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The Axial Oxygen Atom and Superconductivity in 
YBa2Cu307 

Changes in the copper K-edge x-ray absorption spectrum of  YBazCu307 across the 
critical temperature indicate that, accompanying the superconducting transition, the 
mean square relative displacement of some fraction of the CuZ-04 bonds becomes 
smaller or more harmonic (or both), that there may be a slight increase in the 
associated Cul-04 distance, and that electronic states involving these atom pairs 
become more atomic-fie. If there is an association between the superconductivity and 
this lattice instability, then the bridging axial oxygen is of central importance in 
determining the high transition temperature of YBa2Cu307. Because this structural 
perturbation will affect the dynamic polarizability of the copper oxygen sublattice, it is 
consistent with an excitonic pairing mechanism in these materials. 

D ESPITE THE INTENSITY WITH 

which the superconducting cu- 
prates have been studied since their 

discovery ( I ) ,  direct information about 
changes in their atomic and electronic struc- 
tures in the vicinity of the transition tem- 
perature is largely lacking, and the mecha- 
nism of superconductivity in these materials 
is still uncertain (2). Copper K-edge x-ray 
absorption spectroscopy (XAS) measure- 
ments have shown that chemical modifica- 
tion of YBa2Cu307 (for example, by dop- 
ing) results in small differences in the x-ray 
absorption near-edge structure (XANES) 
indicative of corresponding changes in 
structural properties (3). Although these 
differences are quite subtle, we have recently 
found that they can be amplified by sub- 
tracting the XANES of the modified com- 
pounds from that of a high-quality, un- 
doped sample (4). Features in these differ- 
ence spectra are easily identified with respect 
to the assigned transitions in the spectrum 
of YBazCu307 (5, 6) and their magnitudes 
show a consistent trend with the dopant 
concentrations. The sensitivity and utility of 
this difference spectrum approach suggested 
its application to the examination of the 
temperature dependence of YBa2Cu3O7, as 
reflected in the XANES. In this paper, we 
report direct evidence for specific changes in 

Electronics Research and Isotope and Structural Chemis- 
try Groups, Los Alamos National Laboratory, Los Ala- 
mos, NM 87545. 

the atomic structure and electronic config- 
uration accompanying the transition to the 
superconducting state. 

We have examined two samples of YBaZ- 
Cu307, prepared from Y203, BaC03, and 
CuO bv conventional ceramic procedures. 
sample; 1 and 2 were both singie phase (as 
determined by x-ray and electron diffrac- 
tion), both showed superconducting transi- 
tion temperatures (onset) of 92 K, and they 
had oxygen stoichiometries of, respectively, 
6.97 and 6.98 (thermogravimetric analysis). 
The superconducting volume fraction (after 
a demagnetization correction) of sample 1 
was 0.97 at 7 K, whereas that of sample 2 
was only 0.35. Certain aspects of the diffrac- 
tion patterns of sample 2 suggested less than 
perfect order in the c direction. The differ- 
ences in the preparations of these two sam- 
ples were that sample 1 was fired at 950"C, 
slowly cooled, and given a long anneal in 0 2  

at 450°C, whereas sample 2 was fired at 
900°C and then furnace-cooled in 0 2  to 
room temperature directly. Amounts of 
these samples calculated to produce an ab- 
sorbance of unity over the copper K edge 
were used for these measurements. All XAS 
data were recorded at the Stanford Synchro- 
tron Radiation Laboratory on beam line 1-5 
under dedicated operating conditions (3- 
GeV electron energy, 50-mA beam current, 
no positrons).  he inflection point of the 
first feature in the copper metal spectra used 
for calibration was defined as 8980.3 eV. 
The effects of background variations on the 

normalized difference spectra were compen- 
sated for by performing small (0 to 0.7%) 
adjustments to maximize the overlap of the 
two spectra from 8980 to 8982 and 9023 to 
9030 eV. 

The XANES spectrum of sample 1 is 
shown in Fig. 1. Below the ionization 
threshold at around 9000 eV, features in the 
XANES labeled A to E (5, 6) correspond to 
transitions from the core level of the absorb- 
ing atom to the bound, localized electronic 
states of the system (5-11). Above the ion- 
ization threshold, the XANES contains dis- 
crete transitions to more delocalized and 
multiple-scattering types of final states in 
addition to the low k region of the extended 
x-ray absorption fine structure (EXAFS). 
The energies and intensities of these types of 
resonances, originating in the interaction of 
the low kinetic energy photoelectron with 
the potential of the neighboring atoms, are 
very sensitive to the exact structure of the 
local cluster around the absorbing atom (7, 
9). This XANES spectrum, extending about 
50 eV above the onset of absorption, there- 
fore simultaneously probes both the elec- 
tronic states of the copper atoms and the 
atomic structure around them. 

Difference spectra have been computed 
for sample 1 for five pairs of temperatures 
up to 150 K (Fig. 2). In addition to changes 
in the intensities of the localized transitions 
A, B, C, and D, a pattern of oscillations with 
extrema at 9000, 9003, 9006, 9010, 9014, 
and 9020 eV is evident in the structure- 
sensitive region. The iteration of this pattern 
and the virtually identical shapes of the 
spectra obtained for samples 1 and 2 across 
the transition temperature T, indicate that 
these spectra reflect the same distinct lattice 
instabiiity. This spectral pattern was not 

Flg. 1. The Cu K XANES of YBa2Cu307 at 11 K. 
Transitions to discrete, localized final states are 
indicated by arrows and assigned based on (5), 
MS = multiple scattering-type transition. Alter- 
native assignments are discussed in ( 16). Features 
corresponding to some of these transitions are 
more difficult to see in this powder spectrum than 
in those from oriented samples or in the difference 
spectra. 
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found for a tetragonal material with an 
oxygen stoichiometry close to six, and is 
therefore indicative of a structural perturba- 
tion specific to the orthorhombic phase. The 
differences in the absorption are only of the 
order of 1% of that of the transition to the 
continuum, indicating that this perturbation 
is subtle, or occurs within only a fraction of 
the unit cells at any instant, or both. If the 
perturbation was due to an impurity phase 
(which can only be present at < 1% level, as 
shown by the XRD and flux exclusion data), 
then there would undoubtedly be a large 
shift in energy of the XANES features as 
well as the observed change in absorption 
(12). Because the subtractions did not pro- 
duce the derivative-like spectra that result 
from shifts as small as a few tenths of an 
electron volt, this modification of the struc- 
ture must be occurring in the bulk, super- 
conducting phase. It is therefore especially 
notable that, relative to the spectra at higher 
and lower temperatures, the direction of the 
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Fig. 2. YBa2Cu307 CU K-edge XANES difference 
spectra as a function of the higher temperature 
spectra subtracted from the lower. The tempera- 
tures of the sample from which the spectra were 
generated are as follows: (a) 11 to 90 K; (b) 
sample 2, 87 to 105 K; (c) 90 to 95 K; (d) 95 to 
105 K; (e) 105 to 120 K; (f) 120 to 150 K. All 
spectra are from sample 1 except as noted. A 
through E are at the same energies as in Fig. 1, 
making apparent the correspondence of the fea- 
tures in the difference spectra with those in the 
XANES. 

changes reverses as Tc is crossed. These 
differences, therefore, do not originate in a 
simple thermal effect but reflect a distinct 
process associated with the onset of super- 
conductivitv. 

Additional information about this struc- 
tural perturbation can be obtained from the 
EXAFS, where data from sample 2 show an 
observable temperature dependence (Fig. 
3a). These differences, first evident at k = 9 
A-', increase with increasing energy, sug- 
gesting that the dominant effect is a change 
in the Debye-Waller factor, which has an 
exponential energy dependence. This sug- 
gestion is corroborated by curve-fitting re- 
sults and is seen in the Fourier transforms of 
the EXAFS (Fig. 3b). The difference in the 
transform around R = 2 A is caused by the 
contribution of the Cu2-04 pair, which is 
large at the lower temperature but undetec- 
tably small relative to the contributions of 
the other neighboring atoms above Tc (13). 
The increased contribution of this atom pair 
to the EXAFS just below Tc almost certainly 
results from an increase in the harmonic 
character of the Cu2-04 mean square rela- 
tive displacement (MSRD), or a decrease in 
its amplitude, or both. The Cu2-04 dis- 
tance at 8 7  K is, within kO.01 to 0.03 A, 
the same as that determined crystallographi- 
cally (14, 15). (The difference in the trans- 
form around R = 4 A probably reflects a 
change in the contributions of the Cul-Cu2 
pair, which would be affected by multiple 
scattering through 0 4 . )  

Changes with temperature in the EXAFS 
of sample 1 are below the detectability limit 
of the analysis. This is in agreement with the 
smaller amplitude of the XANES difference 
spectra for sample 1 relative to sample 2. 
The larger magnitude of the change for 
sample 2 may result from its lower tempera- 
ture at 8 7  K instead of 90 K, which could be 
significant because of the proximity to Tc. 
 en if this temperature difference is not the 
reason that the spectrum of sample 2 is 
larger, the fact that the magnitudes of the 
effect are greater for the sample with the 
smaller superconducting volume fraction 
does not imply that the structural permrba- 
tions observed here are unrelated to ;he suDer- 
conductivity. The exact nature of the static 
structural difference between samples 1 and 2 
is unknown. but the XAS data indicate that 
the copper-oxygen sublattice is not severely 
affected (13). It is quite possible that the 
additional structural disorder evident in sam- 
ple 2 increases the temperature dependence of 
the MSRDs, while simultaneously disrupting 
carrier pairing in affected regions of the crys- 
tal. Regardless of the origin of the difference 
between the samples, the similarity in the 
difference spectra demonstrates that the 
change in the C3-04  MSRD across Tc in 

sample 2 also accompanies the superconduct- 
ing transition in sample 1, which is almost 
100% superconducting. 

The behavior of the transitions to local- 
ized final states (<9000 eV) is completely 
consistent with this interpretation of the 
EXAFS. In addition, these transitions exhib- 
it some unique characteristics. The principal 
features in this region of the difference 
spectra correspond to changes in the intensi- 
ty of transitions C and D (Fig. 2). Transi- 
tion D always changes in the same direction 
as the feature at 9003 eV and its intensity is 
always about twice that of the difference 
between the 9003 and 9000 eV extrema. It 
thus appears to be directly correlated with 
the structural change discussed above. The 
difference in the intensity of transition C, 
although always in the same direction as D, 
becomes significant only just above Tc, be- 
comes large just below this temperature, and 
continues to increase in magnitude until it is 
the largest feature in the 11 to 90 K differ- 
ence spectrum (Fig. 2a). 

The results of Heald et al.  (5) and Kosugi 
et al. (6) on oriented samples indicate that C 
and D originate in transitions from, respec- 
tively, the Cu l  and Cu2 1s initial states to 
final states possessing Cu l  4pX7r and Cu2 
4pZ7r character (16). An increase in the in- 
tensities of these transitions is caused by a 
decrease in the overlap (8) of the Cu l  4p, 
and Cu2 4p, orbitals with those nearby 
oxygen orbitals of the appropriate orienta- 
tions and energies. In other words, the 
character of these final states becomes more 
atomic-like with the onset of superconduc- 
tivity. The most important Cul-0 interac- 
tion is likely to be the overlap of 0 4  p, with 
Cul  4px, because 0 4  is 0.1 A closer to 
Cul  than 01 (14, 15). We believe that the 
most important Cu2-0 interaction is the u- 
type overlap of the 0 4  3p, with the Cu2 4p, 
rather than the T-type overlap with the 
02,3. If this were not the case, any pertur- 
bation of the Cu2-02,3 bonding which 
affected transition D would also have pro- 
duced an observable effect on E (the Cu2 
4pu +- 1s transition), which possesses the 
largest amplitude of all of the transitions in 
the XANES (5, 6). 

Intensity increases in transition D are 
therefore understandable in terms of a re- 
duction in the vibronically driven overlap of 
the Cu2 4p, orbital with the 0 4  p, as the 
Cu2-04 MSRD becomes smaller or more 
harmonic (or both) and the vibronic excur- 
sion of 0 4  toward Cu2 diminishes. The 
increase in the amplitude of transition C 
must result from a similar decrease in over- 
lap, in this case between the Cu l  4p, and 0 4  
p, orbitals. Because the Cul-04 bond is 
short, an increase in static bond length is 
necessarily implied. The EXAFS of sample 
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2, referred to above, does show evidence of 
a 0.02 to 0.03 A increase in the Cul-04 
distance when analyzed with highly con- 
strained curve fits (13). This change is with- 
in the sensitivity level of the analysis as 
determined from related materials. AS ex- 
pected for this interpretation, thermal con- 
traction at temperatures well removed from 
Tc reduces the intensities of both transi- 
tions. The small displacement of the 0 4  
atom, its coupling to the thermal and static 
disorder, and the restriction of these struc- 
tural fluctuations to a very limited range 
around Tc would account for the failure to 
observe this specific perturbation by other 
methods (14, 17, IS), including EXAFS 
analysis (19). 

The transitions to copper 4p states, 
probed by the copper K-edge XANES, are 
very much higher in energy than the states 
close to the Fermi level that are involved in 
the superconductivity. Nevertheless, the 
electronic perturbations discussed above will 
have counterparts in those low-energy states 
that overlap spatially with the affected Cu l  
4p,, Cu2 4p,, 0 4  3pz, and 0 4  3px orbitals. 
These are the same low-energy states re- 
sponsible for fine structure in the density of 
states near the Fermi level, which may great- 
ly enhance the sensitivity of YBa2Cu307 to 
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Fig. 3. The Cu K-edge EXAFS (a) and the 
corresponding Fourier transform moduli (b) of 
sample 2 at 87 K (lower curve) and 105 K (upper 
curve). The feature near R = 2.0 A in the 105 K 
spectrum is actually a side lobe, which is canceled 
out when the contribution of the Cu2-04 shell at 
2.3 A becomes significant as the temperature is 
lowered to 87 K (see text). 

structural and chemical modifications (20, 
21). 

Our data are evidence for a perturbation 
in the atomic and electronic structure in the 
vicinity of Tc (Fig. 4) that centers on the 0 4  
atoms, the bridge between the current-car- 
rying Cu02 planes and the Cu03 chains. A 
lattice fluctuation near T, has previously 
been proposed on the basis of ultrasound 
measurements (22) and other EXAFS ex- 
periments (23). Heat capacity measurements 
made at very slow scan rates have shown a 
first-order transition 3.65 K above the fea- 
ture associated with zero resistance (24), and 
other measurements have suggested related 
small, sample preparation and treatment- 
dependent specific heat fluctuations just 
above Tc (24, 25). These results can be 
compared with the fluctuations in the 
XANES between 95 and 150 K and could 
be accounted for if the modification of the 
Cu2-04 MSRD was cooperative, which 
would not be unexpected for this type of 
perturbation. A growing body of experi- 
mental evidence also suggests that 0 4  play a 
critical role in the superconductivity of 
YBa2Cu307. Infrared photoinduced absorp- 
tion measurements have recently shown that 
photo-induced carriers are coupled to the 
Cu2-04 vibration (26). Cava et al. have 
demonstrated that the relationship between 
Tc and 6 in YBazCu307-8 is directly corre- 
lated with the Cu2-04 bond length (1 7). In 
addition, magnetic resonance (18), electron 
energy loss spectroscopy (EELS) (27), and 
Cu L3 XANES (28) indicate that 0 4  is the 
location of those doping-induced holes that 
do not reside in the CuOz planes and may be 
important as described below. Based on our 
XANES results, we can now suggest a rela- 
tionship between instability, the role of 0 4  
in determining the electronic properties, and 
superconductivity in YBazCu307. 

The increase in harmonic character or 
decrease in the amplitude of the Cu2-04 
MSRD (or both) and the increase in the 
Cul-04 distance at those sites at which it 
occurs should lower the electron-phonon 
coupling parameter of the Cu3,2-04 bonds 
(29). The displacement would be coupled to 
the transfer of electron density as shown in 
Fig. 4. In addition, it has been suggested 
that a low-energy, cu2+-0- * cu3+-0*-, 
excitation provides the intrinsic pairing 
force in the planes (30). Although the holes 
in the chains are not thought to play a 
significant carrier role, those centered on 0 4  
could provide a source of charge transfer- 
coupled dynamic polarizibility directed 
along the 04-Cul-04 axis (3@-32). The 
magnitude of the pairing attraction in the 
Cu02 planes produced by charge transfer to 
or from 0 4  would considerably exceed that 
resulting from nuclear motion or induced 

dipole types of responses. Pair formation 
would therefore be facilitated by an en- 
hancement of the oscillator strength of this 
charge transfer excitation, which should be 
strongly coupled to the changes at 0 4  we 
have described. In addition, the greater lo- 
calization of the holes residing on the 0 4  
atom (a consequence of the increase in the 
atomic character of the states in which they 
reside) will decrease their mobility, driving 
the pairing in the planes still further. The 
change in the Cu2-04 MSRD may also be 
coupled to the Jahn-Teller modes and conse- 
quently the phononic excitations within the 
planes, and increase the coupling between 
the interplane charge transfer fluctuations 
and structural degrees of freedom (32). 

Without attempting to distinguish 
whether the lattice instability we have ob- 
served is coupled directly to the formation 
of Cooper pairs or whether it is a precursor 
that facilitates the pair formation mecha- 
nism, it is apparent that the perturbation of 
the Cu2-04-Cul moiety provides models 
for an excitonic basis for superconductivity 
in YBa2Cu307. The experimental support 
for this mechanism has recently been re- 
viewed by Little (33), its original proponent 
(34). In one variant of this model (32), pair 
formation in the CuOz planes is strength- 
ened by coupling to dynamic electron trans- 
fer between these axial oxygen atoms and 
the atoms within an adjacent, polarizable 
layer. A lattice instability at or just above T, 

Fig. 4. Model for the changes in structure and 
charge density accompanying the superconduct- 
ing transition in the Cu3OI2 cluster. Filled arrows 
indicate bonds whose MSRD becomes smaller, or 
more harmonic, or both; empty arrows indicate 
bonds that may become longer. 
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that results in an increase in the oscillator 
strength of these excitations, such as we 
have observed, could then turn on the super- 
conducting phase transition. Even if the 
mechanism is primarily phonon-mediated, 
an anharmonic mode such as that described 
here could have a much reduced isotope 
effect on T,  than that expected from stan- 
dard Bardeen-Cooper-Schrieffer phenom- 
enology (29), as is found for YBa2Cu307 
(35). This same mechanism could be opera- 
tive in the other cuprate-based, axial oxygen- 
containing superconductors, and especially 
in the thallium- and bismuth-based com- 
pounds, where these oxygen atoms are also 
the bridge between the Cu02  planes and a 
highly polarizable layer. 
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Honeyguides and Honey Gatherers: Interspecific 
Communication in a Symbiotic Relationship 

H. A. ISACK AND H.-U. ~ Y E R *  

In many parts of Africa, people searching for honey are led to bees' nests by the greater 
honeyguide (Indicator indicator Sparrman). The Boran people of Kenya claim that they 
can deduce the direction and the distance to the nest as well as their own arrival at the 
nest from the bird's flight pattern, perching height, and calls. Analyses of the behavior 
of guiding birds confirmed these claims. 

A CCORDING TO ROCK PAINTINGS From these it extracts mainly the larvae and 
from the central Sahara, Zimbabwe, the wax to supplement its normal diet of 
and South Africa, man has collected insects (5-7). The earliest written accounts 

honey in Africa for 20,000 years (1,2). Even of this bird-man interaction date back to the 
today, honey contributes significantly to the 17th century (6) .  Because of the anecdotal 
diets of many African people (2-5). When nature of most of these reports, however, 
searching for honey, Africans are often 
joined by the greater honeyguide (Indicator H.  A. Isack, Department of Ornithology, National Mu- 

indicatov), which leads them to bee colonies seum of Kenya. Post Office Box 40658, Nairobi, Kenya. 
H:U. Rever. Max-Planck-Institut fiir Verhaltensohvsio- 

(Apis meiiifira) located in large trees, rock logic, D-8'131 Seewiesen, Federal Republic of G&I&~. 

crevices, or termite mounds. After the gath- 
erers have opened and left the nest, the-bird *Present address and address for reprint requests: Zoolo- 

gisches Institut der Universitat Zurich, Winterthurer- 
feeds on pieces of honeycomb left behind. strasse 190, CH-8057 Ziirich, Switzerland. 
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