(in blue color—AB and oxidized(in red colo—0X  AP. The orthorhombic structure is also characterized by a
samples. Th&/1 andV2 are the out-of-phase and in-phase compo-Weak modulation with a wave vectgr=1/4[012]*, visible
nents of the voltages induced in the sensing coils of the susceptoni? a[100] section[Fig. 2(b)]. The corresponding HREM im-
eter, as measured by the lock-in amplifier. They are proportional t&ge shows the basic image with a modulation superimposed
the ac susceptibilityV1 is proportional to the imaginary part of to the basic structur@=ig. 3). Apart from the modulation, the
susceptibility ") whereas/2 is proportional to the real part of the image is very similar to that of the nonmodulated AP phase,
susceptibility ). The voltage values indicated on thexes are indicating that the cation positions have hardly changed.
not absolute. Around the Cul layersidentified from image simulations
one notices four brighter dots at regular intervals, comprising
indicated as OX. Paradoxically, the neutron powder-two Cul and two Sr cations. These clusters of four dots seem
diffraction data clearly indicated that the oxygen content into form a defect occurring after every four basic units along
OX samples was lower than in the corresponding APthe b direction and every two along. The modulation is
samples® The latter samples were found to be tetragonalrelated to the formation of a superstructure with lattice pa-
(P4/mmn) with a=b=0.37903 nm,c=1.13992 nm, and rametersass~ar, bsgy~4ar, and cse~2ct (see Fig. 4
x=1.2. The structural refinement in the OX samples basedlVith respect to the unmodulated AP phase, ¢h@arameter
on neutron-diffraction data revealed that the oxygen contenfi.e., cs42) is slightly decreased. The reason why the diffrac-
decreased to 6.92. Thus, the formula had changed frortion pattern shows a modulated structure rather than a full
YSr,Cu0O5 59t0 YSKLCuOg 0. We hypothesized that the AP superstructure is related to the fact that the modulation is
samples were overdoped with respect to the oxygen concedlomain fragmented. The size of these domains is in the na-
tration. The more stable structure resulted from the eliminanometer scale.
tion of the oxygen excess at 290 °C an@ atm oxygen. A similar modulation was observed before in YBCO-
The AP and OX samples were characterized and theibased materials, and was found to be associated with the
structure determined by electron diffractiBD) and high-  presence of anion groups such as;G® SQ, (Refs. 15-1Y
resolution electron microscopfHREM). ED patterns along replacing Cul. In the present study, the AP samples were
the main zones confirm the tetragonality of the AP samplesccurately tested by Auger electron microscopy and no con-
with a c/a ratio of 3.01. The ED patterns along the different tamination by carbonates was detectedl%). Therefore,
zone axes are very much resembling the YBCO structureve have to assume that the modulation is intrinsic to the
[Fig. 2@)]. Also the corresponding HREM images are very orthorhombic structure of Y$Eu;0O, . Since the modulation
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FIG. 4. Structural model of the orthorhombic YSCO, taking into
account all experimental evidence; A represents the projection on
b-c plane; B represents the projection afb plane.

FIG. 3. HREM images alonfl100], corresponding to the dif- displacement from the ideal position of tie/mmm sym-
fraction patterns of Figs.(3) and 2b). Experimental conditions are  metry. Since oxygen vacancies and/or displacements barely
such that the bright dots image the cations in the structurédin  jnflyence the HREM contrast, the brighter spots should be
four brighter dots, comprising two Cul and two Sr cations are|inked to cation displacements. These displacements, how-
formed at regular intervals. The inset shows the simulated imag% ; :

) _ ver, are induced by the oxygen rearrangement taking place
obtained at a defocus valuef=—20 nm and thickness=8 nm, during the heat trea)t/ment Yo g gp
based on the structure proposed in Fig. 4. To explain these observations we analyzed a number of

_ ) _different models, corresponding to different cation displace-
is absent in the AP samples, the oxygen rearrangement in-

duced by heat treatment seems to be essential for the super-

structure formation. Rietveld refinement of the powder neutron-diffraction data relevant

Image simulations of the mOdmate.d Strl_.lcture, based on # AP and Ox Ysco samples. wRp and Rp indicate respectively
P4/mmmsymmetry, reveal that the distortion related to they,, weighted and nonweighted pattern regression factors.

formation of the superstructure is located around the Cul

TABLE |. Thermal factors and statistical indicators of the

sites. This observation is in agreement with the structural OX sample AP sample
refinements of the AP and OX phases based on powder

neutron-diffraction datd* These refinements clearly show Ueq (A%) Uy, Uz, Uz (A?)

that the reservoir blockSrO) (CuO) (SrO) around the Cul Sr 0.01617) 0.014311), 0.014311), 0.0218§19)
layer is more disordered than the superconducting blockul 0.01649) 0.029516), 0.029%16), 0.000318)
(CuG,)) Y(CuO,). This was deduced from the values of the 'Y 0.00246) 0.00587), 0.00587), 0.00587)
Debye-Waller(DW) factors and the standard deviations of O1 0.013611) 0.032220), 0.032220), 0.006121)
both the positional and DW factors. In the OX samples, theo4 0.021838) 0.1347362), 0.030%62), 0.009%52)
Sr thermal factors are much larger than those of W wRp 0.0380 0.0402

=0.0161(7) & for Sr as compared to 0.008 A% for Y), Rp 0.0354 0.0342

while for the AP samples they are comparafiiable ). This 2 9.526 17.41

indicates that the modulated phase is associated with a St
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ments around the Cul. The only model able to reproduce then going from the AP to the OX phase. The apical distances
experimental HREM images of Fig.(® is shown in Fig. corresponding to the 3-coordinated cations would have to
4(a). Eight Sr positions and two Cul neighbors are slightlydecrease in order to compensate the loss of negative charge.
displaced along th012] direction and theb axis, respec- If the oxygen distribution of the OX phase is that repre-
tively. The simulated HREM imag@or displacements of 0.2 sented in Fig. ), the oxygen stoichiometry would be
R) [inset of Fig. 3b)] shows a striking agreement with the 6.875, which is close to that found by neutron-diffraction
experimental image. data(6.92. The extra 0.05 oxygen could be located on the
To locate the oxygen atoms in the basal plane, we have t8MPY O4 sites. The oxygen distribution in the ordered
take into account all experimental daaeutron diffraction Y >CO Pphase would to be able to increase from 6.875 to 7.2

as well as electron microscopfor both the AP and the OX orto a higher value. The m(_)(_jel proposed in Fig. 4 is in
phase. agreement with the composition, the symmetry, and the

HREM images. The computer-simulated HREM image in
(1) The structural refinement indicates that the AP phaséig. 3(b) is based on the present model, using the experimen-
is tetragonal. The oxygen atoms are distributed over the twial parameters for the microscope, a focus value-20 nm,
equivalent sites 040,1/2,0 and 05(1/2,0,0. The oxygen and a crystal thickness of 8 nm; though we cannot claim that
stoichiometry as deduced from the oxygen occupancy factorie oxygens are accurately positioned. As we mentioned be-
is 7.20. The average coordination number of Cul is 4.2fore, the HREM image is only weakly dependent on the ex-
which means that some Cul should be pyramidally coordiaCt oxygen positions.
nated. The square or pyramidal Cul chains run along thre To explain the structural difference between YBCO and
b axis. The chains are short, in agreement with the tetragonaf SCO, one has to assume that the blocks (&0OCUO,)
symmetry. However, there is no clue as how short they reallyre very rigid, which seems to be the case as demonstrated
are. by all the structural refinements carried out so far. Since the
(2) The structural refinement of the OX phase is onlyVvery early 1990s it was shown that the Ba layers are under
indicative for it has been carried out in the tetragonal spaces€vere strain. This strain seems to be induced by the rigidity
group symmetry. In fact, it is very similar to that of the AP of the neighboring layers. It is needed to optimize the charge
phase. As stated above, it only indicates that the disorder fansfer from the chain Cu to the planar Cu cations. It was
in the reservoir block. The oxygen stoichiometry decreaseiter shown that the substitution of Sr for Ba releases the
to 6.92. The average coordination number of the Cul cationstrain, and this is accompanied by a decreas#&.of How-
is now less than 4. Being an average structure, we cann&ver, when the alkali-earth metal site is fully occupied by Sr,
make any further statement. the negative strain, which is produced by the substitution,
(3) The refinements yield a largeraxis for the AP struc- decreases. Furthermore, the orthorhombic distortion induced
ture than for the OX one. ED shows that this is still true onby the CuO chains would be larger in YSCO than in
a local scale. YBCO,'® requiring the storage of a larger elastic energy in
(4) The Debye-Waller factors strongly indicate that thethe structure. This is implemented by the specific oxygen
cation displacements responsible for the modulation, obdistribution on the Cul layers. The formula of the most
served in the OX phase, are those contained in the reservaitable YSCO should be Y8EZu;Og 575. One should not need
blocks, namely, Sr and Cul. ultra-high-pressure conditions to prepare it. However, YSCO
. . . forms more easily under pressure because the latter reduces
A plausible oxygen distribution in the basal plane, whichyhe gjze of the alkali-earth metal site, and these smaller sites
would be in agreement with all the data discussed above, iS5, accommodate the Sr cations. A subsequent gentle heat

shown in Fig. 4b). The unit cell would bea=ar, b yeament then induces the stable structure of YSCO.
=4ar, andc=2ct. The number of 3-coordinated Cul is

equal to that of the 4-coordinated Cul. The proposed oxygen The authors would like to thank H. J. Mathieu and N.
distribution would induce slight displacement of eight Sr andXanthopoulos for the Auger microscopy analysis, P. G.
two Cul cations to new positions, which simulate perfectlyRadaelli for the neutron diffraction experiments, and T. H.
the observed HREM image. It would also induce a decreas&eballe for critically reading the manuscript. Part of this
in the c parameter when the ordering takes place. Due to thevork had been performed within the framework of IUAP
loss of oxygen, the number of 3-coordinated Cul increase¥-1, an initiative of the Belgian government.
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