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Tetragonal-Orthorhombic Structural Medulation at Low Temperature in La,_,Ba,CuQ4
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Below ~60 K La,_,Ba,CuQ, (0.10 = x = 0.15) reveals superstructure reflections consistent with the
tetragonal space group P4,/ncm [low temperature tetragonal (LTT)]. However, twins, characteristic of
the related orthorhombic phase [low temperature orthorhombic (LTO)], persist in this material. Electron
microscopy shows that the LTT superstructure reflections originate from the twin-boundary region. This
suggests a phase mixture of orthorhombic and tetragonal with a gradual change from LTO (space group
Bmab) in the interior of the twin domains, via the Pccn, to LTT at the twin boundary. This is modeled
as a spatial modulation, the tipping angle of CuO¢ octahedra being an order parameter.

PACS numbers: 74.72.Dn, 61.72.Mm

The phase diagram of La,_,Ba,CuO, and its relation-
ship to the superconducting transition temperature 7. is
intriguing. In the closely related system La;-,Sr,CuO;,
T, for Sr content x = 0.05 rises nearly monotonically until
it reaches its broad maximum of about 30 K at x = 0.15,
then monotonically drops to zero at x = 0.32 [1]. The
general trend is similar for La,_,Ba,CuQO, except for the
important difference that a drastic reduction in T, is ob-
served for 0.10 < x < 0.15 with a local minimum below
4 K at x =~ 0.125 [2]. In the concentration range of the lo-
cal 7. minimum in La,_,Ba,CuQ, there is evidence of a
low temperature tetragonal (LTT) structure with proposed
space group P4,/ncm below about 60 K [2,3]. Above
this temperature the structure is orthorhombic (LTO) with
space group Bmab and, for higher temperatures, again
tetragonal (HTT) with the space group I4/mmm. For
consistency we will index diffraction spots in HTT using
the LTO unit cell (a < b ~ 537 A,c =~ 11.2 A). Table I
serves as a guide to those readers not familiar with the ex-
tinction rules of the phases involved in this Letter. There
the allowed reflections of the HTT phase are referred to
as the fundamental reflections.

The transition from HTT to LTO during cooling results
in twins [4,5]. The normal to the twin boundaries is the
[110] direction or the equivalent [ —110] direction (Bmab
setting). For a Ba content of x = 0.12, the structure is
HTT at room temperature and transforms to orthorhombic
at about 200 K. Below 60 K, neutron diffraction studies
show that there is a phase transition from LTO to LTT
[2]. It has been reported that there was little change in
twin morphology, even when the sample was cooled down
to 10 K in a transmission electron microscope (TEM)
[4]. This is inconsistent with pure LTT phase, since the
twinning is associated with an orthorhombic symmetry.
To address the issue of the LTO/LTT phase transition,
we performed in situ experiments with a 200 keV TEM
equipped with a low temperature (liquid He) specimen
holder. Samples are prepared by a procedure previously
described [6]. The TEM specimens were thinned by ion
milling with a low-energy gun.
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Figure 1 shows the temperature dependence of the
microstructure and the corresponding diffraction pattern
of a La, ggBag,CuO4 specimen observed in situ, while
being heated from 20 to 250 K. At about 20 K, fine
twins are the predominant microstrctural feature of the
crystal [Fig. 1(a)]. With increasing temperature, first
some needlelike twins disappear [Fig. 1(d), ~140 K] with
the specimen being twin-free above 200 K [Fig. 1(g),
~250 K], where the sample becomes HTT. It should be
noted that the twin morphology is not always reversible
after a thermal cycle. We often observed an increased
density of fine twins at low temperature after cycling.

The structural transitions can be elucidated by ana-
lyzing the electron diffraction. Shown also in Fig. 1
are the corresponding diffraction patterns of the (001)*
[Figs. 1(b), 1(e), and 1(h)] and (101)* [Figs. 1(c), 1(f),
and 1(i)] zone axes at 20, 140, and 250 K, respectively.
At 250 K, Figs. 1(h) and 1(i) clearly indicate the /14/mmm
space group (HTT phase), because only the fundamental
reflections are present.

In contrast, at about 140 K, superstructure reflections in
accordance with the LTO phase (Table I) appear in (101)*
projection. Below about 60 K, in (001)* projection,
additional superstructure spots are visible for h + k = 2n
with h and k odd, e.g., the (110), (130) reflection, etc. The
presence of (110) type reflections, which are forbidden
in LTO phase, is allowed for the space group P4,/ncm
predicted for the LTT phase, and also for the space
group Pccn [low temperature less orthorhombic (LTLO)
phase], that was proposed to account for the presence
of a considerable orthorhombic strain [7]. However,
the (101)* diffraction pattern remains the same, because
h + | = 2n reflections are allowed in all of the Bmab,
P4,/ncm, and Pccn space groups.

Compared to neutron and x-ray diffractions, one advan-
tage of electron diffraction is the sensitivity to weak inten-
sities. However, a disadvantage is that it also can produce
double diffraction, when a reflected electron beam acts as
a new incident beam. In (001)* projection [Fig. 1(b)] at
low temperature we also observe weak superstructure spots
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TABLE 1.

superstructure reflections in the (101)*, (011)*, and (001)* projections.

A summary of the crystallography of La,;gsBag;,CuO, and the expected

HTT and LTT are

high- and low-temperature tetragonal, respectively; LTO and LTLO are low-temperature
orthorhombic and less orthorhombic, respectively.

Allowed superstructure reflections for projection

Temperature Phase  Space group (101)* 011)* (001)*

T > 200K HTT 14/mmm? none none none

200>T>60K LTO Bmab® h+1=2n none none
T <60K LTLO  Peen h+1=2n none h+k=2n, hk=odd

LTT P4,/ncm*

*We use indexing for the expanded v/2 cell for HTT.
®Cmca is the standard setting for LTO, we use Bmab for indexing consistency.
“Extinction rules are identical for LTLO and LTT.

at (100), (010), (210), etc. Some may be too weak to be
reproduced here. According to the extinction rule of both
space group P4,/ncm and Pccn, the reflections ath + k =
2n + 1 should be absent. We attribute these spots to the
double scattering involving large g vectors in the first
or higher order Laue zones where [ = 1,3,...,2n + 1.
The intensity of the (100) type spots increases with a
decrease of temperature, as is to be expected, because of
the increased coupling via large g vectors when the Debye-
Waller factor is reduced.

Double scattering to the (110)-type reciprocal-lattice
coordinates is, in principle, possible if twins stacked up

Fig. 1. of microstructure and

Temperature
diffraction patterns of La, ggBay,CuO at 20 K [(a)-(c)], 140 K
[(d)-(f)], and 250 K [(g)-(i)]. (Db), (e), and (h) are diffraction
patterns of the (001)* zone, while (c), (f), and (i) are of the
(101)* zone. Note the diffraction of the (001)* projection of
HTT phase (h) and LTO phase (e) are identical, and the (101)*
projection of the LTO (f) and LTT phase (c) are identical.

dependence

along the incident electron beam are rotated 90°. How-
ever, the observation that the (110)-type reflections are
much stronger than (100)-type reflection appears to rule
out the possibility that double scattering is the major con-
tributor to the (110)-type reflections in accordance with
a previous electron diffraction [5]. Further evidence that
the (110)-type reflections are real is that they appear in
the electron diffraction patterns at about the temperature
where the transition from LTO to LTT takes place accord-
ing to neutron diffraction studies [2—4].

It is possible to use the distinctive superstructure
reflections associated with LTO and LTT phases to image
the location of the corresponding phases. A previous
attempt to accomplish this was unsuccessful, possibly
due to insufficient intensity and contrast [4]. With a
specially designed objective aperture (5 wm in diameter),
we were able to record dark-field images using these weak
superstructure reflections.

Figure 2 shows three enlarged micrographs from
the rectangular area shown in Fig. 1(a), for a nominal
temperature of 20 K. Figure 2(a) is imaged 22° away
from the ¢ axis of the same area in alternatively the [101]
and the twin related [011] orientation. Since the (121)
superstructure spot in the (101)* projection [marked by
a circle pin Fig. 1(c)] was used to form the image, only
every second twin [(101) oriented] is bright, as is evident
from the extinction rules, see Table I. Figure 2(b) is
a bright-field image showing the area morphology with
twin boundaries edge on in the (001) orientation. An
intriguing observation in this orientation is the narrow
bright lines in the dark field image of Fig. 2(c), using
the LTT-phase-related (110) reflection in the (001)*
projection [marked by a circle in Fig. 1(b)]. By com-
parison with Fig. 2(b) these narrow lines occur at the
twin boundary, suggesting that the LTT phase is located
at the regions of twin boundaries [the arrow marked
in Figs. 2(a), 2(b), and 2(c) indicates the same twin
domain]. Similar images were also obtained at a nomi-
nal temperature of about 50 K (the overall specimen
temperature, although we do not know the exact local
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FIG. 2. Diffraction contrast observed at 20 K from the area
bounded by a rectangular box shown in Fig. 1(a). (a) The dark-
field image using the LTO superlattice reflection (121) of the
(101)* projection [see Fig. 1(c)]. Note that the twin boundaries
are inclined and only one set of the twin domains shows
contrast. (b) The bright-field image in the [001] orientation.
The twin boundaries are edge on. (c) The dark-field image
viewed in the same orientation as (b) but using the LTT
superlattice reflection (110) [see Fig. 1(b)]. Note that only the
twin boundaries show the bright contrast suggesting that they
are the corresponding LTT phase.

temperature due to the electron beam heating) for a speci-
men with Ba content of 0.09 < x < 0.12 but are not seen
for pure La,CuQO, at room temperature. The intensity
profile and thickness of the layer at the twin boundary
are hard to estimate due to the intrinsic low intensity of
the superstructure reflections. The thickness of the LTT
phase is probably of the order of 100 A, which is very
close to the value predicted (a few hundred A) from an
observation of the broadening of the superlattice peaks of
the LTT phase by neutron diffraction.

The presence of the LTT phase at the location of the
LTO twin boundary is consistent with the crystallography
of the tipping of the CuOg octahedra. In the LTO phase,
the CuOg octahedra are tilted a few degrees around the
[100] axis. The results in a conflict at the twin bound-
ary such that the two twin domains have displacements
in orthogonal directions, as indicated in Fig. 3(a). Thus,
from simple geometrical considerations an ideally sharp
twin boundary, which is likely to have a very high interfa-
cial energy (especially near the LTO/LTT transition tem-
perature, due to the increased orthorhombicity of the LTO
phase), is incompatible with the required tilting of the octa-
hedron. Possible configurations are either a localized twin
boundary with severely distorted octahedra at the bound-
ary or extended twin-boundary regions where the structure
gradually changes from orthorhombic to tetragonal. We
propose a delocalized boundary with LTT structure at the
center of the twin boundary, gradually changing via the or-
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FIG. 3. (a) An ideal twin boundary in the LTO structure
results in a conflict between the tilting of the CuO, octahedra
around the [100] and [010] axes. The resultant is tilting around
the [110] axis. (b) The proposed model in which the LTT
structure (tipping axis [110]) exists at the center of the twin
boundaries with a gradual transition, via the LTLO structure, to
LTO (tipping axis [100]) in the center of the twin domain.

thorhombic Pccrn (LTLO) to an orthorhombic LTO in the
center of the twin matrix as shown in Fig. 3(b). The LTT
phase appears to nucleate at and grow out from the LTO
twin boundaries, where the conflict of the tipping axis be-
tween the adjacent twins is resolved. Further cooling of the
specimens of La—,Ba,CuO4 (0.09 < x < 0.12) through
the LTO phase results in an increasing twin density, and
thus a larger volume of the LTT phase. The observed
hysteresis in developing the low temperature twins during
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our in situ thermal cycling implies that kinetics plays an
important role in formation of the LTT phase. Figure 3(b)
also suggests that the orthorhombic Pccn is located at the
LTT/LTO interphase region and acts as a buffer structure.
This is consistent with previous neutron studies [7,8] which
predict the existence of the LTLO phase and a continuous
phase transition of LTO-LTLO-LTT in a finite temperature
region. The present results appear to contradict the recent
findings of Billinge et al. of a predominantly tetragonal
phase [9]; however, we note that the analysis on which
that conclusion was based assumes a discrete orthorhom-
bic phase, not the phase with varying orthorhombicity that
has been observed in the TEM studies here and previously
[5]. A twin boundary with a structure different from twin
matrix has been observed at room temperature in PbVOy,,
using high resolution electron microscopy [10].

To further study the structure, the width, and the den-
sity of twin boundaries in LTO phase using a theoreti-
cal approach, we considered the possibility that the twin
boundary could be LTT or HTT. We compared the free
energy of twin boundaries with LTT to those with HTT
structure using a Landau-type free energy model. The de-
tails will be published elsewhere [11]. The model utilizes
the order parameter expansion of Ishibashi [12], which re-
produces the composition-temperature phase diagram of
La;_,Ba,CuQ4. The numerical calculations showed that
LTT boundary, as shown in Fig. 3(b), is favored at low
temperature, and LTT becomes the predominant struc-
ture if annealing time is long enough. However, because
of the low LTO-LTT transition temperature (=60 K), the
growth of the LTT domain may be very slow. The mor-
phology of the system will then consist of quasiperiodic
domains of the LTO-LTT-LTO modulated structure, as
shown in Fig. 2. An anharmonic lattice dynamical model
for La,_,Ba,CuO, with parameters obtained from the
first principle calculations [13] predicts that the LTO to
LTT transition is a vibrational-entropy-driven first-order
phase transition [11]. A quenched sample can thus re-
tain metastable LTO domains with the LTT twin bound-
aries serving as nuclei for the growth of LTT phase. The
structure modulation is also consistent with the small en-
ergy differences (=15 meV per CuOg4 octahedron [13])
between LTO and LTT phase.

In summary, electron microscopy provides evidence
that, at low temperature, La,ggBayo,CuQ4 consists of

a mixture of orthorhombic and tetragonal phases, the
latter located in the twin boundary regions. The model
proposed here features a gradual change from LTT at the
twin boundary sites to LTO in the twin matrix.
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Fig. 1. Temperature dependence of microstructure and
diffraction patterns of La, gzBay »CuO at 20 K [(a)-(c)], 140 K
[(d)—(f)], and 250 K [(g)—(1)]. (b), (e), and (h) are diffraction
patterns of the (001)* zone, while (c), (f), and (i) are of the
(101)* zone. Note the diffraction of the (001)* projection of
HTT phase (h) and LTO phase (e) are identical, and the (101)*
projection of the LTO (f) and LTT phase (c) are identical.



FIG. 2. Diffraction contrast observed at 20 K from the area
bounded by a rectangular box shown in Fig. 1(a). (a) The dark-
field image using the LTO superlattice reflection (121) of the
(101)* projection [see Fig. I1(c)]. Note that the twin boundaries
are inclined and only one set of the twin domains shows
contrast. (b) The bright-field image in the [00I] orientation.
The twin boundaries are edge on. (c) The dark-field image
viewed in the same orientation as (b) but using the LTT
superlattice reflection (110) [see Fig. 1(b)]. Note that only the
twin boundaries show the bright contrast suggesting that they
are the corresponding LTT phase.



