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Abstract 

By using the intense I6O (4He, 4He) elastic scattering resonance at 7.3 - 7.6 MeV, we have been 

able to extend the earlier investigations 11-41 of the channeling behaviour in YB~Cu,O,, around 

T, to include the backscattered signal from the oxygen sublattice. We have also developed a 

computer code enabling us to simulate c-axis angular scans for each atomic sublattice as a function 

of depth. These simulations reproduce very well the observed oxygen angular scans at 70K (below 

T,) and at lOOK (above T,), with magnitudes of thermal vibrational amplitudes which are in 

reasonable agreement with neutron-scattering data. 

1 



Concerning small changes at T,, as observed in earlier channeling investigations, we have 

concentrated on the analysis of oxygen scans. A direct fit of the simulations to our measurements 

indicates an increase of about 0.5 pm in the amplitude of oxygen vibrations perpendicular to the 

c-axis, or a smaller increase combined with a static displacement above T,. Within estimated 

uncertainties, this result is consistent with neutron data. 

The oxygen (04) atoms on the CuO rows along the c-axis contribute a wider channeling dip than 

the other oxygen atoms (01,02 and 03) ,  which form pure oxygen rows along the c-axis. Hence, 

the magnitude of the 0 4  vibrational amplitude is important only for the yield in the shoulders of 

the combined oxygen dip and it can be determined independently from the fit to measurements. 

Our results do not confirm the large change of this amplitude at T,, suggested by Remmel et al.. 

1. Introduction 

Previous channeling studies in YBqCu,O,, (YBCO) by the Argonne group'-4) have shown that 

an anomalous change in width of the [OOl] channeling dip occurs as the temperature is swept 

across T, (-92K). This effect was observed only in the Cu RBS signal and not in that from the 

heavier (Y, Ba) atoms, indicating that the effect was confined to those [OOl] rows containing 

copper (and oxygen) atoms. The increase in width across T, was interpreted as an anomalous 

increase in vibrational amplitude of the Cu atoms or, alternatively, as a strong correlation of 

vibrations below T,. Recently, channeling simulations have confirmed that a strong correlation 

could lead to the observed broadening of dips5). 

Other laboratories have carried out similar channeling investigations around T,, in some cases with 
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very different results. A Japanese group reported an increase in minimum yield below T, ’) but 

these observations were later contradicted by measurements at Argonne ’). A group in Karlsruhe 

recently made measurements on both thick targets and thin films ’). The results essentially confirm 

the observations of the Argonne group although the anomalous effects appear to be slightly 

smaller. These measurements also indicate anomalous effects for the oxygen sublattice. In contrast, 

the Harvard group, using thin epitaxially grown YBCO films on MgO, found no evidence’) for any 

channeling anomaly near T,, suggesting perhaps that the effect may depend on the method of 

growing the high-T, material. Thus, neither the magnitude of the anomalus effects nor their 

interpretation appear to be unambiguously established. 

The present study aims mainly at an investigation of the oxygen sublattice and takes advantage of 

the extremely intense and broad l60(ct,a) resonance at 7.3 - 7.6 MeV. This resonance enhances 

the I6O signal almost 200-fold above the Rutherford value, thus enabling the channeling behaviour 

of the oxygen sublattice to be measured with comparable statistical accuracy to the earlier Cu, Y 

and Ba data, without introducing significant radiation damage in the target. We also obtain RBS 

data from the Cu, Y and Ba sublattices but because of our much higher beam energy, the RBS 

cross sections for the metal atoms are an order of magnitude smaller than previously and hence 

the statistical uncertainty is larger. 

The measurements are interpreted by comparison with computer simulations. For such a 

complicated lattice, simulation is the only way to make quantitative predictions of channeling dips. 

To reveal possible anomalous changes at T,, we compare with measurements for oxygen at 70K 

and lOOK and determine vibrational parameters by least-squares fits of the simulations to the data. 
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2. Experimental technique 

Bulk single crystals of YBCO were grown by a non-stoichiometric melting method. The mirror- 

like crystals in the form of thin flakes approximately 5 mm2 in area were annealed in flowing 

oxygen at two temperatures between 500 and 600 C for 10 days. Magnetic shielding 

measurements on the annealed crystals showed a sharp transition to superconductivity at 92.8 K 

with a transition width less than 1.5 K. 

Ion channeling measurements were carried out using a well collimated beam (0.5 mm diameter, 

< 0.02' divergence) of 7.62 MeV 4He ions from the TASCC MP tandem accelerator and a 

computer-driven, 3-axis goniometer with an angular precision of 0.01". Each angular scan (see 

figure 3) consisted of 30-40 individual measurements, with an integrated beam dose of -3 nC per 

point. Four scans were measured on each beam spot and a detectable increase in minimum yield 

due to beam-induced damage is observed only in the last scan. 

The target, mounted on a thick copper plate and thermally insulated from the goniometer, was 

almost completely surrounded (2.n geometry) by a copper cryoshield at 30 K to reduce the 

effective pressure of condensible gases to a negligible level. The target was cooled to 40 K via a 

flexible Cu  braid attached to a closed-cycle He cryostat. Higher temperatures could then be 

obtained by controlling the input power to a small (5W) heater on the target mounting-plate. 
- 

An initial 16-hour contamination test was performed with a clean Ni target at 40 K and the 

surrounding cryoshield at 20 K. In-situ analyses for '*C and l60, using the intense (a,a) 

resonances around 5.5 and 7.6 MeV, respectively*'), showed that roughly one monolayer per hour 
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of carbon and oxygen accumulated on the Ni surface - indicating that the effective pressure of 

condensible gases at the target surface was less than - 3 x lo-" torr. 

Since the maximum cross section for the (a ,a) resonance occurs at scattering angles greater than 

170", we used an annular surface-barrier detector (200 mm2, with a 4-mm central hole), mounted 

along the beam axis about 85 mm from the target. A typical energy spectrum for random 

orientation is shown in Fig. 1. Note that the oxygen signal (2200-2700 keV), corresponding to the 

7.3 - 7.6 MeV resonance, is at least 5 times stronger than the underlying RBS background from 

the heavier (Cu, Y and Ba) atoms. The oxygen peak width (450 keV in Fig.1) is much greater than 

the 25 keV detector resolution and hence we can extract information on the channeling behaviour 

as a function of depth. 

Fig.1 also contains a small high-energy step extending from the Ba edge (6800 keV) up to about 

7000 keV, which indicates the presence of significant Au contamination in these bulk YCBO 

crystals. From the ratio of step heights, we estimate the Au/Ba atomic ratio to be -0.05, 

suggesting that roughly 1.7% of the Cu atoms have been replaced by Au! 

2. Simulations 

Ion trajectories were calculated with the crystal structure containing 13 atoms in the unit cell4), 

exploiting translational symmetry. The points of incidence on the surface were determined by 

dividing the area of the unit cell into a number of small rectangles and then chosing at random a 

point within each rectangle. This gives a more uniform average and smaller fluctuations than a 

completely random choice. The (small) incidence angle to the [Ool] direction was varied for fixed 
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azimuthal angle to the (100) plane. Since the crystal used in the experiment was twinned, an 

average was performed over two azimuthal angles differing by 90". 

Each time the ion passed a (001) layer of atoms, a scattering angle was calculated as the deflection 

in a binary collision with the nearest atom in the plane, with the Moliere potential and the impulse 

approximation. The impact parameter included a random component corresponding to an isotropic 

Gaussian distribution of thermal displacements (c-direction displacements ignored) and in some 

cases also a static displacement from the normal lattice site. Correlations of vibrations of 

neighbouring atoms on a [OOl] string could be included. The standard procedure ' * , I 2 )  was used 

to calculate the normalized backscattering probability on the different elements. 

The ions were followed over the depth of interest in the experiment, i.e., about 1 pm in 

calculations of the oxygen yield, and about loo00 trajectories were calculated in this case for each 

incidence angle. Energy loss and multiple scattering were included in an approximate manner, the 

latter being estimated as the scattering in a uniform electron gas with a density equal to the 

average electron density in the medium. The reason for this choice is that at the rather shallow 

depths considered in the experiment, the scattering is only important for ions with high transverse 

energy, which interact with a large fraction of the crystal electrons. However, the results do not 

depend very much on the choice of density. 

The 7 oxygen atoms in the unit cell of YBa,Cu,O, are distributed with 3 atoms on one pure 

oxygen string along the c-axis (01 and 03), 2 atoms on another pure oxygen string (02) and 2 

atoms on a CuO string (04)4'. The neutron measurements indicate that the 0 1  atoms have fairly 

large and anisotropic displacements and, in all the calculations to be shown in the following, we 
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have included a k e d  displacement of these atoms in the a-direction, of magnitude 6 pm and with 

random sign. In addition, the atoms 0 1, 0 2  and 0 3  were given isotropic Gaussian distributions 

with mean vibrational amplitude u (rms displacement in one direction), while the vibrational 

amplitude u4 of the 0 4  atoms was treated as an independent parameter. The vibrations of the 

heavier atoms were kept ked at values close to those determined from neutron scattering4), u(Y)= 

4 pm, u(Ba)= 5 pm, u(Cu)= 4.5 pm. The oxygen dip is not very sensitive to these parameters. 

We have made comprehensive comparisons with the measurements, for energy windows 

corresponding to backscattering from Ba, YBa, and CuYBa for three depth intervals, and 0 for 

two depth intervals. The measured dips are generally reproduced quite well with parameters not 

very different from those given above. In the following, we discuss only the oxygen dips and the 

two depth intervals are combined to improve statistics. 

The variation of the simulated oxygen dip with the parameters u and u4 is illustrated in Fig.2. Both 

the width and the minimum yield depend on u but in the analysis of measurements, the points on 

the steep slope are most useful for the determination of u because here the dependence is strong 

and the statistics reasonable. Near the minimum statistics are poor and radiation damage can be 

a problem. 

The parameter u4 is seen to influence the dip in a different angular region, the so-called shoulder 

region at angles 0.3 - 0.7". The reason is that the dip in backscattering from 0 4  atoms is broader 

because the axial potential for the CuO rows is much stronger than the potential from the pure 

oxygen rows. We have used the two parameters to fit the simulations to the measurements by 

linear interpolation. It was checked that the linear approximation is very accurate. While u and U, 
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are independent, it is not possible to determine separately the displacements of the 0 1 , 0 2  and 0 3  

atoms. 

3. Results and analysis 

Scans at 70 K and 100 K and at two different azimuthal angles are shown in Fig.3, together with 

simulations. By linear interpolation, the parameters u and u, were optimized to give a minimum 

in the value of x2, calculated for the specified angular region. The agreement is good. Only for the 

two scms d) and h), which were the last to be taken on the two beam spots, there appears to be 

a slight increase in minimum yield due to damage. These two scans are also slightly asymmetric, 

indicating a small misalignment. The simulations indicate that such small misalignments should not 

influence the parameters u and u, significantly. 

The resulting values of u and u4 are given in table I. There is a systematic increase of u across T,, 

by A u  = 0.46 k.13 pm on the average. The scatter of the values of u, is too large to allow 

extraction of a systematic variation. In addition to the statistical error, there may be an influence 

of errors in current integration, leading to small differences in normalization. A change in 

normalization by 2% changes the fitted value of u, by 1 pm and of u by only 0.03 pm. It should 

be noted that a factor of 1.05 had to be introduced between the overall normalizations of the RBS 

spectra recorded on the two different beam spots used in the scans shown in Fig 3. The magnitude 

of this correction was determined mainly from comparison with simulations of the CuYBa scans 

at large depth where the yield in the shoulders of the dips is close to random. The reason for this 

difference is not known. 
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4. Discussion 

Our results may be compared partly to neutron-scattering measurements, partly to previous 

channeling measurements. Our values of u are larger by only about 10% than the vibrational 

amplitudes for the 0 2  and 0 3  atoms obtained from neutron scattering4). The static displacement 

by 6 pm of the 0 1  atoms was introduced to give approximate agreement with the values in Ref.4 

of the mean square displacement U,,(Ol) in the a-direction. 

Our measured change of u from 70 K to 100 K, Au= 0.462.13 pm, is larger than the change, Au= 

0.19k.06 pm, corresponding to the average slope of u(O2) and u(03) in the range 50-150 K in 

Ref.4, although the difference is only two standard deviations and therefore of marginal statistical 

significance. However, there is in Ref.4 an indication of a change near 90 K of U,,(Ol), albeit 

with large uncertainties. This could explain our observations since an increase from 9 to 10.5 pm 

of the rms displacement of 0 1  atoms in the a-direction is equivalent in the simulations to a change 

in the parameter u by nearly 0.2 pm. The combined data therefore suggest that there may be an 

increase around T, in the displacement (or vibration) of the 0 1  atoms but further measurements 

are required to establish such an anomali. The values in Ref.4 of the 0 4  vibrational amplitude are 

(like our results) rather scattered; the magnitude between 6 and 8 pm is consistent with our results 

in Table I. 

Comparing to the channeling results in Ref.8, it is clear that our scans are superior in quality, 

owing to our use of a stronger resonance. On the other hand, they measured channeling along both 

the c-axis and the a-axis and this gives important additional information because the atoms placed 

on pure oxygen rows along the a-axis are the 0 1  and the 0 4  atoms. Their conclusion from a 
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comparison with computer simulation was that a displacement increase for 01 by 1.5 pm and for 

0 4  by 3.1 pm across T, could explain their observations. Neither in our results nor in the data from 

neutron scattering” is there an indication of such a large 0 4  displacement. However, in view of 

the large fluctuations in the values of u4 in Table I and in Ref.4, we cannot exclude a substantial 

displacement of the 0 4  atoms. Further channeling measurements along the a-axis would be 

desirable. 

As discussed in Ref.8 and shown in their Fig.5, the question of the magnitude of 0 4  displacements 

has important bearing on the interpretation of measurements on the Cu sublattice. The influence 

of oxygen vibrations on the halfwidth of the copper [Wl] dip can be estimated from the continuum 

model of channeling, which predicts the halfwidth I) = [UT(u(Cu)J(21n2))/E]’/’, where U,(r) is 

the thermally averaged string potential and E the ion energyI3). An increase of the 0 4  

displacements will reduce the contribution from oxygen to UT at small distances. We have found 

that this reproduces quantitatively the effects reported in Ref.8. The apparently strange asymmetry, 

i.e., a strong influence of u(04) on the width of the Cu dip but not of ~ ( C U )  on the backscattering 

from 0 4  atoms, can also easily be understood. The thermal averaging reduces the potential at 

distances smaller than or comparable to the vibrational amplitude but not at larger distance~’~). 

Hence the asymmetry is a consequence of the relation u(O4)>u(Cu). 

In conclusion, we have demonstrated that high-quality channeling data on the oxygen sublattice 

in YBa,Cu,O,-, can be obtained by using the intense 1 6 0  (4He, 4He) elastic scattering resonance 

at 7.3 - 7.6 MeV. Excellent agreement with computer simulations has been obtained and the data 

can be analyzed by direct fits of the simulations to the measurements. A small increase between 

70 K and 100 K in oxygen displacementdvibrations has been established but no evidence has been 

10 



found for the earlier suggested large displacement of 0 4  atoms (apical oxygen) above T,. 
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Figure captions 

Fig.1 Energy spectrum of ions scattered through angles 173-176" for a beam of 7.62 MeV 'He 

ions at random incidence. Upper edges to the Ba, Y, Cu and 0 signals are marked. The 

window used for backscattering f?om oxygen corresponds to the depth range 0.15-0.85 pm. 

Fig.2 Simulations of [Ool] oxygen dips in yield for a scan at an azimuthal angle of 29" to a (100) 

or (010) plane. The dependence on the two parameters u and u, is illustrated. Upper curves: 

u=8 pm: 0 , u-5 pm: 0. Lower curves: u4=5 pm: , u4=9 pm: 0. 

Fig.3 Scans at two azimuthal angles to a (100) plane for two different temperatures, below and 

above T,: a) 29", T=70K, b) 29", T=100K, c) 29", T=100K, d) 29", T=70K. Fitting range 

1-1.4 and 1.7-2 deg. for a and b, and .45-.75 and 1.1-1.4 deg. for c and d. These scans were 

made in this sequence on one beam spot and the following in sequence on another beam 

spot: e) 19", T=70K, f) 19", T= 1 OOK, g) 19", T- 1 OOK, h) 19", T=70K. Fitting range 1 - 1.4 

and 1.7-2.1 deg. for e an f, and .4-.8 and 1.1-1.5 deg. for g and h. The simulations 

correspond to the optimized values of the parameters u and u, given in table I. The other 

parameters are given in the text. Both measurements and simulations are averaged over two 

azimuthal angles differing by 90". 
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Table caption 

Table I Values of the average one-dimensional rms displacement u of the atoms 0 1, 0 2  and 

03, and the rms displacement u4 of the 0 4  atoms, derived from the fits shown in Fig.3. 

An additional static displacement by 56 pm of the 0 1  atoms in the a-direction was 

included. The errors correspond to an increase of x 2  by l/n, where n is the number of 

points included. The average values of u are u = 6.66 k . 10 pm at 70 K and u = 7.12 _+ 

.09 pm at 100 K. 
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scan angle [deg] temp. [K] u [pm] u4 [pml 

a> 29 70 6.71 f .21 6.85 f .41 

b) 29 100 7.08 f .22 7.33 k .60 

c )  29 100 7.02 k .17 7.47 k .47 

d) 29 70 6.84 f .19 7.98 If: .47 

e> 19 70 6.51 f .20 6.93 k .53 

f )  19 100 7.24 f .21 5.84 f S O  

g> 19 100 7.12 If: .16 8.28 If: .42 

19 70 6.48 f .17 6.10 If: .42 
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