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X-ray-difFraction determination of the Ni-dopant site in single-crystal YBa2Cu&O& 6
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Anomalous dispersive x-ray-diffraction measurements have determined the dopant-site distribu-
tion in Ni-doped single crystals of the high-temperature superconductor YBa2Cu307 b. The data
from a YBa2[Cuo.ssNip. yy]sOy s crystal show that over 95'%%uo of the Ni dopants occupy the Cu(2)
site in the copper oxide planes, with negligible occupation of the Cu(1) copper oxide chain sites.
General guidelines are presented for selecting the most effective hkl diffraction planes for measuring
dopant concentration pro6les. Direct measurement of the energy dependence of the dopant atomic
scattering factors is also demonstrated.

I. INTRODUCTION

Many modern materials contain dilute constituents
which are important for understanding or controlling
critical physical properties. Semiconductor dopants are
a prime example, but dilute constituents are also cru-
cial for various catalysts, metal alloys, ceramics, etc. In
this analysis we are specifically motivated by an interest
in low concentrations of Ni incorporated into the high-
temperature oxide superconductor YBa2Cu307 g as a
probe of how magnetic moments perturb the supercon-
ducting state.

Interpreting dopant-induced changes in the high-
temperature superconductors is one of the strategies
available for investigating the still-elusive nature of
this apparently new mechanism for superconductivity.
One complication with YBa2Cu307 g is the presence of
two inequivalent Cu sites in the unit cell, the Cu(1) cop-
per oxide chain site and the two equivalent Cu(2) copper
oxide plane sites, which are understood to play quite dif-
ferent roles with respect to superconductivity. Meaning-
ful analysis of dopant-induced behavior therefore requires
a determination of the dopant-site distribution.

The need for more accurate determinations is clear
&om the literature, which is rife with conQicting results.
Different x-ray and neutron studies of Zn dopants in the
1:2:3superconductor, for example, have found that Zn
resides preferentially in the chains, in the planes, ' or
in both sites equally. ' Various other "direct" determina-
tions have relied on inferences &om such parameters as
Hall coeKcients, oxygen uptake rates, and dopant-host
nearest neighbor separations. Although there are many
experimental techniques which may shed some light on
dopant-site distributions, we decided that anomalous dis-
persive x-ray diffraction was most promising, and our re-
sults with a Ni-doped single crystal are described below.
An early study which first utilized anomalous dispersive
x-ray diffraction with these systems was conducted by
Howland et al. Their results for a Ni-doped powder spec-
imen are not in agreement with ours. As we discuss later,
this could be a genuine consequence of differing growth
processes, or the result of recent improvements in the
measuring technique.

II. ANOMALOUS
DISPERSIVE X-RAY DIFFRACTION

Crystallography's task of determining the precise loca-
tion of all atoms within the unit cell of an unknown struc-
ture largely centers on the well-known phase problem in
diffraction: While the amplitudes of the diffracted waves
depend directly on the positions of the atoms, the de-
tected beam intensities are proportional to the square of
these amplitudes and hence some of the structural infor-
mation is necessarily lost. Simple structures can still be
determined by comparing the set of measured diffracted
beam intensities to calculated results &om various hy-
pothetical structures. The remarkable success of mod-
ern crystallography in solving large and highly complex
structures is due in part to refined strategies for han-
dling this phase problem, e.g. , the isomorphous substitu-
tion and multiple anomalous dispersion techniques.
Equally important has been the availability of high-
brightness x-ray synchrotron radiation sources.

In principle one could address the issue of dilute
constituents by treating the entire system as an un-
known structure and applying standard crystallographic
techniques. At dilution, however, the particular con-
stituent would only weakly perturb the intensities of the
diffracted beams, and so one would like to make use of the
known host structure as a kind of reference frame. This
is the essence of the x-ray standing wave technique, for
example, which takes advantage of the dynamical nature
of diffraction from nearly perfect crystals and the sensi-
tivity of secondary yield detection to permit site deter-
minations for very low dopant concentrations. The
interference of the incident and diffracted waves produces
a standing wave 6eld, whose periodicity is that of the hkl
Fourier component of the generalized scattering density
function

1
ph. si (r, E) = Fh.at(E) exp( —27ri—Hhst . r),

where HhI, ~
——hbq + kb2+ lb3, and the b; are the recip-

rocal lattice vectors. (This function differs from the true
electron density function only by the energy dependence
of the complex structure factor Fgg~. ) By analogy with
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the hkt atomic planes being found at maxima of the hkt
Fourier components of the electron density, the maxima
of the scattering function Re[pg~t(r, E)] are called the
diffraction planes. When x rays diffract &om a perfect
crystal, the physical reference system consists of these
periodic diffraction planes, which are a function of both
the unit cell structure and the atomic scattering factors
(see Fig. 1).

We now consider the case where the concentration of
the dopant is again too small for standard crystallo-
graphic techniques to work, e.g. , fewer than one atom
per unit cell, yet still large enough to produce a measur-
able difference in some diffracted beam intensities. This
of course depends on the signal to noise ratio of the mea-

surements, and hence this problem is better suited to
a high-intensity synchrotron radiation source than stan-
dard laboratory x-ray sources. Realistic concentration
limits will be discussed below. What makes the syn-
chrotron radiation source essential, however, is the abil-

ity to continuously vary the energy of the x rays. One
can then take advantage of the energy dependence of the
dilute constituent's atomic scattering factor to obtain
crystallographic phases, i.e., the well-known anomalous
dispersion method

For a crystal containing a dilute constituent, we write
the structure factor as

I I I

p T~o~ (planes)

I I I

pN~(planes)-

From Eqs. (2)—(4) one sees that the square of the struc-
ture factor [Egg~[ and hence the intensity Iggt will de-

pend on the energy. Further, it is possible for a very small
concentration a of dopant at position r„and an appro-
priate hkl reflection to produce a large fractional change
in [Fgg~[ as the energy is scanned through a dopant ab-
sorption edge. This is especially probable if the summa-
tion in Eq. (2) consists of terms of opposite signs which

nearly cancel each other, i.e. , a weak reflection. To fur-

ther have good selectivity between sites rq and r2, these
two positions should contribute terms to Eq. (2) having
opposite signs. The effect of such a structure factor upon
the scattering density function pal, t(r, E) is illustrated in

Fig. 1.
For the site distribution of a dilute constituent to be

determined, the intensity from one or more hkt reflec-
tions is measured as a function of x-ray energy across
an absorption edge. These measurements can then be
compared to calculations of [Fp,l,t[2I in which the dopant
distribution is treated as a fit parameter. An important
simplification arises &om having a set of measured in-
tensities as a function of energy, since it is the relative

Fgl, t(E) = ) g„(E)exp(27riHhI, ( r„), (2) 20-
p (chains) --- p (chains) ----Total Ni

004 004

where the summation is over all atom sites in the unit
cell, r„is the displacement of the nth site &om the origin,
and Hh, g~ is the reciprocal lattice vector of the reflection.
For all sites which contain no dopants, the g„arejust the
standard atomic scattering factors f„Forsite.s partially
occupied by dopants, we have

g„(E)= a„qfq(E) + a„,2 f2(E),
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where a„qand a„2are the occupation probabilities in
site n for the atoms with scattering factors fq(E) and

f2(E), respectively. In our speci6c example, we need to
determine the occupation probabilities a„N;and a„g„
for the Cu(1) chain site and the two equivalent Cu(2)
plane sites.

Included in the atomic scattering factors f„arethe
Debye-Wailer factors and the form factor dependence,
which we do not write explicitly. The crucial energy de-
pendence of the atomic scattering factors f„is seen by
writing in the usual way

f(E) = fo+ f'(E) +'f"(E) (4)

where fp is the high-energy limit corresponding to the
number of electrons on the ion, f' is the dispersive part
of the elastic scattering due to the photon's resonant in-
teraction with each of the ion's bound electrons, and f"
models the loss of scattered wave amplitude &om photo-
electric absorption of the incident photon. The anoma-
lous terms f' and f" vary dramatically within 100 V or
so of the K absorption edge, for example, but far &om
edges the atomic scattering factor iR smooth and slowly
varying.

I

0.2
I

0.4
I

0.6
I

0.8

Position (00l )

FIG. 1. The dependence of the 004 Fourier component
of the scattering density function p(r, E) on the Ni-dopant-
site preference in a unit cell of YBa3[Cup. 33Nip. $7]307—3 The
largest sine wave (solid line) is the real part of ppp'4 '(r, E) (see
text) plotted against the c-axis coordinate, assuming all of the
Ni dopants reside in Cu planes sites and with x rays at exactly
the Ni K absorption edge energy. The large dashed-line sine
curve is the corresponding Re[ppp4 (r E)] for Ni tons located
in the Cu chain sites. The smaller dotted-line sine curve is the
contribution from just the Ni ions to the generalized density
function, i.e., Re[ppp4(r, E)], for Ni ious in the planes, and the
dot-dashed sine curve is the contribution from these Ni ions
in the chain sites. Also shown is the projection onto the c
axis of the positions of the host structure metal ions. Note
that the Cu chain site is essentially out of phase with the
two Cu planes sites, and that the contributions from the Ni
ions in the chains and planes have opposite signs. Also note
that the relatively small amplitude (less than 20 electrons per
unit cell) indicates that the 004 is a rather weak re8ectiou,
an important factor for having good sensitivity to low dopant
concentrations.
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change of intensity which can be compared to the calcu-
lations, obviating the need for converting measurements
into absolute structure factor values.

We have developed a systematic procedure for select-
ing the most sensitive hkl reflections for determining the
dopant's concentration profile, to supplement the general
guidelines already mentioned. We numerically evaluate
the derivative of the square of the structure factor with
respect to the dilute constituent's concentration:

Dhs~(E a-) = ~[]Falsi(E a-)I'llcla-. (5)

For example, consider the problem of determining the
Ni-site distribution between the two inequivalent sites in
the 1:2:3superconductor. In Table I we list the ]Fbi,~]

and their derivatives with respect to the Ni concentra-
tion for 5% of all Cu atoms replaced by Ni. Two cases
are considered: (1) having all of the Ni in the Cu(1) sites,
and (2) having all Ni distributed equally between the two

Cu(2) sites. The following calculations use an x-ray en-

ergy at the Ni K absorption edge (8333 keV), and were
repeated for the (00l) reHections with l = 1, ..., 9. Notice
that whenever ]Fhsi] is large, the relative sensitivity to
the Ni concentration is quite small, as expected. In ad-
dition to wanting the magnitude of D~I,~(E, a„)to be as
large as possible, however, the response of the two dif-
ferent inequivalent sites should have opposite signs. One
might then determine which of the two inequivalent sites
has the greater occupation merely by observing whether
the raw data generally increase or decrease in the vicinity
of the absorption edge. Using this criterion and the mag-
nitudes of the Dos~ (E,a„),the most favorable reHection
would be the 001, followed in order by 004, 002, and 007.

For general calculations we use atomic scattering fac-

hkl
001
002
003
004
005
006
007
008
009

Cu(1) chains

]+xi i['
78.0

294.0
2423.0
303.0

10950.0
29 568.0

6125.0
524.0

5271.0

Dhj i

+0.64
+0.22
+0.09
+0.31
-0.05
-0.03

+0.07
-0.24

+0.07

Cu(2) planes

Dhkl
59.0 -0.89

277.0 -0.10
2457.0 +0.17

257.0 -0.59
11014.0 -0.02
29 513.0 -0.04

5903.0 -0.14
522.0 -0.27

5245.0 +0.04

TABLE I. Presented are calculations for
YBs2[Cuo.ssNis, os]sOq b indicating the sensitivities of s set
of 00) re6ections to the presence of Ni in each of the two in-

equivalent Cu sites, for x rays at the Ni K absorption edge,
E = 8333 eV. For each reQection the square of the structure
factor is given as a measure of the strength of the renection.
The sensitivity factor is Dqq~(E, a„)= 8[]FqI,~(E, a„)

l
]/Ba„,

i.e., the derivative of the intensity with respect to the Ni oc-
cupation factors. Both [Fqq~] and Dqs~ sre calculated for
Ni in the Cu(1) chain snd the Cu(2) plane sites. The crite-
ria for optimal site selectivity with anomalous dispersion are

(1) large Dhq~'s with opposite signs for the two sites snd (2)
a weak re8ection. The optimal re6ections are thus the 001,
004, 002, and 007, in descending order.

tors f„(E)appropriate for isolated atoms. For real
materials, of course, the ideal resonance behavior of
f'(E) and f"(E)can be substantially modified by the lo-
cal chemical environment to produce so-called near-edge
and extended x-ray-absorption fine-structure (EXAFS)
phenomena. A dopant with a strong "white line" char-
acter to f"(E) might result in rather complex behavior of
the diffracted intensities near the absorption edge, mak-
ing comparisons to calculations based on atomic scatter-
ing factors &om isolated atoms invalid. For an exper-
iment which intends to measure diHracted beam inten-
sities as a function of energy near an absorption edge,
however, an ideal solution is available: By measuring the
fluorescence &om the dilute constituent with the same
specimen over the same energy range, one has a nearly
direct measure of f„"(E)By a.dding appropriate analytic
continuations far from the absorption edge one can gen-
erate the corresponding f„'(E)via the standard Kramers-
Kronig transformation. 3 These experimentally deter-
mined values of f„(E)can then be used in the structure
factor calculations, and to a good approximation the local
chemical perturbations to the atomic scattering factors
near the absorption edge will be properly accounted for.

Such an anomalous dispersion x-ray-difI'raction mea-
surement has been performed on a ¹idoped 1:2:3 su-

perconductor crystal. This specimen contained 17% Ni,
i.e. , YBa2[CUp ssNio i7]sO& g. Although the specin. en
was a thin platelet only 0.5 mm by 0.5 mm, the data ob-
tained at the National Synchrotron Light Source (beam
line X-18a) from such crystals had better signal to back-
ground ratios than data from bulk polycrystalline sam-
ples. This crystal was prepared by standard flux-growth
procedures, " except that 10% of the CuO was replaced by
NiO. The Ni concentration for this particular specimen
was determined by comparing its Ni and Cu K fluores-
cence yields with those &om specially prepared polycrys-
talline standards. The Ni concentration was found to
vary substantially among crystals taken from the same
crucible.

Integrated intensities were obtained from sets of rock-
ing curves which mapped out the two-dimensional angu-
lar range of reHection for a given reciprocal lattice vector
Hgs~. These are converted to ]Fhg~] by correcting for ab-
sorption and geometrical eKects, and the results for the
004 reflection are plotted versus x-ray energy in Fig. 2.

The function f"(E) was derived from a measurement
of the Ni fluorescence yield &om this specimen as the in-

cident x-ray beam was scanned in energy through the
absorption edge [using an energy-dispersive Si(Li) de-
tector]. These data were corrected for absorption to
produce a relative f"(E), which was then put on an
absolute basis by adjusting the asymptotic limits to
match the theoretical values. The f"(E) are numeri-

cally inverted via a Kramers-Kronig transformation to
produce the corresponding f'(E); we followed the proce-
dure given by Cromer and Lieberman. ' Note that our
f'(E) and f"(E) are experimentally determined from the
same specimen employed for the structure factor mea-
surements. With the dopant f„(E)determined, only the
a remain as the Gtting parameters describing the site
occupancy of the Ni ions between the two inequivalent
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Cu positions. Hence we can generate a curve for iIi~i
versus energy for a particular distribution of Ni ions. The
solid line in Fig. 2 corresponds to having all of the Ni in
the CuO planes; the good agreexnent between the data
and the calculated curve is lost if only 5% of the Ni ions
are moved to the chain site in the calculation. Prom this
analysis we conclude that Ni ions have a very strong pref-
erence for the Cu(2) planes.

Notice the remarkable sensitivity of this reQection to
the x-ray energy near the Ni K absorption edge: The
intensity decreases by nearly 30%. Also note that if all
of the Ni atoms were located in the Cu(1) chain site,
then the calculated intensity would instead increase by
nearly 30'%%uo, a 60% difference in intensity between the
two Ni sites. In this specimen approximately one out
of six Cu atoms was replaced by a Ni atom, but this
is only one out of every 26 atoms altogether. A more
revealing measure is that all of the intensity change is
caused by the resonant interaction with the two K shell
electrons on the Ni atoms. These are two out of every 294
electrons in the crystal, or 0.68%. Of greater importance,
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FIG. 2; Measured 004 intensities as a function of energy
near the Ni K absorption edge for a YBaz [Cuo.soNio. i vjoov —s
single crystal. The intensities have been corrected for geomet-
rical and absorption efFects to make them proportional to the
structure factor squared ~Foo4~, and these were normalized
to make the lowest-energy data point unity. The solid line is
a calculated Bt in which all of the Ni atoms are located in the
Cu(2) planes sites Input ds. ta for the Ni atomic scattering
factors f'(E) snd f"(E) were derived from measurements of
the ¹i Buorescence yield versus energy from this same spec-
imen (see text). A similar calculation with Ni in the Cu(1)
chain sites produces a curve which is nearly the mirror image
of this one, with all intensities increasing near the Ni absorp-
tion edge. The calculation assumes the free atom value for
the Ni K absorption edge energy; the data indicate a small
chemical shift in the true absorption edge.

however, is that the results shown in Fig. 2 suggest that
with improved but still realistic signal to noise ratios,
data with only a 1% change could have been measured.
This would correspond to a Ni-site determination with a
dopant concentration of only 0.5% of the Cu atoms.

III. DISCUSSION

The anomalous dispersion data clearly resolve the
question of Ni-site occupancy. The dramatic resonant be-
havior of the 004 difFracted intensity is an unambiguous
demonstration of the Cu(2)-plane-site preference, with no
more than 5% of the Ni ions present in the Cu(1) chains.
This uncertainty in the minority site could readily be
reduced by improved statistics in future measurements.

As already noted, the earlier study of Howland et al.
using anomalous dispersive x-ray difFraction to deter-
mine the Ni dopant site in YBa2Cu30y g powder spec-
imens concluded that there was no site preference be-
tween the two sites, a result apparently contradicted by
the present work. One possible explanation is that the
true site occupation is different for polycrystalline and
single-crystalline materials. Neither the sintering of pow-
ders nor the Qux growth of single crystals corresponds ex-
actly to a true thermodynamic equilibrium of Ni-doped
YBa2Cu307 g., hence the dopant distribution need not
be identical.

Differences in measurement technique, however, may
also account for the absence of site preference found with
the powder specimens. We note three important differ-
ences from the earlier work.

(1) With a single-crystal specimen, it is possible to
measure the complete integrated intensity of a given re-
fiection, and with better separation of the true signal
&om other background scattering processes. A small
resonant change in the diffracted intensity can be eas-
ily obscured by a background signal. Our own prelim-
inary measurements on large, pressed pellets of doped
YBa2Cu307 g powders had signal to noise ratios infe-
rior to the data &om very small single-crystal specimens.

(2) The fits to the single-crystal data were obtained
with the measured values of f„(E)obtained from the
diffraction specimen, instead of using the tabulated dis-
persion corrections for isolated atoms. The calculated
6ts hence include the local chemical perturbations to the
scattering factor near the absorption edge.

(3) A larger number of data points for the single crystal
were obtained in the immediate vicinity of the absorption
edge, where the resonant behavior is most pronounced.

These results show that quantitative dopant-site dis-
tributions can be readily obtained &om single crystals
when using the high brightness and energy tunability
of a synchrotron radiation source. Mosaic crystals are
quite suitable, and even polycrystalline specimens can in
principle be employed, although with a likely decrease in
sensitivity due to reduced signal to noise ratios. For the
particular example of YBa2Cu30y g, dopant concentra-
tion levels down to 1% of the Cu content should produce
good site determinations. As with all such x-ray determi-
nations, the dopant atom must have an electron binding
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energy large enough to interact with the diffracting x
rays. Atoms with atomic numbers less than titanium's
(Z = 22, K shell binding energy = 4966 eV) would be
considerably more dificult with this method.

The anomalous dispersion x-ray technique has certain
advantages as an analytical tool. One measures only the
diffracted x-ray beam, with no need to also detect sec-
ondary yields, as is the case with x-ray standing waves.
Crystals of high quality are not required, since it is neces-
sary only to measure a signal proportional to the square
of the structure factor. This is easily done even with
polycrystalline powder specimens, although good single
crystals are preferred since the total reBecting power can
be determined by measuring over a small range of an-
gles, reducing unwanted background contributions. The
drawback, of course, is that the dopant concentration
must be high enough to measurably perturb the total
diffracted beam intensity when the x rays resonantly in-
teract with the dopant's bound electrons. The lowest
detectible concentration is therefore strongly dependent
on the accuracy with which diffracted beam intensities
can be measured, and hence on the reliability and re-
producibility of the diffractometer and the synchrotron
radiation source itself. In the example studied here, ¹i
doped YBa2Cu307 g, the results suggest that achievable
lower limits range from 0.1'%%up to 1.0% of the overall atomic
content.

IV. CONCLUSIONS

The experimental results presented here show that
quantitative determination of dopant-site distributions
using anomalous dispersive x-ray diffraction are feasible
for concentrations which are already low enough to be rel-
evant to current materials problems. This will certainly
improve as the newest generation of x-ray synchrotron ra-
diation sources become available. Because of the relative
simplicity of the measurements and the ensuing analy-
sis, such x-ray-diffraction determinations should provide
a useful complement to x-ray absorption and other ana-
lytical techniques.
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