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IN HONOR OF SIR JOHN MEURIG THOMAS ON HIS 60TH BIRTHDAY

Electron dilfraction and high resolution electron microscopy studies on La, _ K CuO, superconducting
samples (r = .22 and x = .27) reveal that the microstructure of these materials is very complex due
to a partial ordering between the La and K cations. This ordering presents different characteristics
along each ol the three space directions: it is long range in two directions, and alonig onte of these (the
[001]) it is incommensurably modulated: in the third direction it is short range, with a coherence length

ol =23-4) }\ © 1993 Academic Press. loc.

Introduction

Our previous work (/) on thc potassium
dopcd supcrconducting sample La; 4K 5,
CuO, _, has revealed that the microstructure
of this matcrial is very complex:

—The distribution of K within thc micro-
crystals is not homogencous,

—Its structure is not strictly tetragonal.

— It presents modulated structures based
on a La,CuO, subcell, whose existence was
detected by the presence of extra satellites
in the electron diffraction patterns con-
taining the ¢* axis, and the appecarance of
fringes of different widths in the correspond-
ing low resolution electron micrographs.
Very intercstingly, the origin of these modu-
lated structures is likely to be Telated to both
the degrec of potassium doping and the pre-
cise distribution of this cation within each
of the microcrystals (7).

We present in this paper the results of fur-
ther studies performed by means of electron
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diffraction and high resolution electron mi-
croscopy on this same La, 4K, CuO,_,
sample and on the also superconducting ma-
terial La, ;1K ,,CuQ,_..

This work follows from early, indeed pi-
onccring work, by Profcssor J. M. Thomas
on thc detailed characterization of rcal sol-
ids and their defects by transmission elec-
tron microscopy and clectron diffraction,

Experimental

Samples of average composition La,_,
K,CuQ,._,, withx = .22 and x = .27, were
synthesized from stoichiometric amounts of
La 0, and CuQ by direct precipitation from
molten KOH. Details of the procedure are
indicated in (2).

Specimens for transmission electron mi-
croscopy were prepared by grinding them,
dispersing them in propanol, and putting a
few droplets on a copper grid. Electron dif-
fraction and X-ray microanalysis were car-
ried out in a JEOL 2000 FX microscope,
working at 200 kV. High resolution electron
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microscopy was performed on a JEOL 4000
EX instrument, with a CS = 1.0 nm, op-
erating at 400 kV.

Simulated images were obtained using the
NCEMSS program, run on a VAX station.

Electron Diffraction Results

The electron diffraction studies show that
there are no significant differences between
thes two samples {x = .22 and x = .27). So
we describe them on a common basis, just
remarking some minor particular features.

As we had already observed for the case
of La,; 5K 5, Cu0,_, (), these materials are
neither monophasic nor strictly tetragonal.
Also, most of the crystals belonging either
to the La, ;K 5, CuQO,_, sample or to the
La, 5K »;CuO,_, sample give rise to [Ak0]
electron diffraction patterns which present
two types of diffraction maxima (Fig. 1):

—Strong spots, which can be approxi-
mately indexed on the basis of a pseudote-
tragonal La,CuQ, type cell, with space
group I4/mpmum (allowed ‘“‘reflections’: hkl:
h+ k+ 1 =2n hk0: h + k = 2n; hhl:
[ = 2n,0kl: k + | = 2n; 00/: | = 2n) and
parameters a = 3.77 A, ¢ = 13.3 A).

It is worth mentioning that while in the
case of the La, ;K ,CuO, , sample the
angle between gy, and all the directions con-
tained in the basal reciprocal plane is 90°,
in the case of microcrystals of the sample
with average composition La, 4K ,Cu0,_,
that angle has a value varying between 88°
and 89°, suggesting a slight menoclinic dis-
tortion.

—Extra reflections, of weaker intensity,
appearing on both sides of the allowed re-
flections along ¢* (although in the case of the
sample of La, 5K ;,,CuQ,_, these satellite
reflections appear slightly off but still rather
close to that direction). These are the first
order satellites of the main reflections,
whose presence suggests the existence of a
modulated structure,

The period of the modulation, d%,, which
is observed to change from crystal to crystal
even in the same sample (see for example
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Fi16. 1. Typical [010]) electron diffraction pattern of
potassium-doped microcrystals. For this particular
case, the modulation shows a periodicity of 1/15.69
AL

Figs. 3 and 4 in {/)), takes the values indi-
cated in Table I. It can be observed from
that table that none of these distances is an
integral multiple of the ¢ axis, which means

TABLE 1

SEPARATION BETWEEN MAIN SpoT
AND ITS SATELLITES, OBTAINED FROM
DIFFERENT MICROCRYSTALS

d(ay dic
15.69 1.18
16.36 1.26
17.42 1.31
19.99 1.50

Note. In column 1 of this table, period-
icity has been expressed as absolute real
values, and in column 2 as relative values
referred to cunits (¢ = 13.3 A, asdeduced
from X-ray diffraction results).
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that these modulations are incommensurate
relative to the basic La,CuQ, type cell.

Another interesting information is ob-
tained when, starting from the (ac)* plane,
we tilt around the a* axis. In this case, over
a tilt angle which, depending on the crystal,
varies between =13° and *£19°, those satel-
lite reflections remain visible. On tilting
further, and going through the zone axes
[061], [051], and [041] (Figs. 2a, 2b, and 2¢),
very faint extra spots appear next to reflec-
tions which are, in principle, forbidden in
SG H/mmm. These extra spots are no
longer visible on the [031] zone axis.

These results indicate that the satellites
present in the reciprocal space lattice are
not spherical as we had previously thought
(1}, but rodlike; their length, although vari-
able from crystal to crystal, is typically
(4.35-2.5) x 1072 A~ which corresponds
to 23-40 A in real units. These rods are
situated perpendicular to the ¢* axis, and
their separation from the corresponding
main spots depends on the crystal.

Their orientation on the reciprocal plane
parallel to (ab)* has not yet been obtained
by means of electron diffraction. The best,
and perhaps the only way to determine this
1s through long exposure precession experi-
ments in a plane parallel to (ab)* and at a
distant d*, from it (3). Yet the inhomoge-
neous compositional distribution observed
from crystal to crystal, and even from region
toregion within a given crystal, as suggested
by the fluctuations in the modulation length,
Table I, may hamper or even prevent its
successful determination.

In any case, with the ensemble of the re-
sults obtained by electron diffraction, we
can postulate a more elaborated and com-
plex model for the reciprocal lattice of these
crystals (Fig. 3).

According to this model, the extra reflec-
tions appearing on zone axes [061], [057],
and [041] arise from the intersection of the
reciprocal plane (in fact, the Ewald sphere)
and the rods around the main spots situated
just above and below these weak reflections
(Fig. 4).
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Interpretation of the Reciprocal Lattice

The fact that first order satellites are the
only ones visible seems to suggest that mod-
ulation is compositional and not displacive.
According to Buseck and Cowley («), in
compositional modulations, i.e., when the
occupation factor of the atomic positions
is modulated, the intensity of the satellites
decreases from the first satellite as the sepa-
ration from the main spot increases, so that
second and higher order satellites are often
invisible, On the other hand, in the case of
modulated displacements the satellite inten-
sity has a maximum at a higher order har-
monic,

In view of the composition of the present
samples, it appears likely that this modula-
tion is related to an imperfect K/La order-
ing. Moreover, the fact that only first order
satellites are present is a strong indication
of a sinusoidal modulation (3).

On the other hand, taking into account
that the correlation length along one direc-
tionis inversely proportional to the length of
the satellite along that direction, the rodlike
nature of these satellites indicates that the
modulation has a different coherence length
in the three dimensions. It is long range
along [001] (along which it is incommensu-
rately modulated) and along { —sin «, —cos
o, 01, But it is only moderately short range
in the direction corresponding to the rod-
length, i.e.., [—cos a, sin «, 0] (« being the
angle between the projection of the rod on
the a*b* plane and the b* axis); as indicated
above, this length varies between =23 and
40 A.

High Resolution Electron
Microscopy Results

1. La,CuQ, Microcrystals

The first crystals studied were those
which, although belonging to these L.a,_,
K, CuQ, samples, did not show satellite re-
flections in the electron diffraction patterns
containing the ¢* axis. These crystals were
presumed to be potassium-free, as was sub-
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Fig. 2. ED patterns of these La,_ K CuO,_, samples, x = .22 and x = .27, along the following
zone axes: (a) [061], (b) [051], and (c) [041]. Very faint extra spots around *“‘forbidden reflections™
are marked by arrows.
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Rod-like satellitex

of the main reflectlon

F1G. 3. Perspective drawing of the reciprocal lattice for La,. , K,Cu0,_,, x = .22 and x = .27. The
length of the satellites is out of scale to show more clearly their presence. (®) Allowed reflection of
a tetragonal LayCuOy-type cell (SG 14/mmim); (O) extinction; (—) rod-like satellite.

sequently confirmed by X-ray micro-
analysis.

In the corresponding HREM images, the
contrast observed is that expected fora La,
CuQ, structure. For example, Fig. 5 shows
an underfocus image of these microcrystals
taken along the direction [110], ({ } [100]);
this is a particularly interesting orientation

000 100

F1G. 4, Schematic drawing of the tilting around a*,
50 as to detect the rod-like nature of the satellites {cf.
Fig. 2).

since, along it, each atomic column consists
of a single type of atoms, so that the layer
sequence along ¢ is

. . . -Cu0,—La0—La0-Cu0,~
LaO-LaO-Cu0,- . . .

1. La,_ K .CuO, Microcrystals

Images of the doped crystals are indeed
very different from those of the pure mate-
rial. However, as the micrographs of sam-
ples with x = .22 or x = .27 are basically
similar, we describe them on a common
basis.

As already detected by low and medium
resolution electron microscopy (), the
HREM pictures {Figs. 6 and 7) show marked
changes in contrast along ¢, as well as along
the perpendicular to that direction (the {100]
in Figs. 6 and 7). Also, one can distinguish
an undulation of the [100] planes (Fig. 7).

And as is evident from such images,
where the contrast varies very quickly from
region to region, in these potassium-doped
microcrystals the situation is very inhomo-
geneous, even on a local scale. So, in order
to understand this peculiar microstructure,
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Fi6. 5. Underfocus high resolution electron image, showing a ‘‘normal™

structure. Zone axis [110], ( ) [010]..

we try to describe the situation present in
one small zone, such as that displayed in
Fig. 8; nevertheless, the procedure that we
follow can be equally applied to any other
region of any other crystal.

In the photograph in Fig. 8, it can be
clearly seen that the two (1.aO) type planes
between the CuQ planes show a markedly
different contrast, one being much brighter
and resembling the adjacent CuQ, plane.

Now, considering

{a) previous single crystal X-ray dif-
fraction studies performed on similar po-
tassium-doped samples that show some or-
dering between La*™ and K+ (6);

(b) the incommensurate compaositional
modulation detected by means of electron
diffraction;

(c) the [001] interplanar separation of 6.65
A present in the HREM mirographs, corre-
sponding to the dy, of the La,CuO, basic
subcell; and

(d) the big difference in the electron scat-
tering factors of La** and K* (7),

., undoped La,CuQ,

it is reasonable to assign those differences
in the contrast of the (LaO) type planes to
a partial substitution of La** by K™ in the
basic La,CuQy, type cell.

Obviously there are many possible se-
quences in such substitution and the prob-
lem becomes even more acute if one intro-
duces partial ordering in other directions
within the (K/La)O plane. For these reasons
we did assume, in a first approximation, that
there was no extra ordering on that plane
so that, in the [010] projections (correspond-
ing to Figs. 6-8}, along an atomic row paral-
lel to b, all atoms are alike, i.e., all are La
or K or Cu.

On this basis, the following sequences
were simulated (Fig. 9):

-Cu0,-La0-La0-Cu0,-La0-KO-CuO,—
-Cu0,-La0-La0-Cu0,-KO-KO-CuO,-
~Cu0,-La0-KO-CuO,-K0O-La0O-CuO,-
—Cu0,-La0-KO-Cu0Q,-La0-KO-CuO,—

In any of these simulated models, it became
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Fi16. 6. Typical high resolution electron micrograph of a potassium-doped microcrystal. It shows
marked variations in contrast, along both ¢ and a.
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FiG. 8. Small zone of Fig. 7, in which the contrast of the two LaO-type planes between the CuQ
planes is alternatively bright and dark (cf. Fig. 5).

Fig. 9. Simulated images corresponding to the following stacking sequences:

(A) . ..
—Cu0y-LaQ-La0-CuQy-La0-La0-CuQy- , (BY ... —Cu0;-LaO-La0-CuQ,~La0-
KO-CuO, . Q) ... —Cu0}-La0-La0-Cu0;-KO-KO-CuOp . .. , (D) ...
—Cu0,-1La0-KO0-Cu0,-K0O-La0O-CuQ,- , (B) ... -Cu(,~-LaO-KO-Cu0,-LaO-
KO-CuO,.

e They correspond to the [010] zone axis and have been obtained for a defocus value
(Af) of —450 A (approx. Scherzer focus) and a crystal thickness (¢) of 15 A
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obvious that a KO plane has a very different
contrast from that of a pure LaO plane, but
is very similar to that of a CnQ, plane.

A comparison between through focus
simulated images, for different crystal thick-
ness values, and the experimental pictures
indicates that the last sequence, in which a
KO plane substitutes every other LaO
plane, gives the best fit. According to the
simulation, while the *‘La0’’-type planes
with a darker contrast will contain only La’*
cations, those with brighter contrast should
correspond to lattice planes where La** po-
sitions have been occupied by K* cations.
In fact, these are indeed larger (%r+ = 1.55
Aand ¢ s+ = 1.22 A(8)), but have a much
smaller scattering power which, in turn, is
rather similar to that of the Cu.

It is also worth noting that substitution of
La** by K* in those planes is nevertheless
limited, as no pure KO planes are observed,
but only mixed (La/K)O planes (cf. the con-
trast change along [100] in Figs. 6-8).

Consequently, the stacking sequence
along ¢ in that zone can be represented as

. . . —CuO-La0-(K/1L.a)O-CuO-LaO-
(K/La)O-CuO-. . . .

There are a number of interesting points that
this sequence suggests. First of all is the
fact that K* and La’" get ordered. This is
no doubt due to the combined contributions
of very different charges and radii (cf.
X+ = 1.55 A and ¢ 3+ = 1.22 A). This
is sometimes referred to as ionic potential
(g/r). In this case (g/r)g- = .625 and
(g/r) 3+ = 2.647, a strong driving force
for the ordering!. However, we have never
observed in the present crystals two consec-
utive **KO planes’’; i.e., the La ions are
only substituted by K in every other plane,
and this only partly. This sounds reasonable
since a sequence such as

. . . —CuO-KO-KO-CuO . . .

implies the totally unreasonable composi-
tion *‘K,Cu0,.” On the same basis, it is not
unexpected to observe that there are no
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KQO-only planes, but always mixed
(K/La)O planes. Again a composition such
as “‘LaKCn0,’" seems impossible in terms
of the oxidation state of copper.

On the other hand, the amount of po-
tassium that enters in every other (LaQ)-
type plane is not constant but sinusoidally
modulated along ¢, as deduced from ED re-
sults. The incommensurate periodicity of
this modulation changes from crystal to
crystal, and as shown by X-ray microanaly-
sis it depends on the total amount of po-
tassivm present: the bigger the doping the
smaller the period.

Concerning the observed undulations of
the copper—oxygen planes (see for example
Fig. 7}, they are probably due to a displace-
ment of the cations which move to compen-
sate for the defect of charge introduced by
the K doping. This means that the composi-
tional modulation is accompanied by a dis-
placive one, as is normally the case.

Acknowledgments

We thank S. Stoll and A, Stacy, from the Coliege of
Chemistry of the University of California at Berkeley,
for providing us these samples and for many valuable
discussions. We also acknowledge the Centre for Elec-
tron Microscopy of our university for technical sup-
port. This work has been supported by CICYT (Project
MAT 89/0768), EIT, and the MIDAS Superconductiv-
ity Program, as well as by Research Awards provided
by the “‘Dominge Martinez” and “‘Ramén Areces™
foundations.

References

I. M. A. SENAR{S-RODRIGUEZ, M. A. ALARIO-
Frawnco, S. L. STOLL, AND A. STACY, submitted
for publication.

2. 8. L. StoLL, Ph.D. Thesis (1992); to be published.

3. M. A. ALario-FraNco, 1. E. GRey, J. C. JOUBERT,
H. VINCENT, AND M. LABEAU, Acta Crystallogr.
Sect. A 38, 117 (1982).

4. P. R. Buseck aND J. M. CowLEY, Am. Mineral.
68, 18 (1983).

5. A. GUINIER in “‘Théorie et technique de la Radio-
cristallographie,”” Chap. XIII, Dunod, Pans (1964).

6. S.StoLL, A. STACY, ANDC. C. TORARDI, to be sub-
mitted.

7. P. A. DoyLE anD P. 5. TurNER, Acta Crystallogr.
Sect. A 24, 390 (1968).

8. R. D. SHANNON AND C. T. PREWITT, Acta Crys-
taflogr. Sect. B 25, 925 (1969).



