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Abstract 
The composition, crystallinity, uniformity, purity, and thermal stability of cuprate 

superconductors have been studied by Rutherford backscattering and channeling 

spectrometry, and 3.045 MeV He+ oxygen non-Rutherford resonant scattering. Further 

experiments have been performed with 1.75 MeV H+ carbon non-Rutherford resonant 

scattering.  Three sets of samples were studied : HgBa2CuO(4+δ) (Hg1201), HgxTl1-

xBa2Ca2Cu3O(2n+δ) (Hg,Tl-1223) and Tl1.85Ba2CuO6/LaAlO3 (Tl-2201), either in bulk or as an 

epitaxial thin film.  It was observed that the superconductors exhibit a metal deficiency near 

the surface, which is largely compensated by excess oxygen.  Moreover, the samples are 

significantly contaminated with carbon within the probing region of the H+ beam.  The 

thermal stability and surface degradation were studied in both oxidizing ambient and vacuum.  

As a general trend, the heavy metal deficiency – and consequently the compensating oxygen 

excess – is enhanced as the temperature increases.   
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1. Introduction :  

The family of Hg- based superconductors (HgBa2Can-1CunO2n+2) with a maximum Tc of 134 

and 164 K, as measured at ambient and high-pressure respectively (for n=3) [1] is still 

attracting much attention among the cuprates, due to the high superconducting transition 

temperatures and simple tetragonal structures that provide, conceptually, ideal media to study 

fundamental crystallographic properties. Parallel research in related structures, such as the 

Hg1-xTlxBa2Ca2Cu3O8 and Tl2Ba2CuO6 compounds, provides interesting substrates for 

studying intrinsic local phenomena as “stripes” [2] and for probing the superconducting wave 

function symmetry [3].  Further, the synthesis of Hg-based thin films offers possibilities for 

electronic applications above 110 K. A high critical current density, Jc, of  about 106 Acm-2 at 

77 K [4], and the development of a superconducting quantum interference device SQUID 

operating above 110 K [5] have been reported.  

Recently, high-quality Hg1-xTlxBa2Ca2Cu3O8+δ [2,Error! Bookmark not defined.] and 

Tl2Ba2CuO6+δ thin films have been produced [6]. However, current applications are still 

hindered due to a lack of reproducibility of high quality thin film growth. In situ growth of 

such films in vacuum conditions is difficult due to the high volatility of the highly toxic Hg 

and Tl, and due to the high sensitivity of barium ions to humidity and carbon dioxide. 

Although the crystalline properties of thin films could be expected to be similar to the 

corresponding bulk superconductors [7], some of the structural and physical characteristics 

exhibit distinct differences. Such is the case for the c-axis lattice parameter and Tc, as 

compared to the bulk, which usually exhibit lower values. Since the Tc values in these thin 

films are still relatively high, the large variation in the c-axis unit cell lengths cannot be solely 

explained by the different oxygen content, δ. The commonly used techniques, such as 

scanning electron microscopy and X-ray diffraction, do not provide sufficient information 

about the atomic structure to elucidate the observed discrepancies, the latter requiring a 
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detailed structural analysis. In particular, probing the composition depth distribution and the 

evolution of contaminants upon annealing can help to understand and control the 

superconducting properties and the stability of these materials. 

In this work we have studied the composition, crystallinity, uniformity, purity, and thermal 

stability of HgBa2CuO(4+δ), HgxTl1-xBa2Ca2Cu3O(2n+δ) and Tl1.85Ba2CuO6/LaAlO3, either in 

bulk or as epitaxial thin films, by Rutherford backscattering and channeling spectrometry, and 

He+ and H+ non-Rutherford resonant scattering. 

 

2. Experimental : 

Each type of material was obtained with a specific growth technique at a different laboratory. 

Pellets of Hg1201 were produced in Grenoble by solid state reaction of Ba2CuO3+δ and HgO 

precursors at 900°C under 20 kbar pressure on a belt-type apparatus [8], with a Tc (onset) of 

89 K.  Two pellets of Hg,Tl-1223 were synthesized in Stockolm from mixtures of purified 

metal oxides and heated in sealed silica tubes as described in ref. [9]. One of the samples was 

oxidised one week in an oxygen flow at 450oC. Tc was 128 K and 133 K for the non-oxidised 

and for the oxidised samples, respectively. A Tl-2201 thin film was prepared in Göteborg by 

laser ablation onto a LaAlO3 substrate, as described in ref. [10], with Tc (onset) at 49 K. X-ray 

powder diffraction analysis showed that each sample was essentially free of homologue 

phases. In the Hg,Tl-1223 system, a small amount of Ba, Ca, CuO containing oxides was 

detected (5%). 

Helium backscattering spectrometry was used to determine the composition and the thickness 

of the samples as a function of thermal treatment.  Backscattered particles were detected at 

scattering angles of 172° and 110°.  Additionally, ion beam channelling was applied to study 

the crystallinity of the thin films.  Since the scattering cross section of the light constituents 

(i.e. oxygen and carbon) is extremely small compared to the cross sections of the heavier 
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atoms (such as Hg and Tl), we relied on non-Rutherford resonant scattering [11] to probe 

these light elements.  First, oxygen was probed using the 3.045 MeV alpha resonance, 

enhancing the cross section approximately 23 times in case of 172° scattering.  In all 

measurements described below, an incident energy of 3.062 MeV was used, hence probing 

the oxygen content in the near surface region of the samples.  Secondly, non-Rutherford 

resonant scattering on carbon was performed using a 1.75 MeV proton beam and a scattering 

angle of nearly 180° (resulting in a 70 fold enhancement of the cross section).  Prior to 

performing the experiments, the energy of the incident beam was carefully calibrated using 

resonant scattering on a SiO2 thin film.   

In situ vacuum annealing (< 10-7 Torr) was used to assure exactly the same experimental 

conditions for all measurements after each thermal processing step.   

 

3. Results : 

3.1 Vacuum annealing of HgBa2CuO(4+δ) pellets 

The composition of these superconductors was determined before and after in situ vacuum 

annealing.  A first striking observation is that all samples exhibit a significant metal 

deficiency – mainly Hg – near the surface.  Since none of the heavy elements show an 

increased surface concentration, excess of light masses (carbon contamination, oxygen,…) 

must be at the origin.  In order to interpret the high-energy part of the backscattering spectra 

(i.e. corresponding to the metals), information on the oxygen content turned out to be 

indispensable.  Figure 1 shows the backscattering spectrum of the as-grown sample, together 

with a simulation in which a gradual metal deficiency near the surface was assumed.  In this 

simulation, the Hg concentration gradually varies from 0.67 at the surface, to 1 in the bulk of 

the sample, over a region of approximately 20.000 Å.  The data also indicate a tendency for a 

slight Cu deficiency.  From the analysis, it became clear that excess oxygen largely 
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compensates the missing metal fraction, its concentration increasing from the bulk value of 4 

up to a value of 5 at the surface.   

However, the spectra cannot be interpreted as oxygen simply replacing all missing metal 

atoms, thus suggesting that other light impurities (which remain below the backscattering 

detection limit) are present as well.  Optimal fits, as the one shown in Fig. 1, were typically 

obtained by introducing a surface carbon concentration of the order of 10 %.  In order to get 

direct evidence for the presence of carbon, resonance measurements were done using a 1.75 

MeV proton beam.  Within the probing region of the H+ beam, i.e. the first 500 nm from the 

surface, a carbon concentration of approximately 12 at. % was deduced (Fig. 2), confirming 

the idea of a significant carbon contamination conjectured from the He backscattering 

measurements. 

Subsequently, the sample was in situ annealed in vacuum at 100°C, 200°C and 300°C 

respectively.  From the backscattering spectra, an enhanced near surface metal depletion is 

evident, mainly due to an increasing Hg loss with increasing annealing temperature, as well as 

a minor Cu deficiency.  Moreover, from the oxygen part of the spectrum, a clear increase in 

oxygen content can be deduced.  For the sake of clarity, only the spectrum collected after 

100°C annealing is shown in Fig. 1.  A slightly higher carbon concentration was considered as 

well in order to optimize the simulation, in agreement with the results obtained with H+ 

backscattering.   

 

3.2 Oxidation of HgxTl1-xBa2Ca2Cu3O(2n+2+δ) pellets 

The composition of the pellets was determined before and after ex situ oxidation.  These 

samples as well exhibit a significant deficiency of the metals near the surface.  It should be 

noted that Hg and Tl cannot be resolved in conventional RBS measurements.  Hence, the 

information of these two constituents is combined, and labelled ‘HgTl’.  Figure 3 shows the 
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backscattering spectrum of the as-grown sample, together with a simulation in which a 

gradual metal deficiency near the surface was assumed.  In this simulation, the HgTl 

concentration varies from 0.7 at the surface to its bulk value of 1, in a region extending to 

approximately 10.000 Å.  Similarly, the Ba and Cu concentration increase from 1.9 to 2 and 

2.4 to 3 respectively.  No information could be obtained from Ca, the signal of which is too 

weak.  Oxygen compensates the metal deficiency to a large extent.  However, replacing all 

missing metal with oxygen atoms leads to a significant overestimate.  Similar to the case of 

HgBa2CuO(4+δ) pellets, introducing small amounts of carbon (below the backscattering 

detection limit) in combination with an increasing oxygen content towards the surface (an 

increase from 8 in the bulk of the sample, to 10 at the surface), results in the best fit to the 

spectrum (solid line in Fig. 3).  

From a comparison of the spectra before and after oxidation (Fig. 3), it is clear that further – 

significant ! – metal depletion occurs during the oxygen annealing, compensated by an 

additional oxygen enrichment of the sample surface region.  The HgTl content at the surface 

further decreases from its value of 0.7 before oxidation, to as low as 0.15 after oxidation 

(compared to 1 in the bulk material). 

 

3.3 Vacuum annealing of Tl1.85Ba2CuO6/LaAlO3 thin films 

The composition, thickness uniformity and crystallinity of the thin films have been studied as 

a function of in situ vacuum annealing.  Several general trends can be deduced : (i) the layers 

have a uniform composition, but exhibit a slight Tl deficiency in the first few hundred 

Ångström upon annealing, (ii) the layer thickness is laterally non-uniform, and (iii) the 

crystalline quality is relatively poor and not very sensitive to the annealing conditions.  The 

thickness non-uniformity, which can either indicate surface or interface roughness (or a 

combination of both), is correlated with the layer composition.  Hence, in order to obtain 
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unique results, consistent analysis of the spectra of both detectors (i.e. with scattering angles 

of 172° and 110° respectively) is required.  As an example, Fig. 4 shows the random and 

aligned spectra of the as deposited layers, along with the simulated spectrum of a 3150 Å 

thick Tl1.85Ba2Cu1O6 film.   

Vacuum annealing (200-300°C) results in a loss of Tl in the first few hundred Å and a slightly 

increased roughness.  It was found that the non-uniformity of the thickness, estimated to be 

approximately 2200 Å, is of the same order as the layer thickness (3150 Å), and increases 

slightly with increasing annealing temperature.   

 

4. Conclusion : 

All high Tc cuprate superconductors of the Hg-, Tl- and HgTl-family we studied, exhibit 

significant metal deficiencies – mainly Hg and/or Tl – in the near surface region.  An excess 

of oxygen predominantly compensates this metal loss, although clear evidence of carbon 

contamination has been observed as well. Both tendencies are enhanced after oxidation or 

vacuum annealing of the superconductor. We particularly refer to previous work [12], where 

it was shown that the incorporation of oxygen, generally referred to as “δ” in the general 

formulae, is not limited to the position [1/2,1/2,0]  (Oδ) at the center of the Hg square, but 

other point-like oxygen-defect complexes must exist, which could not yet be characterised..  

The epitaxial layers which were investigated are extremely rough, and of very modest 

crystalline quality.  These deficiencies might become crucial issues – which need to be 

controlled – when incorporating cuprate superconductors in practical applications, particularly 

when thin film material is required. 

It was also shown that detailed knowledge of the oxygen content, as obtained by non-

Rutherford resonant scattering, is a prerequisite for the comprehensive analysis of the sample 
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composition.  Furthermore, combined fitting of the spectra obtained in two different scattering 

geometries enabled us to deconvolute the roughness and composition of the thin films. 
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Figure Captions 

Figure 1 : Helium backscattering spectra of a HgBa2CuO(4+δ) pellet after growth (o) along 

with a simulated spectrum (____), and after vacuum annealing at 100°C (----).  The 

scattering angle of the detected particles is 172°. 

 

Figure 2 : Proton backscattering spectra of a HgBa2CuO(4+δ) pellet after growth (o) along with 

a simulated spectrum (____).  The scattering angle of the detected particles is nearly 

180°. 

 

Figure 3 : Helium backscattering spectra of a HgxTl1-xBa2Ca2Cu3O(2n+2+δ) pellet after growth 

(o) and after oxidation (x), along with simulated spectra (____).  The scattering 

angle of the detected particles is 172°. 

 

Figure 4 : Helium backscattering spectra of a Tl1.85Ba2CuO6/LaAlO3 thin film after growth, 

using random (o) and aligned (+) beam incidence, along with a simulated spectrum 

(____).  The scattering angle of the detected particles is 172°. 
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Figure 1 : Helium backscattering spectra of a HgBa2CuO(4+δ) pellet after growth (o) along 

with a simulated spectrum (____), and after vacuum annealing at 300°C (----).  The 

scattering angle of the detected particles is 172°. 
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Figure 2 : Proton backscattering spectra of a HgBa2CuO(4+δ) pellet after growth (o) along with 

a simulated spectrum (____).  The scattering angle of the detected particles is nearly 

180°. 
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Figure 3 : Helium backscattering spectra of a HgxTl1-xBa2Ca2Cu3O(2n+2+δ) pellet after growth 

(o) and after oxidation (x), along with simulated spectra (____).  The scattering 

angle of the detected particles is 172°. 
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Figure 4 : Helium backscattering spectra of a Tl1.85Ba2CuO6/LaAlO3 thin film after growth, 

using random (o) and aligned (+) beam incidence, along with a simulated spectrum 

(____).  The scattering angle of the detected particles is 172°. 
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