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We have determined the structure of YBa2Cu30, /PrBa2Cu30 and YBa2Cu30 /GdBazCu30 high-

T, superlattices using a novel method to refine the structure from x-ray diffraction spectra. This tech-
nique allo~s quantitative determination of disorder in superlattices in good agreement with independent
measurements where available. The results show that layer thickness fluctuations, interdiffusion, and

strains are present in the high-T, superlattices and cannot be neglected when studying the physical prop-
erties.

PACS numbers: 74.75.+t, 61.10.My, 68.65.+g

Artificially layered systems have been extensively used
for the study of dimensionality and proximity effect in

conventional superconductors [1]. Recently, superlattices
of high-T, oxides, especially YBa2Cu30, /PrBa2Cu30„
(YBCO/PrBCO) [2-4), attracted much attention due to
the possibility of studying a variety of phenomena other-
wise inaccessible. One of the many interesting charac-
teristics of this system is the reduction of T, observed for
thin YBCO layers separated by PrBCO layers. Several
theoretical models have been proposed to account for this

T, suppression, including a spin polaron model [5],
Kosterlitz-Thouless transition [6], and proximity effect
[7]. These theories do not take into account possible dis-

order at the interfaces (interdiffusion, steps, strain, etc.),
and assume perfect layering. On the other hand, super-
lattices of bismuth-based compounds show opposite re-
sults; superconductor/semiconductor superlattices of Bi2-
SrzCaCu20s/Bi2Sr2Cu06 [8] and the BizSr2(Cal —„Y„)-
Cu20s system [9] show no observable suppression of T,
by the artificial layering. Recently, it was pointed out
[10] that the suppression of T, found in YBCO/PrBCQ
superlattices may be extrinsic, due to the interdiffusion
between Y and Pr sites and interfacial strain. It is clear
that the structural and chemical properties of these
artificial structures are of extreme importance for the in-

terpretation of the results. Layer thickness fluctuations
may affect the superconducting properties [11]; in the
case of YBCO/PrBCO superlattices interdiffusion will

affect the T, of the system given that; alloying with Pr is

known to affect T, in bulk RBa2Cu30, (RBCO) oxides
[12] and strains affect the properties by modifying the in-

teratomic distances within the unit cell [13].
To date the structural analysis of high-T, superlattices

has been carried out mainly using qualitative interpreta-
tion of high-resolution transmission electron microscopy
(HRTEM) [14,15] or x-ray diffraction (XRD).
HRTEM has successfully identified steps of one unit cell
in the layer thickness and long-range undulations in the
overall structure although its somewhat limited by the ex-
tensive sample preparation, studies a local sample area,
cannot resolve small lattice strains, and does not give con-
clusive results regarding interdiffusion. XRD is a com-

plementary technique, which is nondestructive, averages
over the entire film, and gives structural information on
the atomic scale.

In this Letter, we present a quantitative structural
analysis of YBCQ/PrBCQ and YBCO/GdBCO superlat-
tices by XRD. This analysis, based on the refinement of
the structure from XRD spectra, allows the introduction
of disorder and gives quantitative information on the in-
terfacial structure. The results show that layer thickness
fluctuations, interdiffusion between the trivalent ions, and
strains play an important role in the superlattice struc-
ture.

The samples were grown by dc magnetron sputtering
using a technique described previously [16]. To the best
of our knowledge this is the first preparation technique
which produced samples that exhibit a large number of
clear finite-size peaks for thin high-T, films showing one
unit cell uniformity in thickness. The samples were de-
posited from stoichiometric oxide targets on polished
(100) SrTi03 (STO) and thermally annealed (100)
MgO substrates at =700'C for YBCO/GdBCO and
= 750'C for YBCO/PrBCO, respectively. All films
show nearly perfect c-texture growth in standard 8-28
XRD spectra using Cu Ka radiation. Typical FWHM of
rocking curve scans about (001) Bragg peaks are
0.3'-0.7' for YBCO/GdBCO on MgO, 0.1'-0.2' for
YBCQ/PrBCQ on STO, and 0 4'-1.0' for YBCO/
PrBCO on MgO. The structural data are comparable to
others published in the literature, indicating that the
quality of the superlattices is as high as any shown in the
published literature. The YBCO/GdBCO superlattices
show sharp resistive transitions (-1-3 K) with high on-
set temperature (-85-90 K) and basically no depen-
dence on the layer thickness, as expected [1 ll. The tran-
sitions of YBCO/PrBCO superlattices show similar
trends and values as those observed previously by other
groups [2,3]. The results presented here are based on de-
tailed structural analysis of about fifteen superlattices.

Figure 1(b) shows the measured x-ray diffraction spec-
trum of a representative YBCO(l uc)/PrBCO(8 uc) su-
perlattice grown on Mgo. The spectrum consists of the
(OOI) peaks resulting from the periodicity of the high-T,
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FIG. 1. 8-28 x-ray spectra for a 2000-A-thick YBCO (1 unit
cell)/PrBCO (8 unit cells) superlattice. (a) Perfect superlattice
simulation, (b) experimental data, and (c) refined spectrum.
The spectra were offset by three decades and the MgO sub-
strate peak was deleted for clarity. The asterisk indicates a
small peak corresponding to the (110) diffraction.
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FIG. 2. Model for the perfect superlattice. White and black
dots indicate the position of the two alternating trivalent ions.
Lines indicate the limits of the unit cells, whose structure is de-
scribed as layers of CuO, BaO, Cu02, and R with the proper in-

teratornic spacing and oxygen positions, For the unit cell
schematic drawing the lines indicate the atomic plane position.

unit cell (uc), and satellite peaks about each (00/) peak
from the modulation on the rare-earth site out to the
(008) reflections. The only quantities which can be
directly determined from the peak positions are the aver-

age c-axis length from the (00/) positions and the modu-

lation wavelength (A) from the separation of the satellite
peaks. The width of the (00/) diffraction peaks gives an

estimate of the crystalline coherence length which is

greater than 1000 A for all of our superlattices.
To obtain additional information about the structure of

the constituent layers requires a detailed quantitative
comparison of calculated and measured intensities as

previously described and thoroughly tested [17]. The
method is similar to standard structural refinement tech-
niques used for many years for complex oxides [18,19],
where diA'erent disorder mechanisms are also included in

the structural model. Figure 2 shows schematically the
model used to describe a perfect c-oriented RBCO-based
superlattice. The interplanar distances between metal
ions are used as refinable parameters to account for possi-
ble strains. The calculated spectra include Kai-Ka2 split-

ting and are convoluted with a Gaussian of width 0.05 to
correct for the instrumental resolution. Line shapes are
determined by the structural model which allows for
refinement of the entire diffraction spectra. The sample-

independent parameters included in the refinement are a

scaling factor, a constant background, and a general line

profile for the substrate peak.
In order to check that the model is describing properly

the structure, we have refined the spectra of single RBCO
(R =Y,Pr, Dy, Gd, Yb) films. In all cases, the model de-

scribed quantitatively both the relative peak intensity and

peak shape, typically over more than 4 orders of magni-
tude. The interplanar distances are within 0.02 A of the
bulk value (see Table I).

Figure 1(a) shows the result of a calculation assuming
a perfect superlattice. Although the calculated spectra
have the same qualitative features as the measured ones,

it is clear there are a number of discrepancies in both the
linewidths and relative intensities of the satellite peaks.
In general, the measured satellite peaks are much broader
and have lower intensities than the simulated spectra.
Clearly disorder is present in these superlattices.

A quantitative comparison of measured intensities with

model calculations requires including disorder into the
structural model and deviation of the unit cell lattice
spacing from bulk values. Defects in the crystal struc-
tures such as stacking faults limit crystal coherence and

broaden all diA'raction peaks. Given the long-range crys-
talline coherence, this type of disorder appears to be lim-

ited. To account for any loss of crystalline order, the
model includes small continuous Gaussian fluctuations of
layer thicknesses which limit long-range crystalline
coherence [17].

Other parameters which may aA'ect the satellite peaks
relate to the ordering of the rare-earth sites. Inter-
difT'usion of the rare-earth sites results from the random

mixing of the rare-earth atoms across the interface or
short-range random lateral steps in the interface. Steps
in the layers which occur over long-range lateral dis-

tances result in discrete Auctuations in layer thickness in

the growth direction. These two types of disorder pro-

duce diA'erent effects over the x-ray spectra. InterdiA'u-

sion modifies the interface profile but not its position and

afTects the superlattice peak intensities but not their
width. Layer thickness Auctuations modify the local

periodicity of the superlattice and therefore aftect both
the superlattice peak intensity and width. Broadening of

the satellite peaks increases with increased order from the

(00/) peak. Since interdifl'usion and discrete disorder do

not aAect the crystalline order of the superlattice they
have limited efl'ect on the linewidth of the (00/)
difTraction peaks.

The results of the refinement procedure in Fig. 1(c)
shows that both the relative intensities and linewidths of
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TABLE I. Refinement parameters for selected high-T, films and superlattices. N is the

average number of unit cells (uc) for a constituent layer. Cu(1)-Ba, Ba-Cu(2), and Cu(2)-R
are the interplanar spacings separating the metal ions above the c axis as shown in Fig. 2. For
the superlattices, the top number is for the YBCO layer and the bottom number is the GdBCO
or PrBCO layer. Numbers in the parentheses indicate uncertainties in the last digit estimated

from the fluctuation in refinement results on diA'erent initial parameters and details of the

refinement model. Discrete disorder and interdiff'usion parameters are discussed in the text.
Bulk values for YBCO and GdBCO are from Ref. [13] and for PrBCO, from Ref. [21]. R ~

and R, are defined as {g;w;[I;—I,,;]~/g;w;[I;] J
'( and [(Nq Nf)—/g;w;[I;]2] 'n, respec-

tively, where the sum runs over all (N~) the data points, I~ and I, are the measured and calcu-

lated intensities, respectively, w; is a weighting factor that equals l/I; for Poisson statistics,

and Nf is the number of free variables in the fit.

Samole

YBCO Bulk

GdBCO Bulk

PrBCO Bulk

YBCO Film

GdBCO Film

PrBCO Film

N(uc) Cut-Ba (Al Ba-Cu2 (A) Cu2-R (A) c-axis (A'i

2.147

2.143

2.133

1.994

1.987

1.965

1.697

1.717

1.761

11.676

11.694

11.718

2.15 (1} 2.01 (1) 1.70 (1) 11.722 (3)

2.14 (1) 2.01 (1) 1.72 (1) 11.746 (3)

2.13 {1} 1.99 (1) 1.78 (1) 11.800 (3)

Y(4uc)/Gd(4uc) 4.4 2.15 (1) 2.03 (2) 1.67 (2) 11.70 (1)

0.29 0.08

0.26 0.08

032 0.03

0.26 0.01

Y(1uc)/Gd(1uc)

Y(1uc)/Pr(Sue)

Y(1uc)/Pr(2uc)

3.7

0.9

1.0

7.8

1.0

2.0

2.15 (1) 2.00 (2) 1.73 (2) 11.76 (1)

2.16 (I) 2.04 (2) 1.64 (2) 11.68 (1)

2.15 (1) 1.99 (2) 1.75 (2} 11.78 (1)

2.17 (1) 1.99 (3) 1.65 (2) 11.63 (1)

2.13 (1) 1.99 (1) 1.78 (1) 11.80 (1)

2.16 (1) 2.03 (1) 1.65 (1) 11.69 (2)

2.14 (1) 1.98 (1) 1.78 (1) 11.80 (1)

0.37 0.01

0.33 0.03

0.38 0.03

all peaks are quantitatively reproduced [20l. Table I
gives the refined values for interplanar distances and
average layer thicknesses for several superlattices. The
continuous roughness parameters for the superlattices
and thin films were equivalent, indicating that there was
no increase in defects in the crystalline structure in going
from a single film to a superlattice. For both the
YBCO/PrBCO and YBCO/GdBCO superlattices, the
discrete disorder was 1 unit cell. That is, for a 1 unit cell
layer, there is a finite probability of having 0 or 2 unit
cells. In all cases, more than 90% of the layer thickness
distributions were confined with 1 unit cell of the average.
The interdiffusion in the first interfacial unit cell is ap-
proximately 15% Pr or Gd in the Y sites for YBCO layer
thicknesses greater than I unit cell which is close to the
limits of resolution of 10% obtained in z-contrast
HRTEM [15]. This increases to approximately (25-
30)%+ 5% for a single unit cell layer which is consistent
with interdiffusion occurring across both interfaces for a
single YBCO unit cell superlattice.

The a and b lattice parameters which depend on the
rare earth result in interfacial epitaxial strains modifying
both the in- and out-of-plane lattice parameters. As a re-
sult of interdiff'usion and strains at the interface, the
interplanar spacings change with decreasing layer thick-
ness. Since the in-plane lattice areas for GdBCO and
PrBCO are (1-2)% larger than YBCO, the in plane-
strains on the YBCO layers should be expansive giving
rise to an out of-plane compre-ssion as observed in the
refinement results. In all cases, the YBCO c-axis length
is contracted with respect to the thin film value. %ith in-

creasing PrBCO layer thickness a constant YBCO layer
will accommodate more of the in-plane epitaxial strains
which results in a contraction of the YBCO c-axis lattice
parameter. This effect is clearly observed in Fig. 3 as the
YBCO contracts for increased PrBCO layer thickness. It
should be realized that changes in the structure of super-
lattices may occur either by surface or bulk diffusion dur-

ing growth. This is especially true for the short length
scales considered here. The only other technique capable

2861



VOLUME 69, NUMBER 19 P H YSICAL R EV I EW LETTERS 9 NOVEMBER 1992

11.75

11.70

0
O

u 11.65

11.60
0

d, a«(U. C.j

10

FIG. 3. c-axis lattice parameter for YBCO in a YBCO(1
unit cell)/PrBCO(dp, aco) superlattice 2000 A thick as a func-
tion of dpr9+o.
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which cannot be neglected. These effects must be taken
into account in any model that interprets the physical
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