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Single crystals of NdB& ;04 , and LaBaCu;Og ., at oxygen concentrations=0.4, 0.5, and 0.76 have
been investigated by hard-x-ray diffraction. Intricate oxygen superstructures are found in nonsuperconducting
NdBaCu;Og 5 crystals. By numerical calculations we demonstrate that three unique coexisting oxygen con-
figurations are required to obtain the observed diffraction pattern. The oxygen configurations found are un-
likely to give rise to hole doping of the Cy(lanes, explaining why a higher oxygen doping is necessary in
NdB&Cu;04.,  than in YBaCu;Og.  to make the compound superconducting.

For all the superconductingBa,Cu;Og.,  (R-123) high- The samples were grown by a flux method in yttria stabi-
T. cuprates R=rare earths except Pr, Ce, JTthe supercon- lized zirconia crucible$*® They were prepared to the de-
ducting transition temperatur€. depends strongly on the sired oxygen concentrations by a high-precision gasvolumet-
oxygen concentratiorx. In the best studied compound ric technique as described in Ref. 16 using pure Y-123
YBa,Cuy0g.,« (Y-123) the oxygen atoms are known to form gy der as buffer material. The samples received an oxygen

. . 1 .
chains in the CuQ basal plane forx=0.35] causing a yeamment optimized for Y-125. Due to differences in equi-

tetragonal-to-orthorhombic transition. These orthorhombig;, . ) _ :
chain superstructures have been studied extensively by di ibrium pressures for Nd-123/La-123 and ¥ 123e expect

fraction techniqués* and a clear connection between the he actgal oxygen content to be slightly smaller than the
local oxygen configuration andl, has been establishé&d’  Value aimed for(closer tox~0.47). Three Nd-123 crystals
The chain formation causes a substantial number of oxygeWith an oxygen concentration of~0.5 were investigated.
ions in the basal plane to have a nominal valence ofadd ~ One sample had a Nd substitution on the Ba site with a
a charge transfer of holes to the Cu@lanes can occfir Nd:Ba ratio of 1.05:1.95, the other two samples were pieces
making the cuprate metallic and, eventually, superconductfrom a crystal with a Nd:Ba ratio less than 1.04:1.96. These
ing. Nd/Ba ratios were estimated from tfig of fully oxygenated
While the structural phase diagram of pure Y-123 in thesagmpled?® The Nd-123 k~0.5 and 0.76 samples were in-
orthorhombic, superconducting state witk=0.35 has been vestigated by ac susceptibility down to 4.2 K. In the 0.5

e : : - 10
studied in detail both experimentally and theoreticaly samples there were no indications of superconductivity, as

relatively few data exist on possible oxygen ordering in theexpected, and the Nd-12240.76) sample had &, =40 K

otherR-123 compound&® The superconducting and antifer- . . .
romagnetic phase diagram as function of oxygen doping hald] good agreement with thE,(x) dependence found in Refs.

been studied foR-123 compounds witlR=Y, Nd, La, Gd, 12and 13. _ _ _

and Tm by Ligemeieret al*?> At oxygen concentrations The diffraction experiments were carried out with a pho-
=0.65 NdBaCu;04. (Nd-123 and LaBaCuyOg.  (La- ton energy of 100 keV at the dedicated high-energy wiggler
123 undergo a transition from a tetragonal insulating state tdeamline BW5 at the DORIS storage ring at HASYLAB.
an orthorhombic superconducting st&é> From nuclear The beamline and the three-crystal diffractometer are de-
guadrupole resonance measurementsgdmeieret al. sug-  scribed in Ref. 20. The high penetration power of the 100
gest that the different behavior @f, and T, originates from keV photons makes it possible to perform diffraction experi-
other types of oxygen ordering taking place in the rare-earttments in horizontal Laue transmission geometry, probing
compounds with ionic radii larger than Y. Inspired by this the bulk of the sample. As monochromator and analyzer
work, we have prepared single crystals of Nd-123 and Lacrystals, perfect & 2 0) crystals were used for investiga-
123 with oxygen concentrations ®8&0.4, 0.5, and 0.76 and tions of sample mosaicity and orthorhombicity. Imperfect
studied the samples by high-energy synchrotron x-ray difSi/TaSi(1 1 1) crystal$* were used for superstructure inves-
fraction. Distinct superstructure reflections related to oxygeriigations. The samples were wrapped in Al foil and mounted

ordering are observed in Nd-123 wita=0.5, while no indi- in a small furnace centered on an Eulerian cradle. The fur-
cations of oxygen ordering was detected in any other of th&ace operating between room temperature and 250 °C is de-
Nd-123/La-123 samples. scribed in Ref. 4.
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0 have different peak intensities willy >1q >1q.. The Q,

A4hH—=@23}) @lu) reflections are fundamentally different from tiig, Qs re-
flections, with relatively narrow peaks at every half-integer
FIG. 1. (h k) scan in reciprocal space from (133 to (2 33) Q, andQ3; are much broader indicating a shorter correlation
of the oxygen superstructure. Inset: the in-plane symmetry of théength, peaking at both integer and half-intedgeihe in-
superstructure. The scan is probing the scattered radiation along thgane profiles are all best fitted by Lorentzians. Aldnifpe
solid line through theQ; and Q, vectors. line shape ofY, is Lorentzian whileQ,, Q5 can only be fitted
satisfactorily with Gaussians centered at half-integer and in-
The three Nd-123 samples preparec+e0.5 showed dis- tegerl. For all three ordering vectors the intensity variation
tinct superstructure reflections. The results from the samplefollows approximately the same trend alohgThere are
were qualitatively the same, but the superstructure was mucsome differences, however, most notablyl &t+4.5 where
more pronounced in the samples with less Nd/Ba substituthe Q; and Q, have maximum intensity whil€; is extin-
tion, and the results will be shown for these samples onlyguished. The temperature dependence of the superstructures
None of the other La-123 and Nd-123 samples showed an shown in Fig. 3. It was determined fromscans and
sign of superstructure reflections despite careful scans alongtans at Q;=(1.53.51), Q,=(1.253.75])) and Qs
the axial and diagonal axes in reciprocal space. The in-plane (1 25 3.25|). For all three ordering vectors the intensity
peak width of the Nd-123x~0.5) crystals detgr4m|ned from  grops close to zero at 50°C, but above 50°C they behave
the (0 2 0 reflection was found to bak=3x10 rilz.lu. full " gifferently. Noticeably, for allQ the correlation along the
\lévxﬁMatV\?r?gr(ernralthlijsmr(g;\;/)?o'\gglallgtcii?eh :ngi)t>s< 1$he {(Slﬁlgitu axis persists well above 50 °C. This indicates that the corre-
: ' PR X Co " lation alongc is quite(surprisingly strong. OnlyQ, displays
d!nal value (A!() is limited by ms_trume_nt_al resolutidhand discernible in-plane intensity above 50 °C, and wig)eand
gives a maximum orthorhombic splitting of R{a)/(a o . . .

. . Q; are broadened above 50 °C Q¢ linewidth remains con-
+b)=1.5¢10". The latter value corresponds to a Samplestant The superstructure reflections did not return immedi-
mosaicity of 0.0086° or a maximum orthorhombic splitting ’ pe .

ately when cooling to room temperature again, but after three

as found from the longitudinal scan. hev had ined 10% of their i . d th
Superstructure reflections were found along the diagonal§@YS they had regaine o of their intensities and the re-
ections were broadened by a factor of 3. Measurements

of the Brillouin zone, peaking at both integer and half- . ,
integer! as will be discussed in detail later. Despite careful@ftér six months annealing at room temperature revealed that

search no reflections were found along any of the principaihe superstructure intensity and half-widths had fully recov-
axes, unlike what is found for the orthorhombic superstrucered.

tures in Y-123'"* The intensity of the superstructure reflec- The temperature dependence and long-time recovery at
tions was~10 * of the fundamental Bragg peaks. The su-room-temperature annealing demonstrate that the diffuse re-
perstructures were found in all the zones of reciprocal spactections truly originate from oxygen ordering and not from
that were investigated, but most scans were performed in thiattice distortions or some impurity phase as, e.g., observed
zone spanned by th@ 31) and(2 41) vectors because there in some Y-123 sample€:** The symmetry of the superstruc-
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400 - - - was only little overlap with the Al powder lines in this part
(apn 24D . .
% ] of reciprocal space. Figure 1 shows a scan along the
G (143)—(233%) diagonal, the inset shows the in-plane sym-
~ 800 Q. 1 .
) metry of the superstructure reflections.
5 o, \@ The | dependence for the superstructureg1ab 3.51),
£ ool | | (1.75 3.25l), and(1.75 3.75l) is shown in Fig. 2. From the
}: REY) @31 scans shown in Figs. 1 and 2 and supplementary sgais
2 shown herg we find that the symmetry of the superstructure
[0 . . . . .
R | reflections is described by three ordering vectors sketched in
the inset to Fig. 1Q;=(3 3 3), Q,=*(5 2 n/2), Qs
. ;é ==+(3 7 n/2) with n integer. The three ordering vectors
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FIG. 2. | scan of the oxygen
super-structures  with  ordering
vectors Q;=(1.535l), Q,
=(1.753.2591) and Qs
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ture reflections is different from the “herringbone” super- ] _ _
structure suggested in Ref. 12, as the two possible orienta- F/G- 4. Oxygen configurations belonging to tig vector (a)
tions of this structure can never give both g and Q and to theQ, and Q5 vectors(b). The small filled circles are Cu

3 atoms, the large circles are occupied oxygen sites. White and

reflect'lons. The superstructure for Nd-123 was solved th%ha\ded atoms are shifted along theaxis by one unit cell with
following way:

. . . . . . respect to each other, and oxygen atoms overlapping along the
First we consider the intensity modulation aldngeen in a5 are shown as concentric white and shaded circles. The super-

Fig. 2. It is composed of peaks positioned at integer andyy,cture shown in(b) is a combination of alternating “small

half-integer| with amplitudes slowly varying with in a  squares”(white atoms and “ragged stripes’(shaded atomscon-
similar way to that of the ortho-IIl and ortho-VIII superstruc- figurations, outlined with dotted lines as a guide to the eye. Solid

tures in Y-12342* These variations have been shown tolines show the superstructure unit cell in thb plane. For(a) the
originate from the oxygen ordering and minor induced dis-unit cell can be further subdivided as indicated by the dashed lines.
placements of the oxygen atoms and the catféna/e ne- Configurations with the oxygen atoms on theaxis are equally
glect the slow intensity variations and analyze the possibl@ossible.
oxygen ordering superstructures on fixed lattice sites from _
the selection rules of the ordering vectors. “ragged stripes” along the (110) and (1Q) directions
The superstructure unit cell could easily be identified agcontribute toQ, and Q;, respectively. These configurations
2\2ax2\2bx2c with a=b in the tetragonal state. It is should be stacked along tleeaxis to give reflections at both
rotated 45° with respect to the basic crystallographic uniinteger or half-integer values ®f A prerequisite for reflec-
cell in theab plane, and has a doubling of titeaxis. As-  tions at integer values dfis that two consecutive sites along
suming an oxygen concentration of exactty-0.50 and the ¢ axis in the 2/2ax2y2bx2¢ unit cell are occupied.
equal occupancy in each Cy@lane, the diffraction patterns These requirements can be accomplished for configurations
for all possible oxygen configurations within the given unit With only “small squares” that overlap on two sites, and for
cell were calculated numericalfy.By comparing the calcu- alternating layers of “ragged stripes” in thél 10 and
lated reflections to the experimentally determined diffraction(1 10) directions, but the intensity ardldmodulation atQ,
pattern it turns out that only three unique configurations exisand Q5 would then be identical, which is not observed ex-
that in combination reproduce the superstructure reflectiongperimentally (see Fig. 2 The simplest combination with
Details of the procedure are given in Ref. 26. minimal overlap of oxygen atoms along thexis giving the
The Q, originates from the oxygen configuration shown Q, and Q5 peaks is shown in Fig. (8). If the “small
in Fig. 4@). It is simply the square configuration with maxi- squares” and “ragged stripes” configurations are shifted by
mum distance between neighboring oxygen atoms shiftedn in-plane lattice vector relative to each other, there can be
one unit cell along1 0 0 from plane to plane along the  an overlap of three occupied oxygen sites alongjthin the
axis. superstructure unit cell. This will increase the intensity at
The selection rules fof, and Q5 are only fulfilled for  integerl relative to that at half integer, but not affect the
two different configurations which we shall refer to as thesymmetry in the ki k) plane. The broad features of the
“small squares” and “ragged stripes[see Fig. 4b)]. The  Q,,Qj reflections shown in Fig. 2 indicate that we do not
“small squares” give reflections at bot®, and Q;, while  have an ideal stacking as depicted in Figo)4but rather a
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more or less random stacking of the two “square” andwithout intermediate Cu. Wille and de Fontath&ave ana-
“stripe” configurations. Assuming that the configurations in lyzed the ASYNNNI model fox=0.5 and found that th@
Fig. 4@ and(b) occupy equally large volumes in the sample and the “small squares” configurations are stabilized within
and considering scattering from oxygen atoms alone, a dire¢his model forV, andV; both being repulsive or attractive,
calculation of the structure factor from the configurationsrespectively. They also predict that other structures may be
will give peak intensity ratiod g :1g,:1q,~16:5:1 which stable if interactions of longer range are included as has
reproduces fairly well the ratios shown in Fig. 2. proven to be necessary for Y-1¥3The effective interaction
The configuration of “ragged stripes” in Fig.(d) are Parameters in the ASYNNNI model have been calculated

running along the(110) direction. For a tetragonal crystal from first-principles total-energy calculations for Y-123
we would expect just as many “ragged stripes” along the(Ref. 28 but not for Nd-123. The lattice parameters of Nd-
a}23 are somewhat larger than in Y-123 and the interaction

parameters may therefore be changed. However, it appears

N . e unlikely that the complex oxygen-ordering properties of Nd-
strongly dominating theQs reflections in Fig. 2, we must 123 may be explained within a simple extension of the

conclude that the “ragged stripes” run predominantly in the
(110 direction. We suggest that this preference is a sampl@SYNNNl model. ' .
: For the type of oxygen configurations of NdgasOg 5

dependent feature similar to the higher density of certain . A .
. . : . determined in this work there are no chains longer than two
orthorhombic twin domains observed in Y-123. The tetrago- . o )
. . . consecutive oxygen atoms, or any clustering in domains of
nal symmetry is not violated provided that the average oxy-

gen occupation on tha andb axes are equal. We suggest appreciable size. We shall emphasize that if the two assump-

that strain fields associated with the ideal conﬁgurationstlons hold &=0.5, equal occupancy in all Cy(@lanes the

shown in Fig. 4 with oxygen occupation exclusively on the combination of “small squares” and “ragged stripes” visu-

axis and with overlap along theaxis contribute to the finite alized in Fig. 4b) combined with theQ, configuration in

size in-plane ordering and weakly correlated sequences Ar:ﬁghé?) draetgre_l_shegstz T(fngnmgt?()sslsb:aeresﬁlgpggli tt(:)tgce;teaxspggc-
“small squares” and “ragged stripes” configurations along : 9

7,8 H
the ¢ axis. tron acceptors;”® and the superstructures are thus unlikely

The oxygen ordering in Y-123 has been studied theoreti:["-J give rise to any charge transfer to the Guflanes. This

o, : : : demonstrates unambiguously that the differgg(tx) behav-
cally within the ASYNNNI model which explains the chain- . - .
like structures along thb axis in this material by three ef- for for ¥-123 and Nd-123 originates from different oxygen

fective interaction parameters: a strongly repulsive nearesf2rderlng in the two compounds.

neighbor interaction,V;, and two next-nearest-neighbor  This work was supported by the Danish Technical Re-
interactions, of which a relatively strong attractive is me-  search Council and DANSYNC. We are also grateful for
diated via the Cu atoms, and a weaker repulsive dejs  financial support from HASYLAB.
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