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under a Zeiss (Oberkochen, Germany) stereomi- 
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High-temperature superconductors (HTS) 
still present many mysteries in both their 
chemical properties and the mechanism of 
superconductivity. One of the few charac- 
teristics that is universally accepted is that 
their coherence lengths, 5, are short (on 
the order of tens of angstroms). Because 5 is 
the decay distance of the superconducting 
order parameter, sample inhomogeneities, 
even in single crystals, strongly affect the 
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measured superconductive properties of the 
system. These inhomogeneities are un- 
doubtedly the source of many of the unusual 
properties that have been reported in HTS. 
In this report, we present direct structural 
evidence of microscopic oxygen and cation 
inhomogeneities in crystals of HTS. 

Standard diffraction techniques with 
conventional x-ray sources are the classic 
method for obtaining structural informa- 
tion. This information is limited to a sur- 
face region of the sample, as defined by the 
penetration depth of the radiation. This 
depth varies with photon energy and the 
atomic number of the elements in the 
sample. Typical skin depths are on the 
order of a few micrometers. Spot sizes are 
determined, in part, by the degree to which 
the radiation from an x-ray generator can 
be collimated. while retaining an adeauate 
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electron beam cross sections can be reduced 
to less than a micrometer, their penetrating 
power is limited. However, with the use of 
high energy photons from a synchrotron 
wiggler, with its concomitant low angular 
dispersion, materials can be probed roughly 
two orders of magnitude deeper with x-ray 
beams that are < 100 pm2 in cross-sectional 
area. Using such an arrangement, we have 
detected small compositional variances on 
spatial scales of a few tens of micrometers. 

Experiments were ' performed on a 
YBa2Cu,0,-, single crystal to determine 
compositional uniformity. The c axis length 
of the orthorhombic unit cell of bulk sam- 
ples of these compounds is a reliable indi- 
cator of the oxygen content, 7 - 6 (1) 

where c is in angstroms. The YBa2Cu,07-, 
crystals were grown from an off-stoichio- 
metric flux in a zirconia crucible as de- 
scribed in detail elsewhere (1). The crystal 
selected for this study was mechanically 
detwinned (2). Optical microscopic analy- 
sis after detwinnine showed the crvstal to be - 
almost entirely twin-free, and x-ray studies 
on a four-circle diffractometer showed no 
evidence of twinning. On the basis of ac- 
susceptibility measurements, the transition 
temperature T, had an onset of 93 K and a 
width less than 0.5 K. 

The crystal was in the approximate shape 
of a rectangular solid, with dimensions 470 
pm by 340 pm by 75 pm. The [O,O,t] 
reciprocal lattice vector was normal to the 
largest face, and the longest edge was ap- 
proximately parallel to the b axis. The crys- 
tal was mounted on an o , ~  circle (angles o 
and x measure the rotational motion of the 
sample about vertical and horizontal axes, 
respectively), contained on an xyz-transla- 
tion stage on beamline X17C at the Nation- 
al Synchrotron Light Source (NSLS) , 
Brookhaven National Laboratory, and was 
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aligned for the (O,O,e) class of reflections. The 
longest edge was aligned parallel to the z axis 
(vertical axis) when x = 0". The x axis is 
taken to be parallel to the on-going beam, and 
the y axis is orthogonal to x and z .  The crystal 
was illuminated with unfiltered, polychro- 
matic radiation emerging from the wiggler 
magnet (operated at 5.2 T) that was restricted 
by an aperture 5 pm wide and 10 pm high. 
The scattered x-rays were analyzed at a fixed 
ditktction angle, 28, of 13.002' as a function 
of energy with an intrinsic Ge energy-sensi- 
tive detector. Once the experiment was start- 
ed, only the sample moved; all other compc- 
nents of the system remained stationary. 

Ditliaction spectra were collected as a 
function of z in steps, ranging in size from 2 
to 100 pm, from the upper edge to the lower 
edge of the crystal. At each position, the 
(O,O,e) peaks were automatically centered in 
o and x and then the spectrum was recorded 
(Fig. 1). The length of the c  axis can be 
calculated from the measured energy of any 
of the (O,O,e) peaks, E,, with Bragg's Law 

eK 
c = -  

2Efiin0 (2) 

Flg. 1. A typical energy dispersive diffraction 
spectrum of the (0,0,t) peaks from the 
YBa2Cu30,-, crystal, recorded at 20 = 
13.002". The diffraction peaks are superim- 
posed on a background that is the convolution 
of the energy intensity profile of the radiation 
on this beamline and the response of the 
photon detection system. The PbKa peaks in 
the spectra are from the lead shielding that is 
used extensively in the beamline hutch. 

flg. 2. Variation of the oxygen 
parameter, 7 - 6, and of the c 
axis lattice parameter, both as a 
function of position, z, along the 
length of the YBa&u30, crys- 
tal; scans were made at three 
different settings in y: (0) near the 
center at y = 0.00 pm; (a) closer 
to the lateral face at y = 20 pm; 
and (A) within about 6 pm of the 
face surface at y = 30 pm. (Inset) 
Orientation of crystal. 

where K is the product of Planck's constant 
and the speed of light. We used the (0,0,11) 
peak because it was the strongest. Assuming 
the change in c to be a result of variation in 
oxygen content, we used Eq. 1 to determine 
the size of the effect. It is also possible that 
other systematic changes, such as carbonate 
invasion, were present in the sample. 

Three separate z scans were performed 
(Fig. 2). The first was made with the beam 
passing through the central region of the 
crystal (y = 0 pn), the second with the y 
position of the sample increased by 20 pm, 
and the third with y increased an additional 
10 pm. The edge of the sample in this 
direction, as measured with the x-ray beam, 
was at y = 36 pm. So the last scan (y = 30 
pm) came from an area about 6 pm from 
the lateral face of the crystal. 

The value of 7 - 6 determined from a 
separate measurement on a conventional dif- 
fractometer with CuKa radiation was about 
6.8; this is comparable to the value deter- 
mined from the interior portion of the sample. 
The most strikurg feature of each scan is the 
precipitous change in 7 - 6 near the edges as 
the crystal moves into and out of the beam. 
The value of 7 - 6 is relativelv constant. to 
within the scatter in the data, tbughout ;he 
central region, but falls off stgnificantly on 
either end. For the scan taken closest to the 
lateral face (y = 30 pm), 7 - 6 is also 
reduced. Whereas the oxygen content was 
relatively constant throughout the bulk, it 
dropped off near the surfaces, as if oxygen had 
"leaked" out of the sample. 

The measured fractional change in the c  
axis length represented by the data in Fig. 2 
is about 0.15%. As a test of the validity of 
the experiment, a high-purity silicon crystal 
of similar dimensions was examined in the 
same way. The position of the Si(400) peak 
was monitored along the 700-pm length of 
the crystal. The variance in the measured 
lattice parameter was less than 0.04%, and 
no systematic changes were observed as the 
crystal moved into or out of the beam. 

We also analyzed the LnACuO,, fam- 
ily of superconductors (where Ln is a lantha- 

nide), which is unique among the cuprates 
because of the unusual svmmetrv in the ~ O D -  

ing characteristics betw&n hole'and electrk 
carrier materials. Tetravalent doping (A4 = 
Ce4+; Ln = Pr, Nd, Sm, or Eu) produces 
the electron carrier material (T, - 20 K) 
for a range of compositions (0.14 < x < 
0.18). The production of optimal samples 
for superconductivity is further complicat- 
ed by the need for a small oxygen defect (y 

0.02), usually produced by a high-tem- 
perature anneal in an inert atmosphere. 
There are many reports of mixed-phase 
behavior in the Nd-Ce-Cu-0 system. This 
phenomenon is usually attributed to inho- 
mogeneities in the oxygen content, though 
recently inhomogeneities in the Ce con- 
centrations have been described (3). 

Cava et al. (4) investigated the phase 
diagram of Nd-Ce-Cu-0 for polycrystalline 
samples for nearby stoichiometries and for 
several points along the Nd,,Ce, compo- 
sitional line. They report that the occur- 
rence of phase instability in polycrystalline 
samples is primarily the result of incipient 
melting, caused by processing at too high a 
temperature. For samples produced by solid- 
state reactions alone. thev found no evi- 
dence for phase instahity: 

Drews et al. (5) studied thick single 
crystals of Nd,Ce,CuO,, and found clear 
evidence for phase segregation in the form 
of sheets of stoichiometric material in the 
ab plane with varying 'Ce concentration. 
Although investigators ' have usually re- 
stricted their attention to thin crystals (30 
pm), which show sharp superconducting 

flg. 3. Photograph of a cross section in the yz 
plane of the Nd2-,Ce,CuO, crystal. 
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transitions and behave in accord with 
Bardeen-Cooper-Schrieffer (BCS) theory, 
an appreciation of the difficulties present in 
thicker samples is important. Therefore, we 
searched for small changes in the c axis 
lattice parameter in a thick single crystal 
using a high energy x-ray microprobe. 

: These changes are assumed to be related to 
variations in the Ce content. 

The Nd2-xCexCu04, crystal was grown 
from a CuO flux in an alumina crucible by 
a directional solidification technique de- 
scribed in detail elsewhere (6). Crystals 
grown by this method are typically several 
millimeters on a side and less than 100 pm 
thick. To induce superconductivity, a post- 
growth anneal in flowing argon gas at 
850°C for 15 hours was required. 

Optical microscopic analyses of a pol- 
ished cross section of the crystal provided 
the first evidence'of an unusual morphology 
(Fig. 3). When the crystal was viewed be- 
tween crossed ~olarizers. variable contrast 
was observed in-the form'of stacked layers of 
material in the ab plane. Four major layers 
are clearly visible, separated by apparently 
sharp boundaries without cracks or flux in- 
clusions. Scanning electron microscopy 
(SEM) coupled with energy-dispersive x-ray 
spectroscopy (EDXS) measurements across 
the polished section indicate that the ob- 
served optical contrast correlates with a vari- 
ation in the measured Ce concentration 
(Fig. 4, open circles). The two inner layers 
had similar Ce concentrations corresponding 
to x = 0.19, whereas the two outer layers 
had Ce concentrations corresponding to x = 

Fig. 4. Variation of the Ce content (0) as 
measured by EDXS (6) and of the c axis lattice 
parameter (filled symbols) as measured by 
energy dispersive x-ray diffraction (this work), 
each as a function of position y, that is, along 
the c axis of the crystal; scans were made at 
(+) x = 0, (W) x = 50, and (A) x = 150 km. The 
errors for the NSLS measurements of the c axis 
are typically k0.01 A. The vertical lines repre- 
sent the approximate locations of the bound- 
aries between the layers shown in Fig. 3. 

0.16 and 0.13. The ac magnetic susceptibil- 
ity measured with either orientation of the 
crystal relative to the pick-up coil showed 
distinct transitions at 24 and 20 K. The 
double transitions can be explained if the 
outer layers correspond to the lower T, 
material. 

Standard diffraction measurements of 
the (0,0,6) and (0,0,6) reflections made on 
a four-circle diffractometer with CuKa ra- 
diation confirmed that the c axis lattice 
parameter was different for each face of the 
crystal; measured values were 12.082 & 

0.004 and 12.118 2 0.001 A. On the basis 
of the results of Takagi et al. (7) from 
powder diffraction studies of this system, 
these lattice parameters correspond to Ce 
concentrations of x = 0.09 and 0.15. re- 
spectively. The interesting morphology of 
this sample suggests that it is an ideal 
candidate for study with the high energy 
x-ray microprobe at NSLS. 

The Nd2,CeXCuOe, crystal was also in 
the approximate shape of a rectangular solid, 
with dimensions 3 rnrn bv 1.5 mm bv 80 um. , . 
It was mounted on the w , ~  circle in the same 
manner as described above. Spectra were 
recorded as a function of y every 10 pm for 
thee different x positions (x = 0,50, and 150 
pm). At each setting, the crystal first was . centered in o and X, and then the spectrum 
was recorded. The peak energies for the even- 
order (0,0,e) reflections were measured 
(mixed-order reflections are excluded by syrn- 
metry for this structure) and used to calculate 
the claxis lattice parameter (Fig. 4). 

There is a general similarity of shape in the 
Ce content variation across the edge of the 
crystal as measured by EDXS and the varia- 
tion of c axis parameter measured at NSLS. If 
the variation in the c axis is interpreted as a 
variation of Ce content, according to the 
dependence determined by Takagi et al. (7), 
then the data show a variation from x = 0.12 
at one face, to x = 0.16 for the interior 
region, to x = 0.07 near the opposite face. 
This is similar to the variation determined by 
EDXS. Furthermore, because the wiggler syn- 
chrotron source produces hard x-rays that can 
penetrate deeply into the sample, we have 
evidence of Ce variation that is not restricted 
to the surface. Microstructural variations on 
the scale of 10 or 20 pm are clearly visible in 
the NSLS data. 

These observations are direct evidence of 
subtle structural modifications on this spatial 
scale. The two high-T, single-crystal super- 
conductors examined in this investigation 
were probed with an extremely intense x-ray 
beam only 5 krn by 10 pm in cross section. 
For both crystals, the data reveal small struc- 
tural variations on a spatial scale of 10 to 20 
km. For the YBa2Cu,0,-,, the observed 
effect is believed to result from an apparent 
loss of oxygen near the surfaces. In the case 
of Nd2,CexCuO+,, the observed structural 

variances are interpreted in terms of changes 
in the Ce content. These results emphasize 
the need for caution in the interpretation of 
ex~erimental results for HTS. 

There are two length scales that character- 
ize the superconducting state: the penetration 
depth, A, and the coherence length, 6.  In 
HTS, both are highly anisotropic and change 
by an order of magnitude in going from the ab 
plane to the c direction. At 0 K, Ad is of the 
order of 1000 A, whereas A, is 10 times 
greater; b is of the order of 10 A, whereas Q 
is only one-tenth as large. Although the 
length scales probed here are large compared 
with these values, the observed inhomogene- 
ities are big enough to alter the properties 
measured in standard measurements. In par- 
ticular, experiments that depend on clean 
surfaces with uniform, ideal, superconducting 
properties, such as penetration depth and 
tunneling, will be affected strongly by such 
structural features. This may be particularly 
true for YBa2Cu30,-, crystals (8). On the 
other hand, thin Nd2-,Ce,CuO,, crystals 
(<20 km) exhibit no evidence of structural 
inhomogeneities. This point is highlighted by 
tunneling and penetration-depth measure- 
ments on thin, single-phase Nd2-xCex- 
CuOe, crystals, which produce results consis- 
tent with BCS theory (9, 10). 

As we strive to achieve smaller beam 
sizes, we are likely to observe significant 
structural defects in submicrometer leng~h 
scales. Ideallv. as our resolution increases. , , 
we will be able to answer more subtle 
questions regarding the nature of the defect 
structures and their origins. 
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