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A-Axis—Oriented YBa,Cu;0-/PrBa,Cuz;0-

Superlattices

C. B. EoM,* A. F. MARSHALL, ].-M. TRISCONE,T B. WILKENS,

S. S. LADERMAN, T. H. GEBALLE

A modulated structure has been fabricated from high transition temperature super-
conductors where the individual CuO, planes are composed of alternating supercon-
ducting and insulating strips. This structure is made by growing a-axis—oriented
YBa,Cu;0,/PrBa,Cu,;0, superlattices by 90° off-axis sputtering on (100)SrTiO; and
(100)LaAlO; substrates. Superlattice modulation is observed to a modulation wave-
length of 24 angstroms (12 angstroms—YBa,Cu;0,/12 angstroms—PrBa,Cu;0,),
both by x-ray diffraction and by cross-sectional transmission electron microscopy.
Rutherford backscattering spectroscopy indicates a high degree of crystalline perfec-
tion with a channeling minimum yield of 3 percent. Quasi—one-dimensional conduc-
tivity should be obtainable in these structures.

HE STUDY OF HIGH TRANSITION-

temperature (7T.) superconductor

(HTS) heterostructures is motivated
not only by the need to fabricate sandwich-
type tunnel junctions but also because arti-
ficial structures can be valuable model sys-
tems for investigating particular physical
properties. In the so-called “123” structure
and among many possible systems,
YBa,Cu;O, (YBCO) and PrBa,CuzO,
(PBCO) make a good combination because
of their shared 123 structure and close lat-
tice match and the fact that PBCO is an
insulator, in contrast to superconducting
YBCO. Additionally, the electrical proper-
ties of Pr;_,Y,Ba,CuzO, can be varied
from insulator to superconductor by in-
creasing the Y concentration.

Epitaxial growth of c-axis—oriented
PBCO on YBCO layers was first reported by
Poppe et al. (1). Shortly after their work,
Triscone et al. (2, 3) demonstrated the
growth of c-axis—oriented YBCO/DyBCO
and YBCO/PBCO superlattices down to a
24 A modulation wavelength A (A is the
sum of the individual thicknesses in the
superlattice). Other groups (4, 5) have also
succeeded in fabricating c-axis YBCO/
PBCO superlattices and have studied their
superconducting properties.

From a scientific and technological point
of view the growth of 4-axis films and mul-
tilayers is very attractive. This is so because
the larger ab-plane superconducting coher-
ence length should produce a stronger prox-
imity effect in a-axis superlattices and supe-
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rior sandwich-type tunnel junctions, which
have yet to be made in any high T, cuprate
superconductors. Further, the a-axis super-
lattice mismatch at the YBCO/PBCO inter-
face is significantly smaller than the interface
mismatch for c-axis superlattices.

Owing to the change in process condi-
tions required to form g-axis—oriented
YBCO as well as anisotropies in atomic
diffusivities and crystal growth rates for the
layered perovskites, it is a priori unclear
whether fine-scale multilayer a-axis struc-
tures can be synthesized. We report here
that modulated 4-axis structures with mod-
ulation wavelengths down to 24 A can be
made with a high degree of structural order
and extremely smooth surfaces to thickness-
es of at least 4800 A, that is with 200
interfaces.

Figure 1 is a schematic diagram of the unit
cell of an ideal 12 A-YBCO/12 A-PBCO
a-axis multilayer. Theoretically, it is possible
to grow a-axis structures with an 8 A modu-
lation wavelength. The minimum c-axis su-
perlattice modulation wavelength is 24 A,
corresponding to the fact that the c-axis is
about three times larger than the g-axis. An
interesting feature of a-axis heterostructure
can be seen in Fig. 1: the CuO, planes are
vertical and the very same CuO, plane can be
locally superconducting or insulating in
strips, the width of which is one-half of the
superlattice period, depending on whether
the rare earth neighbors of the plane are Y or
Pr. This property permits, by decreasing the
YBCO width, a modification of the dimen-
sionality of the system. A change from quasi—
two-dimensional (2D) behavior to quasi—
one-dimensional (1D) behavior is expected as
the YBCO layer width, d,, is decreased down
to the coherence length in the ab plane &,
and, for well-chosen material parameters, a
crossover from quasi-1D to quasi-2D behav-
ior is expected at a temperature T* below T,
at which &,,, becomes less than d,.

We recently reported the synthesis and
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properties of high quality pure a-axis YBCO
superconducting films (6), grown on
(100)SrTiO3 and (100)LaAlO; substrates,
for which we used a high-pressure, single
target, 90° off-axis sputtering process (7, 8).
Growth of a-axis YBCO on PBCO a-axis
template layers with a laser ablation process
has also been reported by Inam et al. (9).

In the 90° off-axis preparation technique
the obtained surfaces are so smooth that no
features can be seen in high-resolution scan-
ning electron microscope  (resolution
~100 A) We measured, using a scanning
force microscope, 40 A maximum feature
heights over a 16-pm? area, a value which is
comparable to the smoothest ¢-axis films and
c-axis YBCO/PBCO superlattices that we
and others (3) have observed. In the present
work similar surface smoothness is found for
a-axis PBCO films and 4-axis YBCO/PBCO
superlattices.

For the present investigation the system
used for single layer growth has been mod-
ified. Two sputter guns are oriented perpen-
dicular to each other and the substrate block
is placed on a rotating arm to switch be-
tween guns. A computer-controlled step-
ping motor sets the dwell time at each gun,
the acceleration, and velocity of the sub-
strate block. The substrates used successfully
were (100) SrTiO;, (100) LaAlO;, and
(100) MgO with a SrTiO; buffer layer. The
sputtering atmosphere consisted of 40 m
torr O, and 60 m torr Ar. The rf-power
(125 W) on the YBCO and PBCO sputter
guns generated a self-bias of —50 V and
—150 V, respectively. The substrate block
temperature was held at 640°C. The depo-
sition rate of YBCO and PBCO under these
conditions were 0.2 A s™' and 0.6 A 5!,
respectively. The system configuration has
been designed to facilitate the formation of
sharp YBCO/PBCO interfaces during the
switching between the guns. However, at
the present time the rate control is not such
that we can monitor the deposition so pre-
cisely that the switching occurs exactly upon
the completion of a given Y or Pr containing
layer. Total film thicknesses were maintained
at 4800 A for the superlattices studied here.

Figure 2 is a cross-sectional transmission
electron microscopy image of one of the first
YBCO/PBCO a-axis superlattices we made.
Figure 2A is a bright-field image of the
multilayer taken with no diffraction spots
strongly excited. The principal contrast, cor-
responding to the composition modulation,
is due to the difference in atomic number
between the Pr and Y. The superlattice
period was found to be 21 A, a value
confirmed by x-ray analysis. In this case the
interface layers necessarily contain an YPr
solid solution. A different sample used for
the transport measurements reported below
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A=24A

Flg Schematic di: of the unit cell of an
ideal 12 A/12 A g-axis YBCO/PBCO superattice.
Note that the CuO, planes are vertical and that

short periodicity gives a narrow conducting path
through the plancs.

had a wavelength very close to that ex

for a 3-unit cell of YBCO/3-unit cell of
PBCO multilayer so that there is not neces-
sarily mixing at the interfaces. In Fig. 2A,
the layers appear well separated, straight,
and continuous. Close examination of this
sample, and also of a A = 70 A sample,
shows that typically the modulations in ad-
jacent grains are in phase. In both samples,
curvature of the modulation is apparent on a
larger scale than that shown in Fig. 2A, but
this curvature does not tend to disrupt the
continuity of the modulation across grain
boundaries. The average grain size in this
specimen was about 450 A. Figure 2B is
lattice image taken on the [010] zone axis.
Under these conditions the composition
modulation contrast is obscured, but the
lattice quality is more apparent. The lattice
fringes, both perpendicular and parallel to
the layers, are imaged and indicate a high
degree of crystalline perfection through the
multilayers. These fringes remain straight
throughout the structure.

Our x-ray-scattcnng and 1on-channelmg
results are very consistent with the picture
derived from transmission electron micro-
scope (TEM) analysis. A 6-20 scan along the
a-axis of a nominally 6-unit cell/6-unit cell
multilayer (close to 24 A/24 A) is shown in
Fig. 3. The horizontal axis is in reciprocal
(super)lattice units k, h = A/d with A,
=46.4 A and d = the d-spacing in angstroms
of the corresponding reflection. This per-
mits the direct indexing of all the multilayer
reflections on the same basis. Strong reflec-
tions at (0 0 24) and (0 0 36) are seen which
would be present even if the Y and Pr were
randomly intermixed, but many superlattice
reflections are seen which are only present
because of the synthetic composition mod-
ulation. Twenty can be indexed to the
unit cell of 46.4 * 0.2 A, corresponding
well to the nominal deposition parameters
Twopaksnw(OOZQ)and(OOZ&)

appear broadened possibly due to the pres-

ence of a tiny amount of c-axis oriented
material. Rocking curve analysis of both the
principal reflection indexed as (0 0 24) in
Fig. 3, and three superlattice reflections all
show narrow width of 0.06°. These widths
are only twice the substrate rocking curve
and narrower than any thin film of YBCO
reported to date. They show that there is a
minimal amount of mosaic spread and per-
pendicular inhomogeneous strain in the
samples, in accord with TEM images. Rela-
tive to the strong reflections, the intensities
of the superlattice reflections shown in Fig.
3 are low compared to those calculated for
the simplest, highly idealized model of the
structure. It is likely that this is due to the
modulation curvature mentioned above and
will be discussed in detail elsewhere.

The high crystalline quality of both the
single layers and the superlattice has been
also seen by ion-channeling investigations.
Figure 4 shows the aligned <100> and
random spectra for the 24 A YBCOR4 A
PBCO a-axis superlattice on (100)SrTiO,
using 2.8-MeV 4He™* ions. It is not possible
to resolve any oscillations for a superlattice
having A = 48 A because of the resolution
limit of Rutherford backscattering spectros-

hs of an

ice on
(100)SrTiO; substrate. (A) The specimen tilted
away from a major zone axis to get the mass
thickness contrast. (B) High-resolution image on
the [010] zone axis.

Fig. 2. Cross-sectional TEM
a-axis YBCO/PBCO (A = 21 A) su
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Fig. 3. X-ray diffraction scan of a
48 A modulation wavelength a-axis
YBCO/PBCO superlattice. Note
the log intensity scale. The horizon-
tal axis is in reciprocal (super)lattice
units (r.l.u.), which permits the di-
rect indexing of the superlattice re-
flections as explained in the text.
The arrows indicate SrTiO; reflec-
tions.
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copy. A simulation of a single layer of
Y, 5Pro sBa,CuzO,, however, fits the data
very well, giving strong evidence of proper
overall composition. The ratio of the back-
scattered yield along <100> to that in a
random direction (Xm;n) is 3%, which is very
close both to the value of single crystals (10)
and to the 2.5% obtained on a single layer
a-axis film. TEM, x-ray, and ion channeling
all show, that the interfaces in the multilay-
ered structure introduce no degradation of
the overall crystalline quality.

Figure 5 shows resistivity versus temper-
ature curves for the Yq5ProsBCO alloy
a-axis thin film, a 12 A YBCO/12 A PBCO
a-axis, and a 24 A/24 A a-axis superlattice.
The alloy was made by a 2 A YBCO/2 A
PBCO modulation. All the samples were
photolitographically patterned (400-pm-
wide bridge) and the resistivity measure-
ments were standard four-point measure-
ments with current flowing in the plane of
the sample. At least two samples of each
batch were measured to confirm the repro-
ducibility of the results. As can be seen on
Fig. 5 the resistivity temperature depen-
dence of the layered materials are distinctly
different than that of the alloy even if they all
display a “semiconductor-like” behavior.

35 40

There are also striking differences between
the superconducting properties of a-axis and
c-axis superlattices. The T, (p = 0) of the
24 A/24 A a-axis multilayer is 30 K, versus
70 K for a similar wavelength c-axis multi-
layer grown at 720°C (3-5). For 12 A/12 A
multilayers the g-axis films are not super-
conducting above 4.2 K while the c-axis
multilayer prepared at the same time on
MgO (and thus under non-optimal condi-
tions for c-axis growth) had a T, of about
40 K.

The semiconductor-like slope of resistivi-
ty observed in the a-axis superlattice can be
qualitatively understood by considering the
magnitudes of the temperature-dependent
resistivities but, before even a semi-quanti-
tative understanding can be made, systemat-
ic studies must be undertaken in which the
variability of grain size and grain boundaries
are better controlled (11). For single layers,
as temperature is decreased, the resistivity of
a-axis YBCO remains roughly constant until
T. whereas for PBCO it monotonically in-
creases with the functional form Inp(T) o«
T~ 1# expected for variable hopping range.
Additionally their room-temperature values
are comparable. Consequently the resistivity
of an a-axis superlattice with a 1:1 modula-
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10 Alianed . Fig. 4. Rutherford backscattering
*M«?}N\w"h gne spectrum showing energy versus in-
i ‘*"‘"”v"w'"v.g,\‘ - tensity for both <100> aligned
0 ks WL P,“.,MqYﬁ 2 and random 2.8-MeV 4He™ 1ons
0 - . St Tt backscattered from a 24 A YBCO/
100 200 300 400 500 24 A PBCO a-axis superlattice on
Channel (100)SrTiO;3.
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tion of YBCO and PBCO should mono-
tonically increase as the superlattice is cooled
until T, when the YBCO ag-axis layers be-
come superconducting.

There are several possibilities to explain
the differences between the superconducting
properties of a- and c-axis multilayers. For
the 12 A/12 A multilayer, one obvious
candidate is that extensive interdiffusion oc-
curs, leading to an alloy which is nonsuper-
conducting (12). It is true that because of
the problem that we cannot insure that the
switching occurs exactly at the completion
of each Y or Pr layer, we expect some mixing
at the interfaces. Since the 12 A/12 A sample
has only three rows of Y and Pr atoms (see
Fig. 1), we expect in fact at most only one
pure Y row. However, marked contrast be-
tween dark (Pr) and light (Y) layers in the
TEM photograph (Fig. 2A) and in similar
micrographs of the 70 A period sample,
suggest there is little additional interdiffu-
sion between the layers. A second possibility
is oxygen loss thru the top surface, as it is
known that oxygen diffuses much more eas-
ily in the a-b plane (13). However, if oxygen
loss is responsible, it is hard to understand
why the 24 A/24 A superlattice is supercon-
ducting because the important parameter is
the total film thickness, which is the same for
the 12 A/12 A and 24 A/24 A multilayers.
As a check, we compared a single 30 A a-axis
film with an g-axis trilayer 100 A-PBCO/24
A-YBCO/100 A-PBCO. The former was
not superconducting; the latter showed a
superconducting transition starting at 30 K
but still not completed at 4.2 K. We believe
that this result shows that above a certain
thickness oxygen loss is not a problem in
a-axis structures and rules out an oxygen
deficiency—based explanation for the lack of
superconductivity in 12 A/12 A multilayer
but still leaves open the possibility that
defects in microstructure in such ultra thin
layers can play a role. As we noted in a
previous paper (7), the current flow is pre-
dominantly along the ab-planes in the a-axis
films and the grain boundaries contribute
strongly to the temperature independent
component of the resistivity. When the
YBCO layers become very thin the percola-
tion path becomes essentially one-dimen-
sional and makes the presence of defects
much more severe.

Another possibility is that when the width
of the YBCO strips is less than the coherence
length &,,, the Cooper pair wavefunction
would have to extend into the PBCO layer,
where the order parameter could be sup-
pressed by the Pr magnetic moment, in
agreement with the idea that the Pr magnet-
ic moment would act as a pair-breaking
scatterer. This possibility is a unique feature
of a-axis YBCO/PBCO multilayers because
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Fig. 5. Resistivity versus temperature curves for a
Yo.5Pro sBCO alloy a-axis film, and for 12 A/12 A
a-axis, and a 24 A/24 A a-axis YBCO/PBCO

superlattices.

the same CuO, planes are superconducting
or insulating in narrow strips depending
whether the rows of atoms in the neighbor-
ing rare earth plane are Y or Pr.

Lastly, we mention that in a 12 A/12 A
a-axis superlattice, the system should have
quasi-1D behavior, if as seems likely the
CuO, planes are weakly coupled to each
other so that pure YBCO itself is intrinsical-
ly close to a 2D system (14). When the
YBCO layers are very thin and the PBCO
layers thick enough so as to obtain a decou-
pling in the vertical direction the current will
flow thru b-axis threads with a cross section
of ~4 A by ~d, (d, is the YBCO layer
thickness) since the conduction in g-axis
films is predominantly along the b-axis.
Hence, there is some length scale of a-axis
modulation where crossover occurs from
quasi-2D to quasi-1D behavior. This transi-
tion should occur when the YBCO thickness
is less than &, = 10 to 20 A. Finally, for
thicker YBCO layers, and as the temperature
is decreased below T and the superconduct-
ing coherence length decreases, a crossover
from 1D to 2D is expected at a temperature
T" at which &, becomes less than the
YBCO thickness.
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Determination of Membrane Protein Structure by
Rotational Resonance NMR: Bacteriorhodopsin

F. CREUZET,* A. MCDERMOTT,T R. GEBHARD, K. VAN DER HOEF,
M. B. SPIJKER-ASSINK, J. HERZFELD, J. LUGTENBURG,

M. H. Levrtt, T R. G. GRIFFIN

Rotationally resonant magnetization exchange, a new nuclear magnetic resonance
(NMR) technique for measuring internuclear distances between like spins in solids,
was used to determine the distance between the C-8 and C-18 carbons of retinal in two
model compounds and in the membrane protein bacteriorhodopsin. Magnetization
transfer between inequivalent spins with an isotropic shift separation, 9, is driven by
magic angle spinning at a speed w, that matches the rotational resonance condition &
= nw,, where n is a small integer. The distances measured in this way for both the
6-s-cis- and 6-s-trans-retinoic acid model compounds agreed well with crystallograph-
ically known distances. In bacteriorhodopsin the exchange trajectory between C-8 and
C-18 was in good agreement with the internuclear distance for a 6-s-trans configura-
tion [4.2 angstroms (A)] and inconsistent with that for a 6-s-cis configuration (3.1 A).
The results illustrate that rotational resonance can be used for structural studies in
membrane proteins and in other situations where diffraction and solution NMR

techniques yield limited information.

ANY QUESTIONS CONCERNING

the structure and function of pro-

teins-can be answered with a tech-
nique that provides information on a few
internuclear distances. For example, the con-
formations of prosthetic groups or key func-
tional intermediates may often be specified
by measurement of a few through-space
distances. This realization originally stimu-
lated the development of 'H solution NMR
experiments, which use nuclear Overhauser
effect (NOE) difference spectra to estimate
distances in proteins and nuclei acids (7).
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Initially, NOE studies were focused on small
parts of the macromolecule, but in the past
few years, two-dimensional (2D) and 3D
NOE experiments have become common-
place, resulting in complete 3D solution
structures of proteins and nucleic acids (2, 3).

For a number of reasons, 2D and 3D
solution experiments are limited to relatively
small proteins (<20 kD). Thus, structural
data on large proteins, membrane proteins,
self-assembling proteins, or insoluble pro-
teins are generally not accessible with this
approach. Nevertheless, it is still possible to
address a variety of structural questions in
these systems with high-resolution solid-
state NMR techniques, such as magic angle
spinning (MAS) (3-6). These methods were
originally developed to enhance resolution
by attenuation of dipolar couplings and
other anisotropic interactions (7, 8). How-
ever, structural information is contained in
the dipolar couplings, and several tech-
niques have been described that reintroduce
this information selectively without sacrific-
ing sensitivity and resolution. One recent
and generally applicable approach for mea-
suring homonuclear distances is based on
rotational resonance in isolated spin pairs
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