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The ferroelastic domains of the orthorhombic phase of YBa,Cu;0- _; have been observed
in polarized light on ceramics and single crystals. By combining polarized light microsco-
py with the X-ray precession technique, the correlation of the orientation of the ortho-
rhombic a- and b-axes with that of the a—b-plane bireflectance, reflection dichroism,
transmission dichroism (at a thickness of about 1 pm), reflection tints generated with
compensators and upon uncrossing of polars, as well as the orientation of etch pits
has been realized on ferroelastic single domains, bi-domains and more complicated
domain patterns. Four ferroclastic orthorhombic domain states have been identified,
at variance with former group theoretical considerations, predicting only two states.
Ensembles of lamellar domains beyond optical resolution generate strong bireflectance
with principal axes rotated by 45° relative to the true a, b-directions.

1. Introduction

Following the discovery of the high 7, superconduc-
tive properties of YBa,Cu;0,_; (YBCO), numerous
workers [1-4, 29, 30] found by means of electron
microscopy that its orthorhombic phase was com-
posed of extremely thin twin lamellae with a width
down to about 20 nm and (110) composition planes
(domain walls). The formation of domains is a normal
phenomenon occurring during non-destructive ferroic
phase transitions involving symmetry reduction, ic.
usually upon cooling. In such a case the “twinning
laws” of the ferroic phase — i.e. the symmetry opera-
tions to transform one domain into all others — are
given by the symmetry elements lost during the transi-
tion. However, the tetragonal— orthorhombic phase
transition of YBa,Cu;O,_;, occurring at about
700 °C at ~1 bar of oxygen [5], has to some extent
a destructive character because it is linked with a

chemical reaction involving oxygen lossz=zabsorption:
YBa,Cu;0,2YBa,Cu;0,_;+6/2 O,.

Thus it is not evident at first sight whether the symme-
try argument holds, but considering the topotactical-
ly reversible behaviour of this reaction, the skeleton
of the tetragonal basic structure remaining fully
preserved [6], the point group relationship
4/mmmesmmm of the two chemically non-identical
phases can safely be taken as the determinative species
for the twinning laws. The change of crystal system
at the phase transition necessarily requires the ferroic
phase to be of ferroelastic character. The equi-transla-
tion nature of the transition [6] means that no anti-
phase-domains, generated by the phase transition,
would be allowed [7].

According to Aizu [8] the number of ferroic do-
main states is obtained by the ratio of the point group
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orders of the high symmetry and low symmetry
phases. On this basis one expects two ferroelastic do-
main states for orthorhombic YBa,Cu;0,.

Following Fousek and Janovec [9, 10] who deter-
mined the mechanically allowed walls of ferroelectric
ferroelastics, Sapriel [ 11] generalized the analysis and
determined the number and orientation of the me-
chanically allowed domain walls of all 94 Aizu species
of full ferroelastics. For the species 4/mmmFmmm of
YBCO one finds in Sapriel’s tables that only two
walls, i.e. parallel (110) and (110) are allowed for link-
ing the two expected [8] domains. Indeed, most of
the electron microscopy work and our own polarized
light studies confirm the presence of only these two
equivalent kinds of wall. Surprisingly, however, four
domain states instead of the expected [8] two ones,
have been observed by X-ray precession photographs
[12, 31, 32]. According to Aizu [8] the formation
of four domains would be possible in tetragonal
— monoclinic transitions and lead to either 8 or 9
walls [11]. From symmetry considerations by Gratias
and Portier [11a] on martensitic transformations,
which can be assimilated to ferroelastic phase trans-
formations, it becomes clear that the number of orien-
tational twins is not universally determined by the
ratio of point group orders (i.e. by the index) of the
prototypic and ferroic phases. Recently, Shuvalov
et al. [13] came to similar conclusions and demon-
strated with examples that rcal ferroclastic crystals
in fact often develop a higher number of domain states
(concept of “superorientational states”) than hitherto
[8, 117 believed. Therefore, it is important to consider
whether orthorhombicity is sufficient to explain the
twinning of YBCO or whether the structure has in
reality a symmetry lower than orthorhombic.

From electron microscopy work, the occurrence of
(001) walls, linking orthorhombic domains with inter-
changed a- and b-axes, has been inferred [ 14, 14a] and
evoked in connection with the “glassy state” problem
[15]. Such walls are not mechanically allowed for spe-
cies 4/mmmF mmm. If they really do occur, this would
mean strong mechanical frustration and be expected
to lead to a strongly strained or a stress-induced tetra-
gonal transition zone. Allowed (001)-walls are only
permitted for tetragonal —» monoclinic point group
combinations such as 4/mmmF?2/m(s), where the
monoclinic b-axis is perpendicular to tetragonal
[oo1].

In the present paper different possibilities of opti-
cal contrast formation — based on bireflectance and
dichroism in reflection and transmission — between
the ferroelastic domains of YBCO have been studied
and correlated with the orientation of the crystallo-
graphic axes. By combining these optical findings
with the X-ray precession technique, different types
of domain pattern will be analysed and shown to be
explicable without the needing to assume a symmetry
lower than orthorhombic.

2. Sample preparation

2.1. Ceramics

With a view to revealing the ferroelastic domain struc-
ture in polarized light, two ceramic samples were

studied initially. Their preparation was as follows:

Sample A: A stoichiometric mixture of CuO(>99%),
Y,0; (5 N) and BaCO,(>99%) — all from Fluka —

Plate I/1a—c. Ceramic YBCO sample A, in reflected light (Xe-lamp), a without analyser, note inclusions in large crystallite, b crossed
polars, large crystallite in “diagonal” orientation, polars [|[110], (compare part 7.8!) ¢ large crystallite nearly in extinction, polars {[100],
“puzzle” domains in upper left hand area

Plate 1/2. Ceramic YBCO (sample B) in tetragonal state, reflected light (Xe-lamp), crossed polars, some crystallites in extinction position
(dark), absence of domain walls

Plate Ij3a—e. Crystal 4, “puzzle” domains only, a polarizer ||[110] alone, weak reflexion dichroism of pseudo-symmetry visible: bluish
and pinkish areas, identical to dark and clear areas of 3c, respectively, for vibration direction of polarizer indicated, b crossed polars
[ [110]/[1707, c analyser anticlockwise uncrossed from crossed polars orientation || [1001/[010], d polars crossed || [100]/[010], e analyser
clockwise uncrossed

Plate If/4a—e. Crystal 5. Combination of large single domain areas with square of “puzzle” domain areas. a crossed polars | [1107/[110],
no compensator b and ¢ idem a but with Berek compensator inserted; y-direction of Berek indicated d clockwise and e anticlockwise
uncrossed polars, starting from position with crossed polars ||[100]/[010]. Errata in 4a: the analyser/polarizer orientation of I/4a is
identical to that of I/4b and I/4c

Plate I/5a—c. YBCO (001) facet with partly transparent decomposition layer; walls indicate 110-directions; a unpolarized light, b polars
crossed || [1101/[170], c idem b but de Sénarmont compensator inserted: contrast between domains still possible (top: grey, bottom: coloured)
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was fired for 20 h at 950 °C in air, crushed, pressed
and refired for 16 h at 950 °C in O,-flow, followed
by a 1 h anneal at 1020 °C in O, and cooling at 50 °C/
h to room temperature.

Sample B: Same mixture and prefiring as for sample
A, but rapid cooling (200 °C/min) in air.

For study under the microscope the samples were
embedded in plexi-glass, ground, and polished with
diamond paste.

2.2. Single crystals

Several ways of growing single crystals of YBCO have
been described [16, 17, 18, 19], all of which use melts
with an excess of CuO. In the present study the proce-
dure described by Damento et al. [16] was followed.
Two slightly different experiments were run:

Experiment I. 20 g of a mixture of 42% BaCQO;, 46%
CuO and 12% Y ,0, were heated in a 10 ml platinum
crucible for 1 h at 1150 °C, followed by quenching
in air. After remarking that only a small fraction of
the initial charge had melted and with a view to in-
creasing the melted part, the crucible was reheated
in a high frequency furnace without temperature con-
trol, but observing continuously the state of the
charge. Upon increasing monotonically the RF
power, a sudden temperature increase was observed,
probably due to the onset of RF-coupling to the more
and more conducting melt. The RF power was imme-
diately reduced in order to protect the platinum cruc-
ible, but during the temperature excursion the lique-
fied part of the charge had increased. This process
was repeated until almost all of the material appeared
to be liquid. Thereafter the crucible was held at 900 °C
for four days, followed by cooling at 1°C/min to
room temperature in air.

Experiment 11. About 30 g of the thoroughly ground
mixture (see above) were melted at 1150 °C in a flat
platinum boat, air quenched and subsequently an-
nealed at 900 °C during 4 days. The annealing period
was followed by cooling at 1 °C/min to room tempera-
ture.

In both experiments the free upper surface of the
charge was covered with many needle-like monoclinic
CuO-crystals (1-2 mm long, ~0,1 mm thick), at-
tached to which a smaller number of square and rect-
angular plates of YBCO crystals (edge length up to
100 pm, thickness ~ 1-3 pm) with very flat and shiny
surfaces had grown in an essentially unhindered way,
probably by some kind of surface film diffusion pro-
cess. Inside the solidified cakes smaller and less perfect
crystals with growth steps, ressembling those reported
by other workers [16, 17], had formed. The crystals
used for the optical studies were removed from the
copper oxide by careful brushing of the surface. Mea-
surements of T, of the studied crystals were not made
individually but other crystals of the same batches
were dispersed in liquid nitrogen, contained in a glass
test tube. The plate-like crystals stuck to the walls
and could be moved by means of a ferrite magnet
from outside the tube. Thus T, was certainly well
above 77 K.

3. Polarized light studies of ferroelastic domains
in reflected light

3.1. Ceramics

Our initial studies of the domain structure of YBCO
have been made on ceramics. Two representative
samples (see 2.1) will be described.

Sample A (Plate I/1a-—<). By observing with crossed
polars, the randomly oriented crystals extinguish at

Plate II/6a—c. Single crystal with rectangular etch pits inside single domains, crossed polars, in diagonal position; mounted with silicon
rubber on a glass capillary, a front side and b back side, ¢ back side with de Sénarmont compensator inserted; heavily twinned triangular
area (left hand) stays always dark. Note that the (110)-walls go right through the entire thickness of the crystal

Plate I1/7a—c. Crystal 2. Stress and strain free arrangement of domains with one kind of (110) walls. Vivid blue-yellow contrast with
Laves-Ernst compensator (see Table 2). With X-rays—double spots (Fig. 3)

Plate II/8a-h. “Puzzle domain” crystal, idem Plate I/3a—e, but with Laves-Ernst compensator (a—f) and de Sénarmont compensator (g,
h), a and b n, of compensator [a,b with addition and subtraction position, resp.; ¢ and d: idem a, b but crystal slightly rotated on
stage: e and f, n, of compensator E— W, interchange of colours (e)<>(f) after 90°-rotation of crystal on stage; g and h: idem e/f but

with de Sénarmont compensator

Plate IT/9a-c. Contrast between single domains by means of the de Sénarmont compensator a addition for large domain, b no compensator,
¢ subtraction for large domain; high density of walls in left hand bottom triangle. Errata: in 9a and 9c the analyser is infact uncrossed,

starting from position 9b
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different positions of the microscope stage. In non-
extinction positions, particularly in the diagonal ori-
entation (polars || [110]/[110]) the traces of the do-
main walls become visible inside the grains, the (110)
and (170) walls intersecting at general angles for gen-
eral cuts and at right angles if the pseudo-tetragonal
c-axis is perpendicular to the cut (Plate I/1b, c). These
two types of wall are expected by theory [11]. The
traces of the walls appear rather blurred, leading us
to suppose the existence of a much finer subdivision
into lamellae not resolved by the microscope. Some
crystallites (Plate I/1b, c) show wall-free darker ker-
nels, apparently indicating a non-transformed tetra-
gonal state.

Sample B (Plate 1/2) has been cooled rapidly in air
(see 2.1), so that the orthorhombic phase had no time
to form. No domains can be seen in the grains and
extinction is parallel to the crystallite edges as ex-
pected for tetragonal symmetry. Crystallites with the
c-axis perpendicular to the surface stay dark upon
rotation of the stage (optical axis direction!).

3.2. Single crystals

3.2.1. General remarks. For the polarization optical
domain study the YBCO crystals were either kept
attached to the CuO needles as-grown, requiring them
to be oriented horizontally by means of a universal
stage or spindle stage (Plate 1/4a—e), or they were ob-
served in their flat position after brushing them care-
fully off the surface.

The monoclinic CuO (Tenorite) crystals are easily
recognized between crossed polars by their dark-blu-
ish tint, oblique extinction, well spaced twin lamellae
with blue/white contrast upon uncrossing the polars,
and often by their needle form. They are casily distin-
guished from the square or rectangular platelets of
YBCO with copper-like tint (Plate II/6a-b) in the di-
agonal orientation.

3.2.2. Domain patterns of some crystals. The crystals
1, 2 and 3 were subjected to X-ray studies. Crystals
1,2,3,5 come from Growth Experiment I, Crystal 4
comes from Experiment II.

Crystal 1 was a square platelet (Fig. 1) with more than
~95% single domain area. In one corner dark paral-
lel lines are seen; they indicate the presence of (110)
domain walls. About 50% of the dark area has the
same orientation as the large clear area. Two parallel
dark lines, perpendicular to the former ones, represent
traces of (110) walls. Possibly they are further split
on a microscopic scale. On Fig. 1 the a- and b-axes,

Fig. 1. Crystal 1. A “nearly” single domain crystal of YBCO in
diagonal position with compensator in addition position, used for
a- and b-axis determination by X-rays—unsplit spots (Fig. 3)

Fig. 2. Crystal 3. Heavily twinned, with “puzzle domain™ areas.
Contrast with uncrossed polars (see part 7.8). With X-rays-—quadru-
pled spots (Fig. 3)

determined by X-rays, are inscribed. The contrast was
obtained with a Berek tilting compensator. Starting
from this “master correlation”, all the other property
relationships, summarised in Table 2 and discussed
in part 7, have been established. This crystal was pre-
dicted to give non-split reciprocal lattice points on
the precession film.

Crystal 2 (Plate 11/7a—) was composed of a few paral-
lel stripes of unstrained domains, predicted to corre-
spond to the twin pair @/@ or @/@of Fig. 4 and
to yield correspondingly a doubling of the reciprocal
lattice points, analogous to the reflex doubling found
by electron diffraction [20, 21, 29, 30]. In the latter
case, the electron beam hit only one of the two possi-
ble ensembles of lamellae.

Crystal 3 (Fig. 2) shows a very complicated domain
structure which is not fully resolved on the photo-
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graph. Beside some larger single domain areas there
are also dark ones with very fine lamellae and mutual-
ly perpendicular walls in different regions, as schema-
tically shown in Fig. 4. For this sample, a quadrupling
of the reciprocal lattice points was expected to be
found in agreement with the X-ray results obtained
by Sueno et al. [12], but which have not been fully
explained.

Crystal 4 (Plate I/3a—e and Plate II/8a-h) is similar
to crystal 3, but with much better delimited “puzzle
game” like areas of mutually perpendicular fine la-
mellae, not fully resolved on the photographs. This
fine structure can be seen only upon slightly uncross-
ing the polars (Plate 1/3¢, €) from the [100]/[010] ori-
entation in which the contrast between the “puzzle”
areas nearly vanishes (Plate I/3d), or by means of
compensators, e.g the Laves-Ernst compensator
(Plate II/8e, f). With crossed polars along [110]/
[110], mutually perpendicular diffuse “traces” of (110)
walls are visible (Plate I/3b), whereas the “puzzle”
pattern remains cntirely hidden for that orientation.
(For interpretation see Part 7.8).

Crystal 5 (Plate I/4a—e) represents a frequently found
combination between large triangular single domain
areas located at the corners of the square platelet,

crystal 3

crysiat 1

Fig. 3. a Experimental and b calculated
reciprocal a*b* planes of X-ray precession
diagrams for a single domain (crystal 1, Fig. 1),
for two domain states (crystal 2, Plate I1I/7a—c)
and four domain states (crystal 3, Fig. 2; idem
crystal 4, Plate I/3a-e, Plate 1I/8a-h)

and a central square composed of “puzzle” areas as
found in crystals 3 and 4 (Fig. 2 and Plate I/3a—¢) as
well as inside the large crystallite of the ceramic sam-
ple A (Plate I/1c¢).

The exact growth conditions and growth mecha-
nisms of the crystals with these different types of do-
main pattern are not yet understood, but it seems
that the large single domain areas have formed under
rather stressfree conditions.

4. X-ray studies

Three thin, plate-like crystals were examined by X-ray
diffraction at room temperature by using a precession
camera (CuK, radiation). Inspection under the optical
microscope revealed that the crystals consisted of
nearly one single domain (Crystal 1, Fig. 1), a few do-
mains, separated by (110) walls only (Crystal 2,
Plate II/7a—c) and multiple lamellar domains sepa-
rated by (110) and (110) walls (Crystal 3, Fig. 2). These
crystals were oriented such that their faces were per-
pendicular to the X-ray beam. The resulting photo-
graphs contained the reciprocal a*b* planes and are
represented in Fig. 3a. As expected, the spectrum of
the single domain (Crystal 1) consists of unsplit spots
forming an orthorhombic reciprocal lattice whereas
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Fig. 4. Schematic representation of the four twin individuals (do-
main states) of YBCO and their combination into lamellar ensem-
bles. Shear angle « is exaggerated

Fig. 5. Schematic interpretation of observed [19] spike domains
with the interrupted sequence of mechanically matching by mechan-
ically non-matching domain states at the border line (=frustrated
(110) wall, indicated by arrows) between lamellar blocks of “puzzle
domain” type

those of the multidomain crystals 2 and 3 consists
of split spots which can be interpreted by the superpo-
sition of two (Crystal 2) and four (Crystal 3) reciprocal
lattices. Their relative orientation (Fig. 3b) corre-
sponds to that expected from the twinning model
shown in Fig. 4. The numbering of the four twin indi-

Table 1. Lattice parameters and shear angles « at 298 K for various
Ba,YCu;0,_; crystals

Crystal No. 1 2 3
single 2 inequivalent 4 inequivalent
domain state domain states domain states

a(d) 3.820 (3) 3818 (3) 3815 (3)
b(A) 3892 (3) 3.880 (3) 3.885 (3)
r=afb 0981 (2) 0.984 (2) 0.982 (2)
Gons (%) - 087 (4) 108 (4)
Seggo(®)® - 092 1.04

? Calculated from the expression: o, =90° —2 arctg(a/b)

viduals in Figs. 3b, 4 and 5 has been chosen in agree-
ment with that adopted by Sueno etal. [12]. The

-observed shear angles, «, are of the order of one de-

gree, in agreement with the values calculated from
the measured lattice parameters (Table 1). It is note-
worthy that the strongly twinned Crystal No 3 gives
sharp, well separated reciprocal lattice spots. This in-
dicates that the volume percentage of strained, me-
chanically “unallowed” walls is negligibly small in
that sample.

5. Can monoclinic symmetry explain the observed
four domain states?

Because the observation of four domain states would
point to monoclinic symmetry for a ferroelastic transi-
tion from 4/mmm according to Aizu [8] and Sapriel
[11], let us examine optically whether this is the case
for YBCO. There exist three types of domain arrange-
ment corresponding to three possible ensembles of
ferroelastic tetragonal »monoclinic point group pairs
(called “species” by Aizu [8, 11]), all of which are
in principle optically distinguishable:

Case Monoclinic Number of Number of
b-axis domain states allowed walls

1 I [001 Jiete 4 8

2 | C100] et 4 9

3 | (1107 et 4 9

Case 3 can be easily rejected because extinction in
the (001) plane should be along [110],.,, whereas it
is observed along [100],.,.. Case 2 can also be rejected
because twin lamellae separated by (100) walls should
be observed. These twins would lead to a puckering
of the (001) surface because of the monoclinic shear,
usually well observable by specular reflexion in unpo-
larized light. This is not observed. Furthermore (001)
walls are allowed. They could not be found in the



crystallites of the ceramic (sample A), on the polished
surface of which (100) and (010)-cuts became to some
extent accessible to observation because of the ran-
dom orientation of the grains. The absence of ex-
tended (001) walls is consistent with the electron mi-
croscopical observation [24a] that defects with mutu-
ally superposed a and b axes (along the c-direction)
are of a very localised nature only. Among the 8 al-
lowed walls of case 1 at least two types, i.¢. || (100,
and (110}, should occur and one would expect dis-
persion of the extinction direction in the (001) plane.
All this is at variance with the experimental observa-
tions.

We can therefore safely conclude that the four
observed ferroelastic domains bave to be explained
by orthorhombic symmetry, in agreement with the
numerous published X-ray and neutron data, the
great majority of which suggest space group Pmmm.

6. Model of the ferroelastic twinning

In Fig. 4 a twinning model is schematically presented
that admits orthorhombic symmetry, takes account
of the polarization optical observations and the X-ray
results (this paper and [12, 31, 32]). By assuming that
the lost tetragonal (110) and (110) mirror planes main-
tain their orientation relative to the tetragonal metric
in the form of orthorhombic twin walls, we end up
with four differently oriented domains, at variance
with the classical theory [8, 11], predicting that the
number of orientation domains ny, is equal to the
ratio of the order of point group g, of the prototype
over the order of the point group g, of the ferroic
phase, i.e. the index ny, = order of go/order of g,. This
rule holds well for non-ferroelastic transitions, but
not for all ferroelastic ones. In a more general ap-
proach to orientational twinning, Gratias and Portier
[11a] find that the number of domain states can be
obtained by the order of the group of the high temper-
ature phase over the order of the point group of the
intersection g, N g,. However, as has been illustrated
with examples by Boulesteix [34, 35], in the case of
tilting of the structure of the domains — owing to
the tendency of the crystal to keep its twin individuals
firmly joined along mechanically allowed walls — the
point group of the effective intersection and its order
(see c.g. [33]) may become lower than that of the
domains, thus leading to a higher number of allowed
domain states. In the case of YBCO (see model in
Fig. 4) this means that the two mirror planes of the
mmm-phase containing the c-axis, no longer have the
same orientation as in the tetragonal parent phase.
As a consequence the effective point group of the
intersection is 2/m (order 4), leading to the number
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Fig. 6. Shear angle a=90°—2 arctg(a/b) of YBCO versus tempera-
ture, calculated from literature data and compared with « for a
few other ferroelastics [24]. Necessary long vertical error bars for
YBCO are omitted for clarity. Reference [32] gives a similar temper-
ature dependence of the shear angle

of domains ny, =16/4=4, in agreement with experi-
ment. It is noteworthy that the above symmetry con-
siderations apply equally well to the problem of epi-
taxial growth [34, 35].

Recently Shuvalov et al. [13] have also pointed
out that the number of possible orientations of ferro-
elastic domains in real crystals exceeds the number
of orientational states determined by the ratio of the
orders of the point groups of the prototypic and the
ferroic phase. This fact was apparently overlooked
in the past for many known ferroelastics because the
shear angles o=90°—2 arctg(a/b) (see Fig. 6) are often
much smaller than in the case of YBCO (about one
degree!) and hence the splitting of the reflections in
the reciprocal lattice is often not resolved. Under the
microscope it is also rather difficult to distinguish be-
tween adjacent domains of type () and @ or ® and
® of Fig. 4 if the angle « is only of the order of
a few minutes of arc.
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The a- (and b-) axes of the domain pairs /@
and @/® are mutually tilted by an angle o/2. If such
®/® or @/® twinning is repeated individuvally in
unclamped isolated areas, the ensemble of domains
separated (or joined!) by parallel walls remains stress
and strain free (Crystal 2, Plate II/7a—c or the individ-
ual “puzzle” areas of Plate I/3c, ¢). However, if /®
and @/® ensembles meet on (110) walls, an empty
space would form (triangular regions in Fig. 4), but
which the crystal tends to fill up by increasing the
number of lamellae per unit length so that the free
clastic energy be minimal. Nonetheless, the border
line remains a frustrated region. In practice, the crys-
tal does not leave empty space but it forms wedges
(spikes), the points of which are “pulling” the touched
walls somewhat off from their ideal [110] direction
in the form of cusps, as is often observed in (ferroelec-
tric) ferroelastics. Such spikes and cusps have been
observed by electron microscopy on YBCO [19] and
we give an interpretation thereof in Fig. 5. One secs
that at the border between ensembles with mutually
perpendicular walls frustration occurs. For example
domain & does not find its coherent partner @ and
domain @) does not find its partner (@, etc. Therefore
the frustrated boundaries are probably made up of
microsteps, alternating with “joints” of dislocations
as found for example in mechanical twins of rare earth
sesquioxides [34]. The volume percentage occupied
by such frustrated walls appears to be quite negligible
in the studied crystals (e.g. the irregular boundaries
between “puzzle” areas of parallel twins which are
made up of small steps of frustrated (110) and (110)
walls, Plate I/3¢, ¢) in comparison with the high den-
sity of mechanically allowed walls parallel (110) or
(110). This is corroborated by the sharp spots of the
split reciprocal lattice reflections (Fig. 3a, crystal 3).
A high density of frustrated (110) and (110) walls and
of the postulated [14] strongly frustrated (001) walls
— which have been supposed to be dominating [15]
—would be expected to lead to smeared split spots.

In Fig. 6 we have transformed the g, b lattice pa-
rameters of YBCO from different authors [5, 6, 22,
23] into the shear angle a=90°—2arctg(a/b) which
permits comparison with other ferroelastics [24]. It
is noteworthy that shear angles as small as 3 min of
arc (Fe;B,0,5I) or 10 min of arc (Gd,(MoO,);) can
lead to cracking if mutually perpendicular walls meet.
1t is thus all the more astonishing that the high shear
angle of about 1 degree of YBCO does not lead to
autodestruction, except for microcracks which are
sometimes observed by electron microscopy [24a]
and which would be expected to expand upon temper-
ature cycling. The crystals have, however, different
possibilities to escape: i) unhindered growth in a sin-
gle domain state, ii ) formation of domains with only

one kind of parallel, allowed (110) walls iii) a high
density of allowed (110) and (110)+few frustrated
(110) and (110) walls, iv) a potential speciality of
YBCO: the possibility of decreasing of shear angle
o by means of a redistribution of oxygen on the a-
and b-axes under the influence of stress or v) strain
relaxation by wall movements which may go on
smoothly or discontinuously in analogy with “Bark-
hausen” jumps.

7. Relationship between orientation of crystallographic
axes and that of bireflectance, reflexion and
transmission dichroism, contrast generation and

form of etch pits of single domains. (All statements
of part 7 refer to normal light incidence on (001) facets)

7.1. Determination of orthorhombic a- and b-axis
direction

By using a single crystal with about 95% single do-
main area (Fig. 1) the a- and b-axis directions have
been identified by means of an X-ray precession ca-
mera. The single domain nature is easily verified by
the homogeneous tint obtained if the crystal is viewed
in reflected light between crossed polars in the 45°-
position and a compensator inserted. Starting from
the obtained reference directions obtained by X-rays,
the orientation of the following properties has been
identified after many cross checks (summary in Ta-
ble 2):

7.2. Bireflectance

Using the polarizer alone, the bireflectance can be
observed in white light (W- or Xe-lamp) or mono-
chromatic light, in the latter case preferably in the
red. With the E-vector of the polarized light oriented
along the b-axis, the reflectivity is slightly higher than
if oriented along the g-axis. Because the achievable
contrast is weak, identification of the a- and b-axes
of single domains is easiest where a (110) wall is join-
ing domains with mutually perpendicular a- and b-
axes. Then maximum contrast between the domains
is obtained if the vibration direction of the polarizer
is along [100]. Because of the bireflectance |R,— R,|
decreasing from the red to the blue [25], contrast
between domains vanishes with blue filters.

7.3. Reflection dichroism

Because of the anisotropy of reflectivity and the dis-
persion of bireflectance [25] there is also a stight dif-



ference in tint of the reflected light if the E-vector
of the incident wave is either along a or b (see Table 2).
These subtle differences of tint as well as the contrast
with monochromatic, e.g. red light are best seen where
a domain wall intersects, but they are no longer ob-
servable if the crystals have been exposed for some
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weeks to the humidity of the ordinary atmosphere
Plate 1/5a, b. However, once the contrast by means
of the dichroic tints is no longer observable, the de-
composition layer is usually still thin and transparent
enough to allow contrast formation with a compensa-
tor (see Plate I/5¢ and Part 7.6).

Table 2. Relationship between orientations of orthorhombic a- and b-axis (a < b) with those of bireflectance, reflexion dichroism, transmission
dichroism, etch pits, tints generated with analyser rotation and compensators.

Remarks: i) the misorientation between domains D and @ or @ and ® of Fig. 4 is difficult to detect optically and therefore disregarded

in this table i) for the compensators y means higher refractive index

Orthorhombic axes
b |[o10
'm

ali[r00] _{{TT - Jm

t

U

identified by means of X-ray precession
on single domain

orientation of etch pit, symmetry in agreement with
the (100) and (010) mirror planes

Bireflectance

R,(E||d) < R,(E ||b) in visible range,
particularly in the red

Xe-lamp advantageous, virgin
surface necessary

Reflexion dichroism

Elld(R,): dark greenish grey
E|F(R,): faint pinkish white

E at 45° to a and b (mean reflectance):

with white light;

Xe-lamp advantageous, virgin
surface necessary;

good contrast in red light;
vanishing contrast in blue light

metallic bright
Transmission E|d(T,): yellow bright
dichroism E|B(T;): dark grey* to black**

( ) Ry
Ra
% Ty
Ta

Thickness
*<1pm; ¥* 21 um

E at 45° to a and b: yellow bright
T,> T, in visible range

Uncrossing of crossed polars by means of analyser rotation

a) reflexion mode

® 900

~80°-70°

~100 °C-110°

b) transmission mode
45°-position

i) “thick crystals (21 um) at limit of
transmission behave like linear polarizers:

White light (W-lamp)
grey-blue yellow

pinkish-straw yellow
pinkish-straw yellow

grey-blue

See Fig. 7a, b, d and {25]

extinction at analyser rotation of 45°

ii) “thin” crystals (<1 pm) transmit elliptic

See Fig. 7a, ¢ and [25]

light; maximum darkening at analyser rotation

<45°
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Table 2 (continued)
Compensator effects

Remark: the colours in reflected polarized light depend on reflectivity, bireflectance and their dispersion and have not to be confused

with the sequence of Newton colours appearing in transmission (in spite of frequent similarities)

de Sénarmont

— 45°-getting:

Rotation angle of analyser 4, with

White light (W-lamp); the

A/4 plate (for polarizer fixed indications of colour are very
A=546 nm) in R 90° copper-like 90° copper-like approximate, The tints may
subparallel position . ~83° dark brown ~ 97° yellow-white become pale in case of thin
~77° grey to black ~103° white decomposition layers owing to
Ro ~68° blue grey ~112° white attack by water
(subtraction) (addition)
A
g 11257 7[> v68°
P Example: Plate 9a, ¢
+45°-setting: 90° copper-like 90° copper-like
~ 83° yellow-white ~ 97° dark brown
Ry ~77° white ~103° grey to black
~68° white ~112° blue grey
(addition) {subtraction)
Ra
Berek —45°-getting: Tints for two arbitrary tilting angles [21°] White light (W-lamp); the
4-order tilting R ~3.3° dark brown (subtraction) Berek is useful for unequivocal
compensator a ~4.8° blue grey identification of the a and b
(Leitz M) axes, but less useful for
45°-position Ry quantitative measurements in
A reflected light
P, Example: Plate 4a—¢
S & Rp
Rg
+45°-setting ~3.3° yellow white (addition)
~4.8° white
Laves-Ernst —45°-setting clockwise (+0): sky blue (addition) White light (W-lamp); excellent

Rotatable

Red I (I"'=551 nm)
A plate in sub-
parallel position

S~ (ta
+10°)
_o’
(to -10°)

&
,f%._a

+45°-setting

K.

rotation

anti-clockwise (—0):

clockwise (+ o0):
rotation

anti-clockwise (—a):

canary yellow
{subtraction)

canary yellow
(subtraction)
sky blue (addition)

contrast owing to operation close

to Red I (“Teinte sensible™)

Examples:
Plates 7a—
and 8a—{

7.4, Transmission dichroism

On very thin crystals (thickness <1 pm) it has been
discovered that YBCO becomes transparent in the

visible with a yellow colour. This is only the case
in single domain regions whereas in heavily twinned
lamellar areas the crystal remains opaque, even in
unpolarized light. This may be due to light scattering
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e
25um

P

/

at the numerous domain walls on which there is no
matching of the refractive indices, or to some kind
of strongly absorbing defect. On a tiny and very thin
bi-domain platelet (extension ~40 pm, thickness
<0.5 um) a strong transmission dichroism has been
observed with stronger absorption for E |5 than for
E ||d. Whereas transmission was still observable and
the optical density measurable [25] on that crystal
for E|b, slightly thicker crystals (thickness 21 pm)
behave like linear polarizers (Fig. 7, and Fig. 4 of
[25]). Therefore, if the claimed [14] (001) walls really
exist, they would lead to strong absorption in unpo-
larized light because superposed twins with inter-
changed a- and b-axes can be considered as a set
of crossed polarizers!

Fig. 7a—d. Transmission dichroism
for very thin bi-domains of YBCO,
a—c schematic (k,, k; absorption
coefficients for E ||d, E ||b, resp.) with
b linear polarizer behaviour for
thickness 21 pm, ¢ for thickness
<1 pm, d YBCO platelet of type b
viewed with polarizer (E||B) for both
orientations of domain

\-P

7.5. Uncrossing of crossed polars by means of analyser
rotation

a) Reflexion mode. With perfectly crossed polars
there is extinction in the parallel position whereas
in the 45°-position (“diagonal”-position) twins with
mutually orthogonal a- and b-axes have the same cop-
per-like tint in the as-grown state. More washed-out
tints are indicative of a surface layer. In that position
apparent traces of (110)/(110)-walls are perceptible
and appear dark. Upon uncrossing the polars by ro-
tating the analyser at fixed polarizer (0°)-position,
contrast between domains with orthogonal a-, b-axes
sets in (see Table 2 and Figs. 8 and 9). For a domain
with reflectance R, along the N'W-SE direction the
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I I
2
P
1
: ER,> Er
3p,> Og, SR<2R,
S812= POS. 8127 neg.

Fig. 9. Relative orientation and sense of rotation of elliptically polar-
ized light reflected from an YBCO bi-domain in the diagonal posi-
tion and contrast formation upon uncrossing of analyser. Cases II
and III of Fig. 8 have been identified for YBCO

copper tint turns via grey-blue to yellow if the ana-
lyser azimut goes from 90° to about 80° or 70° and
it turns to pinkish and straw yellow for the same
analyser position for the domain with R, along NE-
SW.

This contrast formation can be explained by the
dispersion of the bireflectance, AR(4). For quantita-
tive data see [25]. It is known [26] that linearly polar-
ized light — impinging with the E-vector along W-E
on a bireflecting, absorbing crystal in the diagonal
position — becomes slightly elliptical upon reflexion
with the long axis of the ellipse always rotated by
an angle

n=(1/2) arctg[(R, — R,)/2(R; Ry)* cos ;5] ¢y

in the direction of the axis of higher reflectivity, i.e.
towards R, in our case. In (1) Ry, R, are the principal

Fig. 8. Four possible states of the elliptical
light reflected from an anisotropic absorbing
section when linearly polarized light is
impinging with E in the E— W direction, at
45° to the axes 1,2 of the crystal (diagonal
orientation); adapted from Seeliger and Weber
[26] for the now standardized (since 1972)
E—W orientation of the polarizer of polarizing
microscopes. Notation from [26, 27]: Ex 1,E R,
components of electric field vector of reflected
wave; Og,, 0, phase difference of partial
waves; J,, relative phase shift between partial
waves

reflectivities, R, and R, in our case, and 0,, is the
phase difference between the components of the waves
along axes 1 and 2 i.e. b and a. Since cos §,, is always
close to unity [26],  essentially depends on the bire-
flectance AR and the principal reflectivities. For the
diagonal orientation the angle # can also be obtained
with sufficient accuracy by the expression [28]

n=w=arctg()/Ry/)/ Ry —/8) )

which does not take account of the relative phase
shift §,,.

Thus the dispersion of R causes the dispersion
of , which we can finally use for contrast formation
(see Table 2), e.g. if no compensator is at hand.

In order to obtain an idea of the orders of magni-
tude involved, we mention that 5~ 3.0 degrees for the
reflectivities measured at room temperature and at
A=643 nm [25]. The ellipticity, measured with a Sen-
armont compensator is of the order 10~ 2. More quan-
titative data will be reported elsewhere.

b) Transmission mode. Between crossed polars — when
the domains are in the diagonal orientation — the
transmission dichroism is not visible (Fig. 7, case I),
but by uncrossing the polars by means of an analyser
rotation of 45°, extinction sets in when the vibration
direction of the analyser becomes perpendicular to
the a-axis, (Fig. 7b, d, cases I1, III). For the very thin
crystal mentioned above an analyser rotation of much
less than 45° led to the darkest position, indicating
that elliptical light had emerged from the crystal
(Fig. 7¢/I1, III). The best contrast by means of the
dichroism is of course obtained by using a polarizer
alone (Fig. 7d).

7.6. Compensator effects

In Table 2 are given the tints for contrast formation
that can be achieved by applying the de Sénarmont,
the Berek (4-order tilting) and the Laves-Ernst [26,
27] compensators on a hypothetic bi-domain crystal.



In either case we make use of the small ellipticity
of the nearly linearly polarized light reflected from
the crystal in its diagonal position. Except for the
small rotation angle #, the situation comes close to
that in transmitted light for a path difference I’ < 1/4.
For the two domains the rotation sense of the ellipti-
cal light and that of the angle n are of opposite sign,
thus permitting to create addition and subtraction
effects in domains with mutually perpendicular a- and
b-axes (Figs. §, 9).

Advantages and disadvantages of the three compensa-
tors for work with YBCO: The Berek compensator
allows a rapid and reliable identification of the a/b
directions, if the correlation given in Table 2 is con-
sulted. Since the y-direction (slow ray) is engraved
on the compensator and both clockwise and anti-
clockwise rotation of the compensator give an in-
crease of path difference, practically no error is possi-
ble. — For photographic work the Berek is less useful
because gradients of hues are produced over the field
of view (Plate 1/4b, ¢), and it is not sufficiently precise
for measurements of very small phase shifts.

The determination of the a/b directions with the
de Sénarmont and Laves-Ernst compensator requires
somewhat more care, because the rotation sense of
the measuring screws must not be confused; Table 2
will help.

Both the de Sénarmont (Plate 11/6¢ and 9a, ¢) and
Ernst-Laves (Plate II/7a, ¢) give homogeneous com-
pensation. The latter compensator is very sensitive
and gives bright and vivid colours because it is oper-
ating close to Red 1. (“teinte sensible ™).

7.7. Etch pits

During an attempt to thin down a single crystal plate-
let of YBCO (for optical observation) by means of
attack by acetic acid (25%, 3 min) rectangular etch
pits were formed (Plate II/6a-b), consistent with or-
thorhombic symmetry and with the long side of the
rectangle invariably oriented along the b-axes (Ta-
ble 2). This property may be used for identification
of orientation and of defects, but extended homoge-
neous thinning of the crystal was unsuccessful because
of much faster speed of dissolution in the a, b-plane
than perpendicular to it. Sometimes, transparency
with observable dichroism was achieved in the centre
of the etch pits.

7.8. Interpretation of the contrast formation in
“puzzle game” domains

It has to be emphasized that the correlations of prop-
erties and contrast formation described in 7.1-7.6 and
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Fig. 10. Schematic representation of the orientation of reflectivity
anisotropy in the interior of “puzzle” areas {=pseudo-domains).
The numbering of the true domains corresponds to Fig. 4. The con-
trast formation is based on the state of polarization of the reflected
light (inscribed in the lamellar areas) for linearly polarized light
impinging with E |east-west; rotation angle » and ellipticity are
strongly exaggerated (compare reference [25])

in Table 2 refer strictly only to domains well resolved
by the microscope (objective 32 x, 10 x), e.g. the large
homogeneous triangular domains of Plate I/4a— or
the domains of Plate II/7a—c. In areas with “puzzle
game” domains, however, an optically anisotropic
pseudo-symmetry with pseudo-mirror planes parallel
and perpendicular to the tetragonal (110) and (110)
planes is observed (Fig. 10): there is strong extinction
with diffuse dark lines along [110]/[110] with the
crossed polars parallel [110]/[110] (=diagonal posi-
tion for the large domains) (Plate I/3b) and a weak
but well perceptible brightening with the crossed po-
lars parallel [100] (Plate I/3d), corresponding to the
diagonal position of the pseudo-symmetry which is
the extinction position for the large domains. Starting
from the latter orientation, excellent contrast is ob-
tained between mutually perpendicular areas of paral-
lel stripes, either by uncrossing of the polars (Plate I/
3¢, ¢, 4d, 4¢) or by means of compensators (Plate II/
8e-h), based on the same principle as explained in
Fig. 9, but with the difference that the principal axes
of bireflectance are oriented at 45° to the true ortho-
rhombic axes [25]. The contrast between the lamellae
inside a “puzzle” domain is extremely weak. It is
probably caused by regions with different distances
between walls and a weight ratio between domain
states (¢.g. @ and @) differing from unity. For equi-
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distant walls and a weight ratio of unity the lamellae
would be expected to become entirely invisible. In-
deed in some crystals the density and regularity of
the (110) walls was so high that the “puzzle” domains
mimicked homogeneous single domain areas. By
means of the established sense of analyser rotation
(Plate I/3¢c, e and Fig. 10) it is, however, possible to
deduce the hidden orientation of the walls in such
regions. The pseudo-symmetry is also manifested by
a weak reflexion dichroism visible in white light with
the vibration direction of a polarizer parallel [110]
or [110] alone. The areas for which the polarizer is
perpendicular to the stripes, appear greenish blue
(Plate I/3a). It has been shown elsewhere [25] that
the bireflectance inside the “puzzle domains” is char-
acterized by a higher reflectivity, i.e. a higher optical
conductivity for light impinging with the E-vector
parallel to the walls than for E perpendicular to the
walls. This means that the reflectivity “sees” the scat-
tering (resistivity) of the walls.

8. On the origin of bireflectance and associated
contrast formation between domains

Measurements of the anisotropic a, b-plane reflec-
tivity of YBCO single domains versus wavelength in
the visible have shown [25] an increase of bireflec-
tance from the blue to the red which is generated
by the rise of reflectivity for light polarized E ||b only,
whereas, for E |d essentially wavelength independent
reflectivity is found in the visible. The increase of re-
flectivity for E||b is caused by the tail of the plasma
edge (the edge is found at about 1.5 eV for polydo-
main crystals [36]) “peeping” into the visible for E ||b
only, whereas for E|d the reflectivity is essentially
determined by the optical background dielectric con-
stant due to the bound electrons. This means that
the effective optical mass m* of the free electrons must
be larger for E ||d than for E ||b, thus pushing the plas-
ma edge for E ||d to smaller energies outside the visible
range.

Reflectivity measurements on a, c- and b, c-plane
domains have not yet been performed, but observa-
tion of (100)-cut crystallites on polished ceramic sec-
tions with crossed polars in the diagonal position
show a pattern of clear and dark stripes parallel [001]
(Fig. 11b), made up of two kinds of individual, one
showing strong bireflectance with extinction parallel
[100]/[001] and clearing up in the diagonal orienta-
tion, the other one staying dark between crossed po-
larizers for any orientation of the microscope stage.
This behaviour can be explained. As was shown by
Tozer et al. [37], the normal state electric conductivi-

Fig. 11a and b. Representation of orientation of reflectivity an-
isotropy on pseudotetragonal (001), (100) and (010) facets, a sche-
matic, with schematic contrast on (100) facet with crossed polars
in diagonal position; note that the representation surface of reflec-
tivity is of higher rank than the ellipsoid [28, p. 86]. b top left
hand corner: g, ¢/b, ¢ stripe domains on crystallite of ceramic (sam-
ple A) with (100) plane approximately horizontal a, ¢ domains dark,
b, ¢ domains clear; objective 100 x /oil, ocular 10 x

ty parallel to the c-axis is semiconductor-like. This
will cause the optical effective mass m* for E |¢ to
be higher than that for E||b, thus pushing the plasma
edge and its tail for E|& to lower energies outside
the visible range, as is the case for E ||d [25], in agree-
ment with band calculations [38]. As a consequence
the reflectivity of an a, c-cut will be nearly isotropic,
because only the relatively small differences of the
real part of the refractive index (i.e. birefringence) will
lead to some very small anisotropy of reflectivity
(R.~R,). We can therefore identify the g, ¢ plane do-
mains as those staying dark all the time when viewed
with crossed polars and rotating the microscope
stage, whereas the b, ¢ plane domains must be those
showing strong bireflectance with the reflectivity (R;)
for E ||b higher than that (R,) for E | (Fig. 11a, b).

It is noteworthy that the a,c and b, c-plane do-
mains are also well distinguishable with a polarizer
alone oriented E|d,b, the b,c-domains appearing
very bright and the a, c-domains dark (R, > R,). After
rotation of the polarizer by 90° the contrast vanishes
since in both domains the E-vector oscillates along
the c-axis.



9. Conclusions

i) Polarized light microscopy is found to be a power-
ful tool to evaluate the ferroelastic domain structure
of YBCO, complementing advantageously the more
penetrating techniques like electron microscopy and
X-ray analysis to gain a view of the anisotropic bulk
properties.

ii) On the basis of the X-ray and optical results the
observed presence of four (instead of two) ferroelastic
domains is found compatible with orthorhombic sym-
metry, at variance with former group theoretical pre-
dictions, but consistent with symmetry considerations
by Gratias and Portier [11a], Boulesteix [34, 35] and
Shuvalov et al. [13] on analogous ferroelastic twin-
ning.

iii) In single crystals the volume occupied by the fer-
roelastically allowed, ie. strain free (110) and (110)
walls exceeds by far that of the frustrated (110) and
(110) walls. In an annealed, coarse grained ceramic
the situation was found to be similar.

iv) On very thin single domains (thickness about
1 pm) YBCO was found to be transparent in the visi-
ble, with a strong dichroism, leading at the limit of
transparency to a linear polarizer behaviour. The
transmission dichroism and strong absorption are
consistent with O2~ —»Cu®* charge transfer [25].

v) Different techniques ~ with and without compen-
sators — for the generation of contrast between ferroe-
lastic domains, all based on bireflectance, reflexion
dichroism and transmission dichroism, have been
evaluated and correlated with the crystallographic
axes. On that basis a rapid judgment of the domain
state of single crystals and ceramics is now possible.
More quantitative data will be published elsewhere
[251.

vi) Lamellar ensembles of ferroelastic domains with
parallel (110) or (110) walls generate strong bire-
flectance with principal axes rotated by 45° relative
to the true orthorhombic metric if the distance be-
tween walls is beyond the resolution of the optical
microscope. The orientation of bireflectance of the
lamellar ensembles, ie. the reflectivity for E parallel
to the walls higher than perpendicular to them, is
a direct evidence for the scattering (resistance) of the
walls. This may be taken as a warning because physi-
cal tensorial properties other than the optical repre-
sentation surfaces, such as DC- and AC-conductivity,
thermal conductivity, susceptibility etc. can be ex-
pected to respond in an analogous way. Depending
on the mutual weight and orientation of large single
domains and lamellar ensembles, very different “non-
reproducible” experimental results may therefore be
obtained in physical measurements on polydomain

321

single crystals without preceding optical characteriza-
tion.

vii) The good optical contrast achievable in reflected
polarized light between ferroelastic domains can be
attributed to the free electron contribution to reflecti-
vity from the tail of the plasma edge for the polariza-
tion E || only.
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cal reading of the manuscript, Alan Williams for improving the
English and to Birgitta Kinzler, Odile Hirth and Roger Cros for
technical help. This work was supported by the Swiss National
Science Foundation.
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