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Abstract. MAFS spec& have been measured at the Cu K edge in Fe and Zndoped 
YBa&h07-6 using a laboratory WAFS spectrometer. The dopant ~ncentration was varied 
and the changes in the near-neighbour environment around the Cu ions were examined by 
detenniniig the best-fit smchnal parameters after curve fitting U) the first-shell M/VS function. 
The average Cu-0 distance is found to deerease as Fe concentration increases, and is found 
to inaease as Zn concentration increases. The results indicate t h 5  Fe and Zn affect me 
Cu-0 environment si&icantly but in different ways. The mobile hale concentration in the 
YEIa~Cu@-a superconduclor is hown to change with doping, and our result( indicate that 
the Cu-0 distance and the mobile hole concentration are probably related, the Cu-0 distance 
increasing as mobile hole concentration decreases and vice versa. 

1. Introduction 

The YBapZu307-~ (1:23) high-temperature superconductor is the most widely studied 
of all high-Tc superconductors discovered so far. This material has proved to be very 
suitable for carrying out studies aimed at understanding the very nature of high-temperature 
superconductivity. The structure of the 1:23 compound is a distorted perovskite. The 
0-rich YBa~Cu307-a (8 < 0.2) is orthorhomhic with lattice constants a = 3.8231 A, 
b = 3.8864 A and c = 11.6808 A [I]. There are two types of Cu site in the unit cell-the 
Cu(1) sites forming the Cu-0 chains along the b axis and the Cu(2) sites forming CuOz 
sheets in the a-b plane (see figure 1). The effect of substituting the constituent atoms by 
other elements has been a subject of interest and many substitutional studies have been 
carried out. It has been shown that substitution at the Cu sites leads to an unfavourable 
effect on the superconductivity [2-6], indicating that the Cu sites play a decisive role in 
superconductivity. The site preference of different dopant ions has been exploited in order to 
determine the relative importance of the two Cu sites. It has been shown [2] that suppression 
of Tc is more rapid in the case of doping with Ni and Zn, which occupy the Cu(2) sites 
[7,8], than in the case of doping with trivalent ions such as Fe, AI or CO, which occupy the 
Cu(1) sites [2,3], implying that the Cu(2) sites are more important for superconductivity. 
It is also observed that the structural symmetry changes from orthorhombic to tetragonal at 
certain concentrations of Fe, AI and CO, and remains tetragonal for higher concentrations 

Since the superconducting properties are closely linked with the structure, it is important 
to understand the changes in the structure upon substitution with different ions. The 
technique of extended x-ray absorption fine structure ( E M S )  is very useful for this purpose 
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because of its ability to yield accurate information about the local order around an atomic 
species in a material. In fact, several EXZFS studies have been carried out on doped 1 : 2 3  
compounds [9-12]. Although the environment of dopant ions has been probed in detail, 
relatively few studies have been carried out on the Cu environment, especially in the case 
of Zn doping. Also, the results of studies on changes in Cu environment on Fe doping 
seem to disagree. For example, Oyanagi et al [lo] report no change in Cu valence or in the 
Cu-O environment. Koizumi et aE 1111 report a small change in the Cu(lFO(4) distance 
(refer to figure 1). In order to probe this issue further, we have undertaken the present 
study of the local order around Cu sites in Fe- and Zn-doped 1 2 3 .  The changes in Cu-O 
environment as a function of dopant concentration were studied. The differences between 
the site preferences of these two dopant ions, and between their electronic structures, is 
expected to affect the local structure differently, and we have attempted to elucidate such 
effects by using the power of EXAFS for local-structure determination. We describe the 
experimental details in section 2 and the data analysis procedure in section 3. Our results 
are discussed in section 4 and we conclude with a brief summary in section 5. 

S K Deshpande et al 

2. Experimental details 

The YBazCU307-6, YBa2Cu3,Fe,@-~ (x = 0.01, 0.1,0.2,0.36), and YBa&-xZn,07-6 
(x  = 0.01, 0.1, 0.2, 0.3) compounds were prepared by the conventional solid-state reaction 
technique [Z]. High-purity Yz03, BaC03, CuO, ZnO and Fe203 powders were mixed 
together in proper proportions. Afterthorough mixing, the powders were calcined at 950°C 
for 48 h with intermittent grinding. The powders were then pressed to 10 mm diameter 
pellets using a die. The pellets were sintered in air at 950°C for 24 h. These were then 
annealed in 0 2  at 900 "C for 24 h, and at 600°C for another 24 h. The pellets were finally 
furnace cooled to room temperature in flowing 0 2 .  

The compounds were characterized by x-ray diffraction, using a Philips PW 1840 powder 
diffractometer with Cu Ka! radiation. All diffraction patterns indicated that the appropriate 
single phase has been formed. The orthorhombic-to-tetragonal transition for the Fe-doped 
case was clearly seen for x = 0.1, and the structure was found to remain tetragonal for all 
higher valnes of x. The Zn-doped compounds remained orthorhombic throughout the range 
of concentrations studied. 

The superconducting transition temperature Tc was measured using a low-temperature 
four-pobe resistivity apparatus. The undoped 1:23 compound showed a sharp transition at 
92 K and T, was observed to decrease progressively with doping. 

For the EXAFS measurements, the pellets of each sample were finely ground and sieved 
through a 400 mesh sieve to obtain very small particles of size < 40 pm. The powder was 
spread uniformly ou ordinary adhesive tape and successive layers were added to optimize 
thickness. The EXAFS spectra were recorded at the Cu K edge using the automated linear 
E W s  spectrometer developed in our laboratory [ I 9 .  The 12 k W  Cu rotating-anode 
x-ray source was operated at 20 kV and 180 mA, and a Si(311) Johansson crystal of 
400 mm Rowland radius was used as monochromator. A single scintillation detector was 
used to measure x-ray intensity and the sample was oscillated in and out of the beam 
path. The receiving slit width was 50 pm. Each spectrum was recorded in about 8 h at 
room temperature. The energy scale was calibrated by using the Cu KB1.3 emission line, 
which was assigned energy 8905.14 eV. All spectra were normalized to an edge height of 
1.0. Figure 2(a) and (b) shows the absorption spectra of the Fe- and Zn-doped samples, 
respectively. 
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Figure 1. The srmdure bf the orthorhombic YBa?Cu,@_s high-temperature superconductor. 

3. Data analysis 

The data were analysed using a self-contained program package for analysis of EXAFS data 
[14]. The preedge absorption background was removed using a Victoreen function [151. 
The po background fit was carried out using a cubic spline data-smoother routine [161. 
The normalized m s  function in photoelecnon wave-vector space was calculated from the 
equation 

x(k) = (N) - fio(k))/po(k) (1) 

where p(k) is the m e a s d  absorption and k is the photoelectron wave vector related to 
the absorbed photon energy E by 

E = lizk2/2m i- Eo. (2) 

The value of the threshold energy Eo was chosen as the mid-point of the total edge height 
of the Cu K edge in each spectrum. The value of Eo thus obtained was 8988 eV. No 
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Figure 2. (0) The EXAFS spectra of YBazCu~-,Fe&-s compounds at the Cu Kedge  and (b) 
rhe EXAFS spsha of YBoC~~,Z~,OM compounds a~ the Cu K dgc. All spectra have been 
normalized to an edge height of unity and shifted v e r t i d y  for clarity. 
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change in the edge position was observed as a function of doping, implying that there is 
no significant change in the effective Cu valence. A fast-Fourier-transform (m) routine 
was used to Fourier transform kzX(k) over a range of 2.67.9 .&-I. A symmetric Hanning 
window was used to minimize inncation error. The Fourier-transform magnitude peaks at 
distances corresponding to the radial distances of near-neighbour coordination shells around 
the Cu atom. 

The first strong peak, which is due to the 0 neareSt neighbours, was Fourier transformed 
into k space to obtain the first-shell EXMS ,yl(k). A rectangular window was used. This 
first-shell u(AFs function can be expressed as [ 151 

with 
= AI (k) sin(2kR1 + 41 (k)) (3) 

(4) 
Here, NI and RI are the number of nearest neighbours (assumed identical) and their average 
separation from the central atom in the spherical approximation, respectively. 4 (k) is the 
backscattering amplitude, $(k) is the amplitude reduction factor due to many-electron 
effects, a: is the root mean squared deviation of the neighbours from RI, A is the electron 
mean-free path, and A is the quantity occurring in the inelastic loss term due to many- 
electron effects. &(k) is the total phase shift due to the central atom and the backscatterers. 
RI and Nl can be obtained by curve fitting to XI (k) if 41 (k) and the other parameters in 
AI (k) are known. 

Since the slructure of the undoped YBaf.3307-a is well known and since it is 
structurally and chemically similar to the doped compounds, we have used it as a shuctural 
standard and determined Al(k) and 41 (k) for this phase. The amplitude and phase shifts thus 
determined were transferred to the doped cases assuming amplitude and phase transferability 
to be valid [17]. To determine Al(k) and $q(k), we have used the weighted averages of RI 
and NI. From figure 1, we see that there are two fivefold-coordinated Cu(2) sites and one 
fourfold-coordinated Cu(1) site in the orthorhombic unit cell, and the weighted average NI 
is thus 4.67. Using the Cu-0 distances determined by neutron diffraction [l], we obtained 
the weighted-average Cu-0 distance as RI = 1.963 A. The amplitude and phase shifts 
have been parameterized as 

and 

Al(k)  = ( N ~ / k R f ) $ S ( k ) e x p [ - 2 ( u ~ k 2  + (RI - A)/A)]. 

Al(k) = (Nl/Rf)C~exp(-Clk2)/kC2 (5) 

&(k) = ~ ~ f a i k + a z k ’ .  (6) 
These forms are known to approximate the observed E M S  amplitude and phase shifts very 
well [18]. The variable parameters CO, CI, CZ, QO. a1 and a2 must he determined by fitting 
these functional forms to the experimentally determined amplitude and phase shifts, and 
using the above values of NI and R1. Since xI (k) is a sine function it will become zero at 
values k, such that 

The values of 41 at the zeros of x1 (k) were determined and (6) was then fitted to these values 
to obtain the parameters QO. a1 and g. The parameters CO, CI and CZ were determined by 
a multiparameter least-squares fit to the amplitude envelope of xl(k). 

Keeping CO, C1, CZ, no, a1 and a2 fixed, the parameters NI and RI for the doped 
compounds were determined by allowing them to vary in the least-squares curve-fitting 
procedure. The best-fit values of NI and RI will give the average 0 coordination number 
and CU-0 distance, respectively. This cunre fitting was carried out over a k range of about 
2.4-7.8 .&-I. 

2knR1 + 4l(k,) = n r  n = 0 , 1 , 2 , 3  ,.... (7) 



0 

-1.2; 2 ' 
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4. Results and discussion 

Figure 3 shows the magnitude and real part of the Fourier transform for undoped 1:23, and 
for the x = 0.1 case in the doped compounds. The strong peak at about 1.4 A is due to 
0 nearest neighbours around Cu. The values of the amplitude and phaseshift parameters 
of equations (5) and (6), respectively, were obtained for the undoped 1:2:3 compound after 
inverse transforming this first peak into k space and curve fitting to x1 (k). The values are 
given in table 1 and the curve-fit result is shown graphically in figure 4. The results of m e  
fitting to x1 (k) for the doped compounds are summarized in tables 2 and 3. Figure 5 shows 
typical fits for x = 0.1. The average Cu-0 bond distance decreases slightly with increasing 
Fe concentration, reaching a value of about 1.93 A for x = 0.36. On the other hand, it 
increases slightly with Zn doping, reaching a value of about 1.99 A for x = 0.3. The 
behaviour of NI is more complicated and does not show a clear treud towards increasing 
or decreasing. However, it must he borne in mind that the value of NI as determined by 
our procedure includes the effects of changes in the U: factor of equation (4) since we 
have not allowed the shape of the amplitude envelope to vary [181. In other words, the 
changes in NI reflect a change in 0 coordination number as well as a possible change in 
the Debye-Waller factor U:. Varying C1 in addition to NI and RI would allow the shape. of 
the amplitude to vary and give a better fit at the cost of another variable that is correlated 
with N I .  In our study, however, we have avoided this additional freedom in curve fitting 
and hence it is not possible to infer much about the behaviour of NI. 

Table 1. The amplitude and phase-shift parameters obtained after cutye fitting to fhe &si-shell 
FXAFS function for’the undoped YBazCurW-8 mmpound (see the text). 

NI” R; CO CI cz og a1 4 
4.67 1.963 A 0.03854 0.04882 -0207 2515 -1.28 0.0218 

Weighted average of the known values from [l]. 

Table 2 StrucNral parameters for Fe-doped YBazCu3W4 obtained after curye fitting to first- 
shell d m  

x NI RI (A) 
0.01 4.55 rt 0.40 1.967 + 0.020 
0.1 5.60i0.40 1.956*0.020 
0.2 4.96 i 0.40 1.965 * 0.020 
0.36 ’ 4.90 i 0.40 1.928 * 0.020 

Table 3. Stnrcnual paramelers for Zn-doped YB~~CU@-S obtained after curve fitting to fin& 
shell data 

X NI RI  (A) 
0.01 5.4arto.40 1 .97i~0 .020  
0.1 ~ 5.05rt0.40 1.974rt0.020 
0.2 4.55i0.40 . 1.986i0.020 
0.3 5.06 & 0.40 1.986 i 0.020 
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It is interesting that the mobile hole concentration in YBa~Cu307-, has been observed 
to change with doping 1191 and the change in Cu-0 bond lengths appears to be related 
to the mobile hole concentration. The holes on the Cu(1) (chain) sites are known to be 
localized and only the holes at the Cu(2) (planar) sites are mobile [ZO]. It has been shown 
that the mobile hole concentration decreases with increasing Zn in the 1:23 compound 
[I91 and our results indicate that the average Cu-O distance increases as the mobile hole 
concentration decreases. The average number of holes per Cu in the unit cell is dependent 
on the 0 content [19]. Therefore, since the 0 content increases with Fe doping [2], the 
average number of holes per Cu site in the YBa~Cu307-~ unit cell will increase and this 
in tum will increase the mobile hole concentration. Our results show a decrease in the 
Cu-O distance as Fe increases, indicating that an increase in the mobile hole concentration 
is accompanied by a decrease in the Cu-0 distance. 

%re 4. The mult of c y e  fitring to the ht-sizll  WAFS function for undoped YBa~Cu&-s 
over a k range of 2.4-7.8 A-' (0, experiment; -, Calculatd curve). 

Thus, it appears that the Cu-0 distance is related to the mobile hole concentration. The 
effect of Fe doping on the Cu-0 distance is exactly opposite to that of Zn doping and so 
is the effect on the mobile hole concentration. 

S. summary 

Our study on the local environment of Cu in Fe- and Zn-doped YBazCu307-8 high-T' 
superconductor shows that the average Cu-0 distance decreases with increasing Fe and 
increases with increasing Zn. The Cu-0 distances appear to be related to the mobile 
bole concenhtion, which is nucial for superconductivity in this compound. The Cu-O 
distance increases with increasing Zn while the mobile hole concentration is known to 
decrease. For the Fedoped cases, the Cu-0 distance decreases while the mobile bole 
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Figure S. Curve fit results for (0 )  YBa2Cu-,Fe,Or_b. x = 0.1 and (b) YBazCu,,Zn,Ol-a, 
x = 0.1, over 2.4 k1 < k < 7.8 A-‘ (0. experiment; -, calculated curve). 

concentration increases with increasing dopant concentration. The Cu-0 distance thus 
seems to be inversely proportional to the mobile hole concentration. However, we can state 
this relationship only qualitatively in the absence of data on the 0 content, since it was 
not measured. Clearly, more detailed studies in this direction are necessxy to explain this 
relationship and its implications for high-temperature superconductivity. 
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