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Abstract
We have refined the structures for YBa2Cu2.gqNi0,060y (2% Ni) and YBa2Cu2.80Ni0.200y
(6.67% Ni) at y 6.95 and y 6.5 contents. Oxygen was reduced by two independent methods:
quenching from 690 OC and oxygen gettering at 450 OC. Cu-0 bond lengths were calculated based
on Rietveld structure refinements for the various samples; they indicate the likely occupancy of Ni in
the plane (Cu2) site of the 123 superconductor.
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Introduction
Many studies have invesiigatcd the bchavior of transition metal dopants on the YBa2Cu307-6 "123"
compound since dopant effects often yield insights about the structure and properties of this hightemperature superconductor.[ 1-31 These studies have focused on the effects of metal ions such as
Co, Fe, Zn, Ni, etc. when they are substituted for the copper ions at the (CUI) and (Cu2) sites,
commonly referred to as the chain and plane sites, respectively. Figure 1 displays a model of the
orthorhombic 123 structure displaying the different cation and oxygen sites. Trivalent ions such as
Co and Fe, when substituted for Cu, display preference for the (Cul) site. This site preference has
been established with the use of such techniques as neutron diffraction and Mossbauer
spectroscopy.[4,5] Thermogravimetry, electron diffraction, and analysis of lattice parameters as a
function of dopant also yield results consistent with those of the structural studies with respect to the
chain-site preference of both Co and Fe.[ 3,4,6-81
Both Ni and Zn appear to substitute similarly, but in marked contrast to Co and Fe. When Ni or Zn
, the
cations are substituted for Cu, they apparently have a preference for the plane site ( C U ~ )and
123 maintains an orthorhombic structure even at the highest solubility levels (Le. x = 0.25 or 7.5%)
in high-oxygen-content samples. It is notable that the solubilities of Ni and Zn are substantially
lower than that of the Co and Fe ions; this observation may imply that Ni and Zn prefer a different
site than the Co and Fe dopants. Ni and Zn have an apparent preference for the plane site (Cu2)
since there have been mixed reports concerning the dopant site locations in these materials.[9-161
The difficulty of Ni site assignment is a consequence of the low Ni concentration and similarity in
scattering factors for Cu, Ni and %n which results in a difficulty i n distinguishing the location of the
dopant species within the structure.

The purpose of this study was to investigate the site location of the Ni dopant when substituted for
Cu in the 123 superconductor. Since direct observation of Ni has proven extremely difficult, our
method was to determine the Cu-0 bond lengths for the chain (Cul) and plane (Cu2) coordinations
as a function of both Ni dopant and oxygen content. We selected two compositions, a relatively low
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dopant level of 2% N i (YBa2Cu2 9 4 N i 0 0 6 0 y ) and a high dopant level of 6.67% Ni
(YBa2Cu2.80Ni0.200~).By investigating Cu-0 bond lengths as a function of Ni addition and
oxygen content our hope was to obtain a picture of the dynamics of the Cu-0 bond lengths. This
structural information about how the Cu sites coordinate to oxygen could, by inference, yield
knowledge of the site location of the Ni dopant.

Figure 1. Structure of the YBa2Cu307 "123" compound displaying the the two distinct
coordinations for copper: Cu2 in the corregated "plane" coordinated by 0 2 , 0 3 and 0 4 and Cul in
the chain coordinated by 01 and 0 4 .
Some reports have indicated that thermal history can affect the properties of transition-metal-doped
123 compounds.[4,5,17] This issue was addressed i n this study by reducing the oxygen content of
samples by two different methods: 1) quenching of the sample from a moderately high temperature
(e.g. 690 OC), and 2) oxygen-gettering of a sample at the relatively low temperature (e.g. 450 OC).
The two methods differ considerably in thermal history and therefore would serve to monitor the
effect of thermal treatment and its impact on the structure of these compounds.
Experimental Procedure
Ni doped compounds were prepared by solid-state reaction of oxides and BaC03. Stoichiometric
amounts of reagents were homogenized and milled under ethanol, in an agate container. Repeated
and alternate calcining i n air ai 930 OC and mechanical grinding were performed, until
homogeneous and x-ray impurity-free materials were obtained. Powders were then pressed into
pellets and sintered in air at 930 OC. Annealing was carried out in flowing oxygen at 480 OC, for
150 hours. Four pellets were prepared at the 2% Ni composition and four pellets were prepared at

the 6.67% Ni composition. In this way all the samples at a given Ni content would be identical prior
to being subjected to oxygen removal. Samples were then subjected to further treatment as shown in
table I below.
TABLE I: Description of sample treatments
2% Series 6.67% Series Subsequent Treatment
Ni 2%A
Ni 6.47%A
Control sample - no additional heat treatment
Ni 2%G
Ni 6.67%G
Oxygen content reduced by gettering
Ni 2%Q
Ni 6.67%Q
Oxygen content reduced by quenching
Ni 2%QA Ni 6.67%QA Oxygen content reduced by quenching followed by re -annealing in 0 2
Reduction via the oxygen-gettering technique was performed under vacuum by employing metallic
zirconium. The sample pellet and a 2.5-cm-high zirconium strip were sealed in an evacuated Pyrex
ampoule, 35-40 cni3 capacity, and heat treated at 448 OC for 120 hours; an inverse proportionality
was reproducibly found belween the zirconium surface and the residual content of oxygen in the
compounds, independent of dopant level. Additional information concerning the oxygen gettering
technique has been published elsewhere.[l8,19] The second method of oxygen reduction was hightemperature quenching. To perforin quenching, a pellet was placed into a box furnace at 690 O C
for several hours. The sample was then quickly removed from the furnace and quenched into a
dewar of liquid nitrogen.
X-ray powder diffraction was performed using a Scintag automated 8-8 powder diffractometer
equipped with Cu K a radation and a peltier cooIed solid-state germanium detector. Powder samples
were mounted on quartz zero-background holders for analysis. Data collection parameters were
0.020 step-size, and a 1 0 sec count-time; data were collected using a 20-1000 20 range.
Refinements were carried out using the Rietveld profile least-squares program contained within the
General Structure Analysis system (GSAS) package.[20] The value for oxygen content of the
samples was determined by iodometric titration.[21] Details of the procedure have been outlined
elsewhere.[l9] All oxygen contents were calculated based on a divalent oxidation state of the Ni
dopant.
Results and Discussion
Results of the retjncnients are listed in Table 11. Values for tlie Ni 2%QA and Ni 6.67%QA samples
(samples subjected to quenching and subsequent re-annealing) were essentially identical to those for
the Ni 2%A and Ni 6.67Y0A control samples, respectively. It is important to stress that the error in
atomic position will have a significant impact on the error associated with bond length changes. In
this study, we are specifically looking for trends in the way bond lengths change so as to obtain a
feel for how the structure changes with Ni addition. Table I1 reports the errors associated with the
atomic positions as reported in the Rietveld output. As Table I1 indicates, the errors for the oxygen
positions are quite large and cast considerable doubt on the sensitivity of the Rietveld to the trends in
bond lengths. However, there is evidence that the error in oxygen site location is considerably
smaller. This evidence is in the repoducabilily of the refinements for A and AQ samples. For
example, if the case of the 0 4 position is considered, the z position for Ni 2%A was refined as

0.1601 and Ni 2%AQ 0 4 z was found to refine to 0.1605; for Ni 6.67%A, 0 4 z was refined as
0.1623 and Ni 6.67%A Q was refined as 0.1627. Since both samples are very near the same oxygen
content but were independent of one another (since A Q was subjected to different heat treatment)
this reproducibility indicates that the error i n the oxygen position is smaller than the refinement
errors indicate and that the trends in bond length differences are probably above the noise at about
0.005A. Hence it is iinportant to view the bond length differences in light of this level of sensitivity
and that a qualitative trend in the behavior of the structures is the extent to which we desire to
interpret these results.
One important structural observation from table I1 concerning the overall effect of Ni addition is the
amount of orthorliombicity (b-a)/(a+b) the unit cell displays. It is well established that as oxygen is
removed from the 123 structure, the a and b axes approach one another until the cell undergoes a
phase transition from orthorhombic-to-tetragonal symmetry (which occurs at ca. y = 6.3). The data
in table I1 indicates that the 123 structure containing 2% Ni has a higher orthorhombicity (0.00856)
at high-oxygen-contents as compared to 6.67% Ni (0.00804). However, as the oxygen content is
lowered, the slope of orthorhoinbicity is faster for the 2% Ni samples as compared to the 6.67% Ni
samples. In other words, a 123 sample with high Ni content will not have as high an
orthorhombicity at a high-oxygen-content, but it will be less willing to yield that orthorhombicity as
the oxygen content is reduced.
Table 11: Structural Results from X-ray Powder Rietveld Refinement.
Ni 2%A
Ni 2%G
Ni 2%Q
Ni 6.67%A Ni 6.67%G
3.8374(1)
3.8239(1)
3.8367(1)
3.8 198(1) 3.8429(1)
a (A)
3.8748(1) 3.8778(9)
3.8864(2)
3.88 1 l(1)
b (A)
3.8862(1)
c (A)
11.6726(4) 11.7587(3) 11.7379(2) 11.6532(5) 11.6999(3)
(b-a)/(b+a) 0.00856
0.00415
0.0053 1
0.00804
0.00570
0.35 66( 3) 0.3584(3) 0.3593( 3) 0.354 l(4) 0.357 l(3)
cu2 z
02 z
0.3786(11) 0.3761(11) 0.3831(11) 0.3863(12) 0.3845(12)
O.3846(11) 0.3752(11) 0.3759(11) 0.3707(15) 0.3705(13)
03 z
0.1601( 15) 0.1563( 11) 0.1628(13) 0.1623(17) 0.1563( 15)
04 z
6.56(2)
6.96(2)
6.41(2)
6.49( 2)
6.94(2)
Y"
RWp(%)
8.02
7.31
8.61
9.21
8.08
Rp (%)
5.97
5.66
6.42
6.34
5.64
"oxygen content determiIied from iodometric titration

Ni 6.67%Q
3.8382( 1)
3.8807( 1)
11.7034(3)
0.00557
0.3574(3)
0.3845( 12)
0.3705(13)
0.1563(15)
6.55 (2)
8.08
5.63

Although the impact on the orthorhoinbicity is interesting, it is difficult to interpret without an
understanding of what actually happens within the unit cell. As stated earlier we can obtain a better
understanding of what occurs within the structure by calculating the Cu-0 bond distances within the
unit cell. Table I11 contains the values of the Cu-0 bond lengths calculated based on the refined
atomic positions. As stated earlier, the estimated CT for the bond lengths are - O.OOS(A).
By calculating the differenccs of the bond lengths between the high-oxygen-content samples and the
reduced samples, it was possible to determine the amount of the expansion or contraction in the Cu-
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0 bond lengths as a function of oxygen reduction. Since the oxygen content was reduced by
quenching and gettering, bond length differences were calculated for each case and hence there are
two “difference-structures” for each composition, e.g. Ni 2%[A-GI and Ni 2%[A-Q]. Figure 2a and
2b display the difference-structures for Ni 2%[A-G] and Ni 2%[A-Q], respectively. For the Ni 2%
samples we see several interesting results. First, the Cu-0 bond lengths that coordinate Cu2 in the
plane (i.e. Cu2-02 and 012-03) behave quite different from one another. While Cu2-03
demonstrates a fairly large contraction, the Cu2-02 actually expands in length. This asymmetric
change in bond lengths is observed in both [A-Q] and [A-GI difference-structures, however in the
case of [A-G] the Cu2-02 bond length was smaller in magnitude. This observation indicates a large
degree of flexibility in the Cu-0 bond lengths within the plane. Secondly, the apical oxygen (04) is
positioned quite differently depending on the sample preparation method. In the difference
structure Ni 2%[A-G] (figure 2a), the Cu2-04 bond has a very large expansion while the Cul-04
bond contracts. For Ni 2%[A-Q] (figure 2b), both the Cu2-04 and the Cul-04 bond lengths
expand with Cu 1-04 expanding more than Cu2-04.
Table 111: Cu-0 bond lengths i n (A), the estimated (T
Bond
Ni 2%A
Ni 2%G
Ni 2%Q
CUl-01
1.943
1.937
1.939
Cul-04
1.869
1.838
1.91 1
cu2-02
1.927
1.933
1.941
Cu2-03
1.970
1.948
1.949
(32-04
2.294
2.376
2.307

is 0.005 (A).
Ni 6.67%A
1.943
1.892
1.948
1.953
2.235

Ni 6.67%G
1.941
1.829
1.945
1.947
2.350

Ni6.67%Q
1.940
1.832
1.943
1.948
2.350

cu2-02

Cu2-03
Cu2-04

CU1-04
CUl-01

a. Ni 2%[A

-G ]

b.Ni 2%[A -Q ]

Figure 2. Comparison of Cu-0 bond “difference-structures” for 2% Ni doped 123: a) observed
bond length changes based on gettering and b) observed bond length changes based on quenching.
Other refinements performed on additional samples containing small Ni contents indicated that the
0 4 position was less controllable for samples reduced by quenching. On the other hand, samples

prepared via gettering indicated reproducible results for the 0 4 location and demonstrated
uniformity regarding the expansion of the Cu2-04 bond coupled with contraction of the Cul-04
bond. These observations are consistent with differences in thermal processing. Since the
quenching treatment employs a higher temperature compared to that of the gettering treatment,
thermal motion of the atoms will be higher prior to quenching. This higher entropy condition
would likely create higher disorder with respect to the atom locations upon quenching. 0 4 is
particularly susceptible to bond length changes due to its coordination as the bridging oxygen
between the Cul and Cu2 cations and the long lengths associated with the Cu2-04 bond.
Conversely, the gettering process removes oxygen under more equilibrium-like conditions with less
thermal energy (lower temperature) and hence a more predictable 0 4 position is observed for these
compounds.
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Figure 3. Comparison of Cu-0 bond "difference-structures" for 6.67% Ni doped 123: a) observed
bond length changes based on gettering and b) observed bond length changes based on quenching.
The difference-structures for the Ni 6.67%[A-G] and Ni 6.67%[A-Q] are illustrated in figures 3a and
3b, respectively. The Ni 6.67% composition shows some very interesting contrasts to that of the Ni
2%. First, the Cu-0 bonds in the plane, Cu2-02 and Cu2-03, both contract. This bond length
contraction is nearly equal in magnitude for both Cu2-02 and Cu2-03 bonds in both Ni 6.67%[AG] and Ni 6.67%[A-&j difference-structures. Also, while the Ni 2%A sample had quite different
bond lengths in the plane (Cu2-02 = 1.927 A and Cu2-03 = 1.970 A), the Ni 6.67%A sample has
nearly equal Cu-0 bond lengths in the plane (Cu2-02 = 1.948 A, Cu2-03 = 1.953 A), So at Ni
6.67%, the Cu-0 bonds i n the plane are nearly equal in length at a high-oxygen-content, and upon
oxygen reduction, contract in a uniform manner so as to remain nearly equal in length. This
behavior is quite different from that of the Ni 2% composition and indicates a higher degree of
rigidity i n the lattice. The second important observation concerning the 6.67% composition was that
Ni 6.67%[A-GI and Ni 6.67%[A-Q] difference structures were nearly identical since Ni 6.67%G and

Ni 6.67LTOQ refined to essentially identical structures. This could be coincidental or it could be
additional evidence of a structure with much less flexibility since such a structure would more

strongly dictate the location of the 0 4 oxygen. Also, the bond length expansion for Cu2-04 is
substantially larger for the 6.67%Ni composition (+O. 115 A); it is the only bond length which
undergoes an expansion during oxygen reduction.

This study has yielded some useful insight concerning the Ni dopant location within the unit cell.
We interpret these results to indicate a Cu2 (plane) site preference for the Ni dopant. This
interpretation is based on several observations. First, there is a correlation between Ni addition and
the behavior the Cu-0 bonds within the plane. The behavior of the orthorhombicity can be seen as a
direct result of the increased rigidily of the Cu2-02 and Cu2-03 bonds. Since Ni does not display
as large a Jahn-Teller distortion as Cu,[22] we could expect that if Ni was placed on the plane site it
would tend to prefer a mare symmetric coordination of oxygen (i.e. equal bond lengths).
Additionally, it is likely that Ni would prefer not to coordinate as strongly to the apical oxygen (04),
thereby reducing the N j oxidation state. This is indeed what is observed jn the 6.67% Ni
composition which demonstrates a large expansion of the Cu2-04 bond upon reduction.
Conversely, if the Ni is considered to be located on the chain site, it would be difficult to explain the
behavior of the Cu-0 bonds in the plane. The possibility exists that the presence of Ni on the chain
site could control the b lattice parameter and thus dictate the Cu2-03 bond length. However, this
would not account for the behavior of the Cu2-02 bond. Also, the chain site bond lengths do not
demonstrate a move toward more equal values as Ni content is increased. In fact the chain site
demonstrates large diIferences in magnitude between C u l - 0 4 and Cu1-01 at Ni 6.67%. The
observed bond length characteristics fit well with the idea that Ni locates on the plane site and help in
understanding the large differences in behavior of Ni dopants as compared to the Co and Fe
transition metal dopants.
An additional conclusion can be made based on the refinements of the Ni 2%AQ and Ni 6.67%AQ
samples concerning the possibility of Ni dopant site re-distribution due to thermal treatment. The Ni
2%AQ and Ni 6.67%AQ samples were reduced by the quenching method and subsequently reannealed i n oxygen to bring the samples back up to y = -6.95. Since the quenching treatment was
performed at a relatively high lemperature (690 "C), it could be possible to modify the site
distribution o f the Ni dopanr froin the initial state observed in the control samples Ni 2%A and Ni
6.67%A due to the additional thermal energy associated with the 690 "C temperature. By reannealing a quenched sample at thc relatively low temperature of 450°C we would expect that the
site distribution present in a quenched sample would not change substantially upon re-oxygenation.
Therefore the Ni site distribution obtained in the quenched saniple would still be present in the
sample after subsequent re-annealing. As stated earlier, the refinements for the Ni 2%AQ and Ni
6.67%AQ samples were nearly identical to those of the Ni 2%A and Ni 6.67%A control samples,
respectively. This is strong evidence that dopant site re-distribution does not occur as a result of
quenching. On the other hand, it implies that whatever the site distribution is for the control sample,
that distribution remains Ihroughout subsequent thermal treatments.
Conclusions

Cu-0 bond lengths for 2% and 6.67% Ni doped 123 samples at different oxygen contents yield
evidence for a plane (Cu2) site location of the Ni dopant. In particular, the plane Cu-0 bond
lengths, Cu2-02 and Cu2-03, demonstrate behavior consistent with the presence of Ni substitution at
Cu2 thereby inducing a more rigid lattice. Additionally, the large increase of the Cu2-04 bond at
6.67% Ni implies a desire for the Cu2 site to disassociate from the apical oxygen; this is also
consistent with the presence of Ni in the planes. Quenching appears to effect the site location of the
apical oxygen (04) for the 2% Ni composition, but not for the 6.67% Ni content. Ni site
distribution is not affected by the quenching method and appears to be consistent throughout the
various heat treatments employed in this study.
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