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The structural behavior of misized single crystals of YB&u;Og. , With 0xygen concentrations close to
the metal-insulator transition is studied as a function of temperature, using 95-keV synchrotron x-ray diffrac-
tion. At x=0.36, no evidence is found of a room-temperature phase separation into tetragonal and orthorhom-
bic phases, nor of a phase boundary between Ortho-Il and tetragonal. Instead, we observe two distinct phase
transitions: tetragonal to Ortho-l with a critical temperatlig=246(2) °C and Ortho-l to Ortho-IlI with
Tou=285(10) °C. Measurements of the spontaneous strain shov{fietransition to be nearly continuous
with a critical exponenB=0.34(2), consistent with a 3D Ising model driven weakly first order, presumably by
the strain. A memory effect is observed, where relics of the twin domains—possibly related to tweed
formations—continue to exist in the tetragonal phase when the temperature is increased ghoerre-
sponding measurements for=0.35 gave similar results—withlo,=181(2) °C, To;=95(10) °C, and
B£=0.352)—but with the appearance of a small tetragonal component at room temperature. This component is
interpreted as a nonequilibrium feature. In both cases the Ortho-I to Ortho-Il transformations are very broad
with a characteristic temperature dependence of the widths of the superstructure peaks that are similar to results
obtained in a previous study fer=0.50. By comparison of the Ortho-II correlation lengths alandp, andc
with the corresponding data for=0.50 we find evidence for a strong dependency ofASYNNNitype
effective interaction parameters. The present results cannot be explained in terms of prevalent lattice gas
models of the oxygen ordering and emphasizes the need for a theoretical basis that incorporates the strain and
charge degrees of freedof$0163-182¢06)08421-4

I. INTRODUCTION o={n[O(1)]-n[OB) }{n[O(1)]+n[O(5)]}, and the sponta-
neous straine=(b—a)/(a+b). It should be noted that the
The oxygen ordering in YBEWO;., (YBCO),13 as  underlying mechanisms of vacancy hopping and phonon re-
well as its connection to the superconducting propeffie¥, laxation are associated with very different time and length
has been the subject of a large number of studies. Nevertheeales.
less, questions concerning the relevant low-temperature part Another open question is the exact structgchain and
of the structural phase diagram, including the number otluster distributions of the Ortho-Il phase. Ultimately, this
phases and the nature and position of the various phase linéeformation is required in order to settle the ongoing dispute
are still largely unsettled, mainly due to a series of experi-on the correlation between structure and superconductivity in
mental complications. These include the slow oxygen kinetthis compound, including the question of the origin of the
ics, the possible existence of metastable states, the impurit$60 K plateau.” The phase, which involves a doubling of
levels presentwhich recently has been suggested to be rethe unit cell along tha axis, is stoichiometric only at=0.5.
sponsible for the lack of long-range order of the low- It has never been observed to form a true long-range struc-
temperature Ortho-Il phaSe and the difference in the mini- ture. Mapping out the phase lines and elucidating the mecha-
mal size of coherence volume that can be detected by variouisms behind the “phase transitions” would be helpful in
probes. As a result it has not been possible to perform thomnderstanding the underlying thermomechanics. Some
ough tests on the proposed modefof the oxygen ordering. progress may here have been gained with our previous report
Among the unsettled issues are the exact nature of then the temperature dependence of the diffuse Ortho-Il super-
orthorhombic-tetragonalQ/T) phase transition, and the re- structure peaks at=0.50! leading to the hypothesis of a
lated dynamic features. Hence, although the main drivingandom-field transition between Ortho-I and Ortho-Il. How-
force is clearly entropic, with the disordered oxygen atomsever, this concept still awaits confirmation by additional ex-
on the @5) and 1) sites becoming aligned in chains on the perimental work. In any case, comparable data for a nonsto-
O(1) site in the orthorhombic phasehe transition also has a ichiometric compound would be of interest.
paraelastic-ferrorelastic component, leading to twinning In this work, we focus on the metallic part of the low-
along (110 as well as tweed formations. As a result, onetemperature phase diagram close to the metal-insulator tran-
may define two order parameters: the site-order parametesition. The populaASYNNNIlattice-gas model,which has
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successfully explained the majority of the high-temperaturecooled to room temperature. For the-0.36 preparation the
feature$’ here predicts a single phase transformation di-cooling rate was 20 °C/h, for=0.35 it was 5 °C/h.
rectly from Ortho-I to tetragondl Initial work on this model The crystal withx=0.36 had a weight of 60 mg with
based on cluster variation methods showed a miscibility gappproximate dimensions 3<®.0x0.8 mn?, the x=0.35
between the two phasés'! but later studies based on the crystal weighed 45 mg and had dimensionsX3%x0.7
more accurate transfer matrix or Monte Carlo simulationmm®. The crystals were characterized at room temperature
methods determined the transition to be of second dfdér. by standard single-crystal diffraction using the TAS 2 four-
The lattice-gas model with screened Coulomb repulsionsgircle diffractometer at the DR3 reactor at Ridtational
suggested by Aligiat al? gives rise to similar result$' In Laboratory. A neutron wavelength af=1.047 A was used
contrast to this, the model of Khachaturyan and Mdfris, and about 375 independent reflections were recorded and
which assumes the Ortho-1l phase to be transient, predicts esed to determine the crystallographic parameters, including
low-temperature spinodal decomposition into a tetragonathe oxygen stoichiometry. For both crystals the oxygen sto-
and an orthorhombic phase. ichiometries determined from the gas-volumetric preparation
Here, we report on the first bulk single-crystal measure-and the diffraction data were in full agreement within the
ments of the structural behavior in this part of the phaseexperimental error oAx=0.005. Since the neutron diffrac-
diagram. We have chosen to use high-energy x-ray diffractometer cannot resolve the twin peaks, only the average val-
tion, since this technique combines a large penetration poweares of thea andb axes were determined. For tixe=0.36
and high flux with a high reciprocal space resolution. Hencegrystal we found &+ b)/2=3.860 A andc=11.776 A, and
it allows us to monitorin situ, and on the same crystal, the for x=0.35 (a+b)/2=3.855 A andc=11.781 A. The com-
statics and dynamics of two order parameterand Sy, , plete set of crystallographic data for tlke=0.36 crystal is
where Sy, is the structure factor of one of the Ortho-Il su- reported in Ref. 20. Similar results were found for the
perstructure peaks. Moreover, a third-order parameter, x=0.35 crystal. Values foa-b and for crystal mosaicities
could in principle be measured on the same crystal usingvere determined using the high-energy x rays. For the
neutron diffraction, provided a monodomain crystal had beerx=0.36 crystal the HWHM in theg-b) plane is 0.065°. For
available. The use of large crystals allows for true bulk in-the x=0.35 crystal the values are 0.095° in tteelf) plane,
vestigations and also makes it easier to minimize oxygei®.055° in the &-c) plane, and 0.12° in thebfc) plane.
gradients developing during experiments, since in our case ac-susceptibility measurements were used to characterize
effectively no oxygen out-diffusion takes place in vacuum atthe superconducting properties. Broad superconducting tran-
the temperatures investigated. A further advantage is that gitions were observed, in particular for tlxe=0.35 crystal
nondestructive technique, neutron four-circle refinementswhere a small initial decrease is observed in the susceptibil-
can be used to determine the oxygen stoichiometry. ity at 60 K with a more rapid decline below 35 K. The
Due to the slow oxygen kinetics at low temperatures theresusceptibility was not fully saturated at 15 K for this crystal.
exists a lower limit orx, below which it becomes impossible For thex=0.36 crystal the initial decline was at 39 K fol-
to study theO/T transition under equilibrium conditions. We lowed by a rapid decrease at 25 K with full saturation at 20
estimated this limit to be at=0.35, and prepared two crys- K. These very broad transitions are in contrast to the results
tals for the experiment with oxygen concentrations of 6.350btained for other oxygen stoichiometries using the same
and 6.36. type of crystals where transition widths lessrha K was
observed, and for fully oxidized crystals it is about 1 K.

Il. SAMPLE PREPARATION AND CHARACTERIZATION [ll. INSTRUMENT

The two high-purity single crystals were grown in SrEiO The experiments were performed at the high-energy
crucibles by a flux method using 99.999% pure chemicalstriple-axis diffractometer at beam-line BW5 at HASYLAB.
They are known to exhibit exceptionally good physical The diffractometer has @orizonta) dispersive Laue scatter-
properties® The crystals were reduced from the fully oxidi- ing geometry and is equipped with a standard Huber 512
genated state in a gas-volumetric equipfidnt use of a  Eulerean cradle and a solid-state Ge detector. At the time, the
cryogenically assisted volumetric titration technidtiéligh-  beamline was equipped with a symmetric Wiggler with a
purity powder material is used as a buffer in the titrationcritical energy of 15.8 keV. No focusing elements were
process. Water absorbed on the powder surface is removeuesent. The energy spectrum below 40 keV was cut off by
by a liquid nitrogen wand at low oxygen pressure whereinsertion of a 1.5-mm Cu plate in the beam in front of the
oxygen condensation is precluded. During the titration promonochromator. The measurements on the two crystals were
cess the oxygen stoichiometry is controlled and monitoredlone within a 6-month time interval, but under nearly iden-
by the oxygen pressure in the fixed system volume, and it isical circumstances. Here, we will summarize only the set-
assured that the oxygen equilibrium pressure corresponds timgs for thex=0.36 case.
the high-precision values given in Ref. 19. Adjustment of the The x-ray energy was 95 keV, corresponding to an attenu-
oxygen stoichiometry is made at 600 °C where the oxidatioration length in the material gf,,,=0.85 mm *. The illumi-
kinetics is fast. With the low oxygen equilibrium pressure at nated part of the sample was determined by a tungsten dia-
this point in the phase diagrafs2 Torr), and the amount of phragm to be 22 mm. Two other diaphragms were inserted
powder and the system volume used in the preparation, ebetween sample and detector in order to reduce the back-
sentially no changes in the oxygen stoichiometry will resultground. The contamination of the signal from higher har-
during cooling. However, to allow for the oxygen ordering to monics (on the order of 10% was removed by the use of
take place, the YBCO materials are subsequently slowlelectronic windows.
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Two setups were used throughout: a high-resolution one
for characterizing th€©/T transition, and a high-flux one for 1.00 1
measurements related to the Ortho-1l superstructure peaks.
The high-resolution setup involved the use of two perfect Si 0.80 |
(2,2,0 crystals as monochromator and analyzer crystals. The
corresponding resolution for the YBCQ@,0,0 reflection
was calculated to bex210°° A~? (transversgand 2<10™4
A1 (longitudina) and 0.05 A* (vertical). For the high-flux
setting two imperfect SrTiQcrystals with HWHM's of ap-
proximately 15 arc segreflection: (2,0,0] were used. The
in-plane resolution for YBC(Q2,0,0 was measured to be
2.3x10°* A~* (transversp and 6.2x10°% A~ (longitudi- 0.20 |
nal). The vertical resolution was in this case determined by -
the opening of the last diaphragm before the detector. In

0.60 |

Scaled Intensity

0.40

order to collect as much of the superstructure peak as pos- 0.00

sible, the opening was set to match nearly half a reciprocal- 008 -004 0 0.04 0.08

lattice unit along thec axis, that is 0.24 Al A detailed K-scan (r.l.u.)

account of the relevant resolution calculations for the instru-

ment is given in Ref. 21. Absolute values fa+ b)/2 andc FIG. 1. A transversek) scan through the Ortho-Il superstruc-

were taken from the neutron four-circle work, while the syn-ture (2.5, 0, 0 of YBa,ClyOg 36 The scan, marked with dots, was

chrotron provided high accuracy values for the orthorhom-performed at room temperature and with tb plane as the scat-

bicity. tering plane. The dashed line represents the effective resolution as
For studies of the temperature dependence the sample westermined from a similar scan through the fundametz0,0

inserted in a small furnace and subject to an inert atmosphereflection. The full line is a fit to two simple Lorentzians convoluted

of 0.3-bar Ar gas. The furnace was stable within 1°. Withwith the effective resolution. The split peaks are due to the twinning

this equipment several heating and cooling cycles as well g@f the crystal. All scans have been normalized to 1 after subtraction

quench experiments were performed, all within the tempera0f the background.

ture interval from 25 to 300 °C. Reproducibility of the data _ _ o

from repeated measurements shows that no change in ti§érections could not be determined with sufficient accuracy.

oxygen stoichiometry results from the thermal cycling. Upon slow cooling the original room-temperature values
were regained.

The corresponding results fae=0.35 are shown in Fig. 3.
In this case the heating process was somewhat slower
(10 °C/h, and the(2.5,0,5 peak was monitored instead of
A. The Ortho-II superstructure (2.5,0,0 where a spurious peak caused by multiple scattering

The diffuse scattering within a unit cell in reciprocal Was observed. Again, the peak intensity is seen to be con-

space was characterized at room temperature. For both crys-

tals, the only features found were rather broad superstructure LI R L B R B L
peaks related to the Ortho-Il phase. A typikadcan through L 018 prrrrrrr e
the (2.5,0, O reflection is shown in Fig. 1 fox=0.36. Also
shown is the effective resolution, including the mosaicity of ‘
the sample, as determined fromkascan through(2,0,0.
Along | the superstructure peaks were strongly overlapping.
By fitting simple Lorentzians to the peak profiles, having
corrected for the effective resolution, we find HWHM peak
widths of Ah=0.0524), Ak=0.00638), and Al =0.4210)
reciprocal-lattice unitgr.l.u). Consistent with the Lorentzian
line shape the corresponding correlation lengths defined by
UVe=AQuwuw are&,=12 A, §=98 A, and&,=4.5 A. The
scans forx=0.35 looked similar with resulting values afh L 4
=0.0504), andAl=0.258) and thereby,=12 A andé,=7
A (Ak not measured . | . .

The temperature dependence of t8€5,0,0 peak inten- 00 s 100 10 200 250
sity upon slow heating25 °C/h is shown in Fig. 2 for
x=0.36. The peak intensity is seen to be constant up to
50 °C, and then to decrease slowly. At 200 °C the peak has F|G. 2. The peak intensity of the=0.36(2.5, 0, Q superstruc-
still not completely vanished, but it becomes too broad towre reflection as function of temperature on slow heating. ate
follow further up in temperature. The peak width along  plane is identical to the scattering plane. The dashed line marks the
shown as an inset, remains constant unti(185°C, after  background. The corresponding evolution of the peak width
which it broadens rapidly. Due to overlap and/or twinning (HWHM), measured along, is shown as an inset. The full line in
the temperature dependence of the width in the two othethe inset is a guide to the eye.

IV. RESULTS
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FIG. 3. The peak intensity of thhe=0.35(2.5, 0, 5 superstruc-
ture reflection as function of temperature on slow heating. a4e
plane is the scattering plane. The dashed line marks the background. 10000 |
The corresponding evolution of the peak widdiWHM), measured
alongh, is shown as an inset. The full line in the inset is a guide to
the eye.

1.990
stant up to 50 °C, and then to decrease slowly. At 150 °C it h scan (r.l.u.)
has still not reached the background level. The peak width

alongh, shown as an inset, remains constant unt{l85°C, FIG. 4. Selectech scans through the degener#&£0,0/(0,2,0
after which it broadens rapidly. However, the peak widthreflection on heating fok=0.36. The graphs have been displaced

along! was found to start broadening around 80 °C. vertically and horizontally in order to ease the presentation. The
solid lines marks the amount of vertical translation.

B. The O/T transition, x=0.36
nents stays approximately constant with temperature, at least

The intensity distribution in thea-b) plane around the o ; ; ; :
) . up to 210 °C, consistent with the behavior of single-phase
fqurfold—degeneratég,O,() reflection, that results from twm- orthorhombic material. Above 235 °C the intensity of the
ning, was characterized at room temperature. Some minute

diffuse streaks were found alor@,0,0 and(1,1,0, which center part rises rapidly, and a third pea_k near the center
could be attributed to well-known resolution effédtand to ~ €V0IVes. The two “orthorhombic™ peaks d|m|n|§h and end
scattering from the interfaces between the twin dom#Rg, UP as shouloders on the central one, cf. The260 °C curve.
respectively. Apart from that, the crystal was single phase, if\P0ve 265 °C a single peak remains, consistent with single-

particular there was no evidence for any tetragonal compdPhase tetragonal material.
nent. The mentioned peaks have been fitted to simple Lorentz-

Next, measurements were performed of the diffuse scafans. The resulting variation a&f andb with temperature is
tering around2,0,0 during heating and subsequent cooling shown in Fig. 5,c was not measured. The position of the
through theO/T transition. Experimental time constraints peaks were shown to be robust towards changes in the choice
did not allow us to perform full contour plots in the-b) of fit function. A small but significant jump cA=8x10"* A
plane for each temperature. Instead we made longitudinah the average lattice constant is evident at the phase transi-
scans in thed-c) plane. Due to the poor vertical resolution tion. Shown in Fig. 6 are the corresponding data for the
this implied effectively an integration over the intensity dis- width of the peaks. The room-temperature HWHM values
tribution alongk. The resolution alond, effectively the were 0.000 80 and 0.000 70 r.l.u. From the variation with
same as the resolution, was very fine. As the crystal ori- temperature of the fited HWHM's below 235 °C, we esti-
entation might change slightly i@ with temperature, the mate that gradients of any softemperature variations, oxy-
centering of the peaks was tested at selected temperatureggen inhomogenietigsat most can have ‘broadenedy, by

The temperature was varied in the interval betweerb °C. It follows that the mixed phase region, which is 30 °C
150 °C and 280 °C in steps of 3—10 °C with a speed of apbroad, cannot be explained solely in terms of gradients.
proximately 10 °C/h. Selected scans performed on heating The behavior shown in Fig. 4 was reproduced during sub-
are shown in Fig. 4. Between 25 °C and 235 °C the intensitysequent cooling. With due respect to the statistical uncertain-
distribution of the scans can all to a good approximation bdies the corresponding curves for the lattice parameter varia-
fitted to a combination of two Bragg components and a cention with temperature also look identical. In particular, there
tral nearly flat intensity distribution, arising from the is no evidence for hysteresis in the lattice parameters. The
domain-wall scattering® The intensity of the three compo- difference in the orthorhombicity between before and after
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FIG. 5. Lattice constants, andb, as function of temperature on FIG. 7. Spontaneous straie= (a—b)/(a+b), as function of

heating forx=0.36. Full circles refer to the orthorhombic phase, temperature on heating for=0.36. The line represents a fit to a
open circles to the tetragonal phase. The average lattice constantéﬂnme scaling ansatz, as described in text.
the orthorhombic phase is marked by triangles. Lines are linear fits '

to the points closest to the phase transition. o ] )
The variation of the spontaneous strain with temperature

the heating cycle was less thax 30°. It follows that oxy-  on heating is shown in Fig. 7. Also shown is the result of a fit
gen out-diffusion is negligible in the temperature range usedop a simple scaling lae= o[ (T—Tg,)/To]?. A best fit was
here. ) ) obtained forTy,=246(2) °C and 8=0.362). Corresponding

The fitted values of the peak widths on cooling have beey|yes for cooling werd o, =247(2) °C ands=0.332). Due
included in Fig. 6. In this case there is some evidence 0t the small first-order component applying a simple scaling
hysteresis. It is a]so noteworthy t_hat the width of @60’0 law is not strictly correct. Following Schlenket al,?® fits
tetragonal reflection at 280 °C is identical to the width of theg  \ o« “inctead be done toe.=e-+ Al(23) = o (T
orthorhombic(2,0,0 reflection at room temperatur€The To)/To]P. However with A/(Za)ilo“‘ no significant
width of (0,0,6 at 280 °C was, in the same units af, cha%lge igl tound in the fits :

measured to be 0.000 J0We interpret this as a memory Next, we investigated the dynamics. A set of quench ex-

effect, where relics of the twin domains continues to exist eriments from 270 °C to various temperatures below 200 °C
within the tetragonal phase within time intervals of at least” P

were performed. At each temperature we monitored the time

days. evolution ofh scans, similar to those in Fig. 4, during ap-
——— N — proximately an hour. However, for all temperatures the
! ' e - single-phase orthorhombic structure developed faster than
- o the relaxation time of the furnadepproximately 2 mipal-
0.0015 = §e, ] lowed us to monitor. Consequently, there were no signs of
L o o i any time evolution. In contrast, a time constant of the order
—_ - ¢ . . of 1 h was observed at 247 °C, closeTg, .
=5 A~ ° . oo .
= B . R ° i Finally, as a test of reproducibility the whole heating-
£ 0.0010 [ o ¢ 8 °. | cooling cycle was repeated twice. The second time 1 month
= Lo o Co 8 i later with a different furnace, an illuminated area of @2
I [
% - o' o ° mn? and a complete realignment of the diffractometer and
[ ° o (200) on Heatin the sample. The heating and cooling rates varied substan-
0.0005 |- (200) ing | ! varie
: L ; Egggg on goorng i tially between these cycles. In all cases, identical results
on Heating : _ o _ °
i & (020) on Cooling | 7| were obtainede.g., To,= 245 °C andT ;=247 °C on heat-
N . ing).
0.0000 i | T N N | 1 I S N N | i
150 200 250 300

C. The O/T transition, x=0.35

Temperature °C .
P The experiments performed on thle=0.35 crystal were

FIG. 6. Peak widths of longitudinal scans through tBe0,0  9uite similar to those performed or=0.36. Again we char-
and(0,2,0 reflections as function of temperature for0.36. Open  acterized the diffuse scattering around the four Bragg peaks
and full symbols refer to heating and cooling conditions, respecOf one of the degenerat@,0,0/(0,2,0 reflections at room
tively. The same symbol has been used for orthorhor(?8€) and  temperature. This was done after cooling slowly over a pe-
tetragonal(200)/(020). The instrumental resolution is of the order riod of 12 h from 250 °C to 25 °C. The resulting intensity
0.0002 r.l.u. distribution in the &-b) plane is shown in Fig. 8. The diag-
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30000

FIG. 8. Intensity distribution around the four times degenerate 20000

(2,0,0 reflection forx=0.35. The figure is based on X3scans in

the (@-b) plane at room temperature. The areas around the center of
the four Bragg peaks are left out. Between the Bragg peaks two
diagonal streaks are evident, with a minor peak at the center. This
diffuse scattering is interpreted as being the superposition of a small
tetragonal composant and streaks related to scattering from the in-
terfaces between twin domains.

Intensity (arb.units)

10000

onal streaks along1,1,0] and[1,—1,0], which are always
found in twinned crystal$2?® are supplemented by a small
peak at the center. The streaks are caused by scattering from
twin domain walls. Using the model of Salije and
co-workeré? with tanh-type strain fields around the domain g
walls, we find that the peak at the center cannot be explained 1.99 2.00 201
in terms of the twin domains. Instead, we interpret it in terms
of a tetragonal component, and estimate the integrated inten-
sity of this component to be 4% of integrated intensity of the
4 orthorhombic Bragg peakéAlternatively, a more complex
domain structure might be the origin of the pgak. more
detailed account of our analysis of the diffuse scattering will
be given elsewher&

The temperature variation was done in 14 nonequidistant
steps between 25°C and 250 °C. In additionhoscans linear expansion coefficient &ty . Another small jump of
through(2,0,0 in the (a-c) plane, thec axis was also moni- —5x10 * A is evident in @+b)/2 at the phase transition.
tored byl scans through théD,0,6 reflection. The total du- The corresponding curve for cooling looks similar, e.g., with
ration of each temperature step was 35 min. Selected scaasjump of —=7x10 % A in (a+b)/2. Again there is no evi-
performed on heating are shown in Fig. 9. Again a transitiordence for hysteresis within the accuracy of the measurement.
zone of 20°-30° is found. However, compared with the The measured widthd{WHM) of the(2,0,0, (0,2,0, and
x=0.36 case, all features are more smeared out in this casé),0,6 reflections are shown as function of temperature in
i.e., we find no equivalent of the plateaus on the shoulder oFig. 12. In a small temperature interval aroufg,, where
the tetragonal peak as shown in Fig. 4 To=260 °C. Actu- the overlapping between peaks is too severe, data have been
ally, in this case we cannot exclude that the two-phase bdeft out. We note that the width of the axis is temperature
havior is caused by inhomogeneities. independent, and that tH&,0,0 and (0,2,0 peaks initially

The difference between the two samples are seen mofgecome narrower during heating. The latter effect is inter-
clearly in Fig. 10 where we compatescans througii2,0,0 preted as a consequence of the crystal being in a nonequilib-
for x=0.35 and 0.36. Temperatures have been chosen suclum state at room temperature. As for0.36 there is evi-
that the orthorhombicity is nearly the same for the two scansdence for hysteresis, but more pronounced in this case. The
From the figure it is evident that the orthorhombic peaks argetragonal width at the maximum temperature is again seen
broader near the base of the peaksXet0.35, and that the not to decrease below the “orthorhombic level.” The final
scattering between the peaks are higher alsxf00.35. On  peak widths of the two orthorhombi@,0,0/(0,2,0 compo-
top of this comes the small tetragonal component, which waents at 25 °C is 0.000 64 and 0.000 77 r.l.u., while the width
know to be positioned near the center of #w0.35 scan, cf. of the tetragonal component at 250 °C is 0.000 74 r.l.u.
Fig. 8. These conclusions are independent of the criteria usebhese values are nearly identical to the0.36 ones.

h scan (r.l.u)

FIG. 9. Selectedh scans through the degener&®0,0/(0,2,0
reflection on heating fok=0.35. The graphs have been displaced
vertically and horizontally in order to ease the presentation. The
solid lines marks the amount of vertical translation.

for choosing which temperatures to compéeeg., the fea- The resulting spontaneous strain as function of tempera-
tures look the same when comparing scans at equal tempertare on heating is shown in Fig. 13. Also shown is a fit to
ture difference fronilg)). e=a[(T—Tg)/To]P. Best fits were obtained foiTg,

The measured peaks were again fitted to simple Lorentz=183(2) °C andB=0.352). The corresponding values for
ians. The resulting variation @&, b, andc with temperature cooling wereTo,=179(2) °C andB=0.362). The differ-
is shown in Fig. 11. c varies continuously through the tran- ence in the room-temperature orthorhombicity between be-
sition, but with a distinct jump oAa=3x10"° K ! in the fore and after the heating was within 70
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FIG. 11. Lattice constants, b, andc/3.05 as function of tem-
perature on heating for=0.35. Full circles refer to the orthorhom-
10000 L | bic phase, open circles to the tetragonal phase. The average lattice
constant in the orthorhombic phase is marked by full triangles.
Open triangles marks divided by scale factor 3.05.
1 1
1.980 1.990 2.000 2.010 tual tetragonal components in future experiments. Alterna-
h scan (r.l.u.) tively, the peak might be caused by a more complex domain
structure.
FIG. 10. Comparison oh scans through2,0,0 in the (a-c) The study of Veal and co-workefshas some resem-

plane forx=0.36 () andx=0.35(O). The scans were made dur- blance to the present one. They studied the structural evolu-
ing heating at constant temperaturedef150 °C andT =25 °C for  tion of small single YBCO crystals witk=0.30, 0.35, and
0.36 and 0.35, respectively. The temperatures were chosen such 45 as function of aging in air at room temperature after

the orthorhombicity was nearly the same. Thexis refers to the  quenches from 520 °C, that is from the tetragonal to Ortho-I|
x=0.36 sample. A small contraction of tlxe=0.35 graph axis has

made it possible to align the peaks to each other. The scans are

scaled, after background subtraction, such that the peak intensities SR I.I PrTTTIETET
are roughly equal. i o ]
V. DISCUSSION 0.0006 - W i

The results for theD/T transition atx=0.36 represent g L ° ° oF o0 -
close-to-equilibrium behavior. This follows from the facts & [ o o o> ]
that identical results were obtained for substantially different & ¢ 004 . g ¢ : -
cooling rates and gauge volumes, that quench experiments g B A .« 8°° ¢ .
revealed no transient behaviour, and that no hysteresis were T i * * o ]
observed in the lattice parameters. The structural data for % L v RS "L A .
x=0.35 on the other hand are believed to represent behavior ~ 0.0002 |- 7
somewhat further away from equilibrium. This is indicated i i
by the initial drop in the(2,0,0 peak width on heating, by - .
the larger amount of hysteresis in the widths of the péeks 0.0000 T TN AT PR

Figs. 6 and 12 and by the more pronounced broadening at 0 50 100 150 200 250 300
the base of the orthorhombic peaks. Fig. 10. The differ-
ence in behavior may readily be explained in terms of either

the slower kinetic.s allg, for x=0.35 or in terms Of. Iayger FIG. 12. Peak widths of longitudinal scans through (2,0,
structural fluctuations at=0.35 caused by the proximity to (02,0, and (0,0,6 reflections a function of temperature for

the metal-insulator transition. x=0.35. The widthsA Qwnm have been normalized to the Bragg

It f0||QWS that the obseryed features far=0.36 are the | ofjections as&d)/d=(AQuwuw)/Q. Open and full circles refer to
more reliable ones. In particular, the small tetragonal COMteating and cooling conditions, respectively. Circles m@,0,
ponent ak=0.35 might be a nonequilibrium feature. In fact, rhombs(0,2,0, and triangle<0,0,6 data. The same symbol is used
we believe this to be the case, as we lack a physical explgor orthorhombic(2,0,0 and tetragonal2,0,0/(0,2,0. The data for
nation of why a mixed-phase behavior only should be mani{0,0,§ on cooling are within experimental error identical to the
fest atx=0.35. Clearly, in order to confirm this picture, it ones for heating shown here. The instrumental resolution is in all
would be relevant to observe the time behavior of any eveneases of the orderX(d)/d=10"*.

Temperature °C
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irreducible representation of tHe4/mmm P mmmtransition
is B1g. The symmetry otr ande are identical, and a bilinear
03 F _ coupling is allowed at th&' point. The measured values of
the critical parameteB may therefore be compared directly

oy L 4 with the theoretical three-dimensionéD) Ising value of

z $=0.326, generally expected to be valid provided the tran-
g 02 I 4 sition is driven solely by the entropic forces. Within the
@ listed uncertainties it is seen that the values correspond rea-
3 L ] sonably.

8 Next, we note that the 30° mixed-phase region around
é 01k | To and the jump in the average lattice parameters for
[7p]

x=0.36, cf. Figs. 4 and 7, cannot be explained in terms of
say a Gaussian or Lorentzian oxygen concentration distribu-
tion. The jump reproduced after diminishing the gauge vol-
ume to 1/100 of the original. These facts strongly suggest
100 150 that the phase transition is weakly first order. However, a
Temperature (°C) complete(dynamical description of the interaction between
the entropy and strain terms cannot be made before the time
FIG. 13. Spontaneous strain as function of temperature on hea@Nd temperature variations of bathande are measured on
ing for x=0.35. The line represents a fit to a simple scaling ansatzthé same single crystal, e.g., by a combination of high-
as described in text. energy x-ray and neutron diffraction. Such studies are
planned. Additional studies are also needed in order to elu-
phase. Their results are consistent with a slow annealing owidate to what extent the hysteresis of the peak widths and
of “tetragonal components” and a corresponding sharpeninghe mentioned memory effect is related to formation of
of the orthorhombic peaks, the opposite behavior of whatweed structures.
would result from phase separation. However, their final Experimentally, various neutron-diffraction work sug-
peak widths forx=0.35 are 2.3 times broader than the close-gests that th®/T transition is second order & throughout
to-equilibrium data presented here. the phase diagram®>®*However, theQ-space resolution
It is also interesting to compare with two neutron powderwas in all cases too poor to resolve effects of the present
diffraction studies. In the first one, YBCO powders weretype. On the other hand, several TEM studies indicate dis-
slowly cooled from 725 °C in a controlled atmosphere atcontinuities. As an example Schmatilal®® studied a series
nearly constant stoichiometfyThis was done on-line on the of Co-doped compounds YB&u; -y C0a)306, at room
diffractometer. The resulting transition temperatures corretemperature. At th®/T transition concentration of=0.025
spond to the present ones within experimental accufAsy a small jump ofA=0.0018 A was found ind+b)/2. The
=0.01). Within the poor longitudinal resolution of this ex- doped compounds are known to be nearly fully oxygenated.
periment the structures were single phase. In the second onérovided temperature and chemical concentration are
Radaelliet al1® slowly cooled ErBaCu,0q. , powders from  equivalent driving forces, their data therefore imply that the
400 °C in order to make diffractograms at room temperatureQ/T transition in pure YBCO neax=1.0 is first order.
The yttrium and erbium compounds are believed to be nearly In terms ofo, existing high-temperature neutron powder
identical as the ionic radius of Y and Er in eightfold coordi- data are consistent with a continuous transifiamhile the
nation is 1.019 and 1.004 A, respectively. They reported ompreviously mentioned low-temperature study by Radaelli
two-phase behavior in the whole range 0:35<0.45 with et al® gave evidence for a dramatic jump &=0.6 at the
much larger volume fractions of tetragonal phase than foundoom-temperature transition. These results may to some ex-
here and with a pronounced broadening of ¢hexis around tent be biased by errors on the occupation numbers, and pos-
the transition. We take the difference in results as evidenceibly nonequilibrium behavior. However, taking them at face
for the importance of using high-quality single crystals andvalue they suggest the existence of a turnover from first-
careful annealing procedures in this part of the phase diasrder to second-order behavior on t®¢T phase line. Pro-
gram. (Their starting material was a mixture of tetragonal vided such a transition point exists, it is likely to be situated
and orthorhombic powders. Sintering at 400 °C may nofclose tox=0.5, as there exists a number of experimental
have been sufficient to ensure a fully homogeneous pojvderreports on anisotropies in the low-temperature properties at
Our results are also very different from the outcome of thethis concentration. Hence, Poulsenal. give evidence for a
ultra-high-resolution  electron microscopy study of change in the relaxation time for oxygen in-diffusion in
Horiuchi” who reported on large region@0-100 A of  powderg atx=0.5. Clauset al?’ report that the difference in
pure tetragonal phase in the outer 15—30 A layer in YBCO asuperconducting transition temperature between crystals an-
x=0.40. Based on the present studies it is questionablaealed at 25 °C, and crystals annealed at 230 °C and then
whether their results are representative of bulk equilibriumguenched to room temperature, are much largexfo8.5.
behaviour. The extensive room-temperature TEM study byMoreover, Beyerset al. reports on Ortho-Il superstructure
Beyerset al,?® on the other hand, did not show any multi- reflections in TEM images being much sharper f0r0.5
phase behavior in this part of the phase diagram. than below?®
Turning to the nature of th®/T transition, we start by Theoretically, the appearance of a first-order component
assuming it to be continuous. Then we note that the activés typical for systems with strain degrees of freedtrev-
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eral attempts has been done to incorporate these within @vidence for arx dependence of the ratio between the cor-
Landau formalism based ofsimplified versions of the relation lengths. In total, these findings are in contrast to
ASYNNNImodel?®>?3°However, a full treatment has to our predictions from prevalent models. They add to a series of
knowledge not been performed, due to, e.g., missing inforstudies that all emphasize that a satisfactory theoretical un-
mation on the elastic coefficients and their temperature dederstanding of the oxygen ordering in YBCO still is
pendence within the various low-temperature phases. Fromacking***2One of the problems is that lattice-gas models
the square-rectangular symmetry breaking itself, Blagoelike the ASYNNNImodel do not include charge and strain
and Wille® nevertheless inferred that the Ortho-I to Ortho-Il degrees of freedom. The former have been shown to be es-
transition becomes first order while tf@/T transition re- sential for understanding thermodynamic daand the mag-
mains continuous. Gither et al. actually managed to drive netic phase diagraif.The latter is stipulated here to be re-
the O/T transition first ordel but only by introducingad  sponsible for the crossover to first-order behavior of@&

hoc attractiveinteractions beyond the next-nearest-neighbottransition.

distance. Finally, we note that the proof of the existence of an

Turning next to the data on the superstructure peaks, wOrtho-I phase in between the tetragonal and the Ortho-II
start by comparing with the results from one of our earlierphases ax=0.36 opens up for renewed investigations along
experiments. In that study the temperature dependence othe lines of Vealet al3*?’ In their often cited work they
the diffuse scattering was examined in great detail for ameported on the simultaneous evolution of structural param-
x=0.50 crystal from a batch prepared under identical cir-eters and superconducting transition temperature as function
cumstances. The results for the temperature dependency of time following a quench from slightly abovEy, to room
the intensities and width&f. Figs. 2 and Bare very similar.  temperature at various values close to the metal-insulator
In particular, the existence of an “onset” temperature aboveransition. Two models were proposed for the relevant oxy-
which the peak widths starts to widen considerably. Thisgen ordering and charge-transfer process, one based on the
“onset” temperature was defined as the transition temperadistribution of single-site Cu valences in the basal pfne,
ture Ty, which in the case o0k=0.50 was 125 °C. Another and one based on growth of Ortho-ll domaifisA rede-
of the characteristics of the=0.50 data was a shift in the signed experiment, with the quench performed from a tem-
peak shape from a Lorentzian type abdvg, to a Lorentz- perature betweeiiy, and To, down to room temperature,
ian square type well below. Such behavior is found on awould allow one to distinguish between these models.
qualitative basis to be consistent also with the present data.
We therefore conclude that the Ortho-I to Ortho-Il transition
at x=0.35 and 0.36 might be governed by the same mecha-
nisms as the transition at=0.50, but with the lower transi- The novel technique of high-energy synchrotron diffrac-
tion temperatures off o;;=95(10) °C and T, =85(10) °C,  tion was used for the first detailed single-crystakitu mea-
respectively. A correlation of these results to the hypothesisurements of two of the three relevant order parametees:
of a random field transitidnwill be done elsewhere. and Sy, . By preparation of monodomain crystals, all three

It follows that it also is meaningful to compare the room- parameters may be measured simultaneously in the future by
temperature Ortho-Il peak widths with the previous study. Atcombining the technique with neutron diffraction. The over-
x=0.50 we had(HWHM) Ah=0.0103,Ak=0.002 74, and all result of the present study is that of two distinct phase
Al=0.0674 r.l.u. Hence, the correlations alohgand| as transitions: from tetragonal to Ortho-l and from Ortho-I to
compared with those alorigare much weaker at the present Ortho-1l. The transition temperatures afg,=181°C and
stoichiometries.(On heating thex=0.5 sample the ratios Ty, =95 °C forx=0.35 andT5,=246 °C andTo,=85°C
& &, and €&, became larger. The difference between thefor x=0.36. The measurements related to @& transition
samples therefore cannot be explained simply in terms ofre consistent with a 3D Ising behavior driven weakly first
different “effective quench temperatures.”Within the  order, presumably by the strain degrees of freedom. At room
framework of theASYNNNImodel, this fact suggests that the temperature the material is single-phase orthorhombic, at
effective pair interactions varies with the oxygen least atx=0.36. The Ortho-l to Ortho-Il transition is very
concentratiort> broad, with a characteristic variation of the peak widths ver-

Concerning the Ortho-1-Ortho-II transition, the work of sus temperature, previously found alsxat0.50. By further
Gerdanian and Picaftlis to our knowledge the only previ- comparison to thex=0.50 data we find evidence for an
ous experimental study related to this part of the phase diadependency in the ratio between Ortho-Il correlation lengths.
gram. They inferred the transition temperature from kinks inFinally, we note a marked memory effect, where relics of the
Seebeck measurements on powders. Adjusting for a smallvin domains continue to exist within the tetragonal phase
difference in the absolutevalues, such thal, corresponds aboveT,.
in the two studies, Gerdanian and Picard Agg =200 °C
for x=0.36. We attribute the 120 K difference iRy, to
difficulties in interpreting the Seebeck data.

The most notable of the present results are the single- Fruitful discussions with Professor U. Bismayer, Profes-
phase orthorhombic structure»t0.36, the weak first-order sor W. W. Schmahl, and Dr. P. A. Lindgard are greatfully
O/T transition, the large separation betwekg and T, acknowledged. This work is supported by the EEC science
the characteristic broad Ortho-I to Ortho-II transition and theand Esprit programs and the Danish Ministry of Energy.
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