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Synopsis 

Compounds of the form (Ln, Sr, Ce)2 Cu0 4 , (Ln « rare earth element) crystallise as the Nd,Cu0 4 

structure type, K 2NiF 4 structure type or perfectly and imperfectly ordered intergrowths of these parent 
structures. These structurally similar phases exhibit superconductivity in which the charge carriers are 
holes (in Sr-doped material) or electrons (in Ce doped material). In this study, X-ray Photoelectron 
Spectroscopy (XPS) and High Resolution Electron Microscopy (HREM) were used to investigate the charge 
balancing mechanisms operating in each superconducting regime and the structural changes accompanying 
compositional variation. It was found that under slightly reducing conditions charge coupled cation 
substitutions predominate, whilst at low p0 2 (<10~6 atm) perfectly ordered oxygen superlattices form. The 
structural and electronic changes which accompany deoxygenation were observed in situ during XPS and 
HREM observations. 
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1. INTRODUCTION 

Since the initial demonstration of higher temperature superconductivity (T > 30K) in 

La2_xBaxCu04_ f i, 0 < x < 0.15 by Bednorz and Muller [1,2], a variety of increasingly complex copper oxide 

based materials have been described which possess transition temperatures above 78K. Until recently, it 

was believed that all these compounds achieved superconductivity by the formation of hole pairs over 

electron-deficient [Cu-0] complexes in which the formal oxidation of copper is >2. Most recently, 

attention has returned to the Ln-Cu-0 system (Ln = rare earth) with the discovery that doping with cation 

(Ce 4 +) [3] or anion (F") [4] electron doners produces electron-rich [Cu-O] units in which the average 

valence of copper is <2 and the charge carriers are electrons rather than holes. The formation of either 

hole or electron superconductors in structurally similar materials provides an opportunity for comparative 

studies of the crystal chemistry of these phases and its relationship to the charge carrying mechanisms. 

In thk reconnaissance investigation, X-ray photoelectron spectroscopy and transmission electron 

microscopy were used to examine the charge compensation mechanisms which predominate in 

(Ln,Ce,Sr)2Cu04_5 superconductors. High resolution electron microscopy (HREM) was used to recognise 

ordered oxygen superlattices whose formation was not only dependent upon fabrication conditions, but also 

the relative size of trivalent rare earth and alkali element dopants. Finally, the relationship between anion 

superlattice formation and the existence of superconductivity is considered. 
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2. EXPERIMENTAL METHODS 

2.1 Fabrication 

The superconducting materials were fabricated by the conventional method of dry mixing oxide and 

carbonate powders (Ce0 2, Pr 6O n*. Nd 2O s, SrCOs and CuO) followed by air calcining at 950°C for 10 

hours. The calcine was crushed, sieved to 300 mesh, pressed into a pellet then sintered in air at 1150°C for 

12 hours. At this stage, samples having the nominal stoichiometrics ( N d 1 8 5 CeQ 15)Cu04_£ and 

(Prx 8 S Ce 0 1 B)Cu0 4.g were single phase by X-ray diffraction, all peaks being consistent with the 

Nd 2Cu0 4 (T'-phase) structure (Fig. 1(a)) [5], Scanning electron microscopy showed that a density of 70-

80%TD was achieved. The compound Nd x J 2 Sr„ 4 1 CeQ 2 7 CuOx (T*-phase) could not be prepared single 

phase (Fig. 1(b)) - some coexisting Ln 2O s was present - and furthermore, the strong (112) reflection (I/I o 

calc = 65) was almost absent. (This discrepancy has also been noted by Cheong el al. [6].) Unlike the 

strontium-free T'-phase, this ceramic was highly porous. To produce superconductivity, the Ce-doped 

samples were annealed for 10 hours under reducing conditions at 1000°C in a stream of Ar gas. A flow 

rate of ~ 2 litres/min was maintained resulting in p 0 2 (as measured next to the samples) of 10"*-10"s atm. 

After sintering, the ceramics were cooled to room temperature over a period of 5 minutes under a strong 

flow (14 litres/min.) of Ar. 

2.2 Characterisation Methodology 

Analysis by X-ray Photoelectron Spectroscopy (XPS) was carried out on a Perkin Elmer PHI 560 

system using the Al Ko line (1486.6 eV) for excitation at a source power of 400V,'. Fresh and clean 

surfaces were prepared for analysis by abrasion with N°1200 paper immediately before insertion of the 

pellets into the spectrometer. All major constituents were identified in survey scans which were run at 0.5 

eV steps for a constant analyser pass energy (CAE) of 100 eV. This was followed by detailed scans over 

the transitions of interest (0 Is, C Is, Cu 2p and Ln 3d) using steps of 0.2 eV and a CAE of 25 eV. Some 

X-ray induced Auger transition were also investigated (e.g., Cu LMM). The detailed scans were 

* As received Pr-O n was pre-treated by sintering at 850°C in air for 24 hrs followed by slow cooling [7]. 
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repeated several times in order to produce averaged data with better signs!-co-noise ratios. The base 

vacuum in the analyser chamber was in the range 10~8-10~8 torr and was limited by outgassing from the 

porous specimens. More complete descriptions of the analysis of HTSC compounds by XPS can be found 

elsewhere [8, 9]. It was found that the semiconducting specimens (annealed in air) were susceptible to loss 

of oxygen to the UHV environment with the effect that the conductivity of the surfaces became "metallic" 

and the valencies of the cation species generally changed to lower values. The notional HTSC specimens 

(prepared under reducing conditions) were more resistent to the UHV environment. 

Electron microscopy was carried out on JEM 400OEX microscope operated at 400 KeV and having a 

point-to-point resolution of < 2.3A. High resolution electron micrographs (HREM) were collected along 

[100]/[010], at right angles to the copper atom planes, and along [001], looking down on the basal planes. 

Oxygen superlattices were recognized in the first instance by selected area diffraction (SAD) and the spatial 

distributon of the supercells observed directly by HREM. Limited image simulation using multislice 

methods permitted intuitive interpretation of complex images. 
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3. STRUCTURAL CHEMISTRY 

The structural prototype of hole carrier, copper-oxide based superconductors is of the K2NiF4-type, 

and has the chemical formula (La2_x Srx)Cu04, x~0.15. Generally, this tetragonal structure is regarded as 

consisting of continuous phanes of CuOQ octahedra joined by their basal apices and separated by (La,Sr) 

atoms; this conventional description is shown on the extreme right of Fig. 2(a). However, for the purpose 

of comparing the structures of hole carrier and electron carrier superconductors it is convenient to 

emphasise the anion co-ordination spheres of the large atoms. In (La 2 xSr ,)Cu04, La/Sr are coordinated to 

9 oxygens in the disposition of a face-capped square antiprisms (Fig. 2(a)). These polyhedra occur in pairs, 

sharing square faces in the (001) plane. 

On the other hand, electron carrier superconductors are isostructural with the Nd2Cu04-type*. In this 

case, the Cu are in square planar co-ordination .rnd the Nd atoms (having smaller ionic radii than La/Sr) 

has only 8 neighbour oxygen atoms in cubic co-ordinauon (Fig. 2(b)). 

Because the oxygen motifs of these structures are, under oxidising conditons, controlled by the size of 

the larger cations - 9 oxygens can be packed around Sr while only 8 will fit around rare earths - jt is not 

unexpected that in compounds containing cations of mixed size, ordered superlattices result. An example is 

shown in Fig. 2(c) of the well characterised intergrowth compound Ndj 3 , Sr 4 1 Ce 2 7 Cu0 4, which consists 

of alternating slabs of Nd 2Cu0 4- and K2NiF4-types [5, 10, 11]. Disordered varieties of this T* structure 

have been seen by electron microscopy [10], and other ordered polytypes containing blocks of T ' and T 

phase of different widths have been observed [12]. 

* Recent studies in this laboratory have produced a hold carrier superconductor with the 
Nd2Cu04-type structure. 



4. CRYSTAL CHEMISTRY 

When insulating ceramics are rendered superconducting by the introduction of dopants charge balance 

can be maintained in two ways. First, at relatively low dopant levels, charges in chemical state may 

produce electrostatic charge balance. For example, Nd 2Cu0 4 is converted to an electron carrying 

superconductor by the introduction Ce 4 + and the following altervalent substitution*, in which some Cu2* 

is reduced to Cu 1 + . 

N d X N d C u X C u = C e ' N d C « ' C u - 0 ) 

In this case the compound can be expressed by the general formula [(Nd, Ce s + )j Ce 4 +

x ICu a +

1 . x Cu 1 +

x ] 4 _ t f 

with the average valence of copper <2. Second, charge balance at high dopant levels is achieved by 

oxygen "nonstoichiometry" in which some of the apical oxygen sites, which are vacant in Nd 2Cu0 4 

(Fig. 1(b)), are repopulated [13]: 

2* Idx V x = 2Ce * O ' ' (T\ 
*" u Nd v O z * ~ e Nd u 0 - , C ) 

Hole carrier superconductors behave similarly, but in an opposite charge coupled way, when divalent 

species are introduced into La.CuO 
2 X 

L a X L a C u X C u = S r ' u C u ' C u ...(3) 

2La* 0 * o = 2Sr' V' ...(4) 

* Krb'gcr notation is used to represent altervalent substitutions. Subscripts indicate the prototypical species 
in a crystallographic site while formal charges of +q, -q and 0 are given by ' , ' and *. Vacancies are 
shown as V. 
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At low Sr loadings these compounds have the formula [LaJ_xSrxICu2 +

1_xCu s +

3 []O4,x<0.15 resulting in an 

average Cu valence greater than 2. 

Both charge balancing mechanisms - adapation by chemical speciation and oxygen nonstoichometry -

operate simultaneously, although one or other usually prevails at a given composition and oxygen activity. 

A simple method for monitoring which mechanism is dominant is by the determination of unit-cell volume. 

When the charge compensation mechanism is operating the volume dilates for a large dopant (Sr) or shrinks 

for a small dopant (Ca) in a linear fashion. However, at a certain level (x = 0.15 in Sr doped La 2Cu0 4 

[14]) the volume starts to change more rapidly as oxygen migrates in or out of the compound. At this 

point, the superconducting properties of the ceramic deteriorate rapidly as the band structure alters 

dramatically. In general, the highest T(s occur at the solubility limit of the dopant in the parent structure, 

just prior to the onset of nonstoichometry [15]. Interestingly, the particle-hole symmetry of structurally 

similar superconductors are reflected in their optimum chemical formulation (Table 1). In particular, all 

these examples achieved their highest T values when the electron concentration (q) per [Cu-O] unit [16] is 

close to 0.3. 
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5. XPS STUDIES 

The characteristics of the Cu 2p envelopes of monovalent and divalent Cu compounds are well 

established [e.g., 17]. The salient features in the case of monovalency are that there is no satellite, both 

spin-orbit split components have narrow peak widths, and the 2p3#2 binding energy is typically - 932.5 eV. 

The divalent envelope, on the - .her hand, exhibits a strong satellite, greater peak widths and a chemical 

shift of about 1 eV (/.«., the 2 p 3 / J binding energy is typically ~ 933.5 eV). The data in Fig. 3 show 

predominantly divalency in the case of the semiconducting specimen (A) (which has been annealed in air), 

while the specimen annealed under reducing conditions (B) exhibit mainly monovalency, but with some 

admixture of divalency. Some caution must be exercised in the interpretation of these data, since XPS is a 

surface sensitive technique (with the interaction volume confined to the first few monolayers); the inferred 

valences of Cu therefore may not be representative of the bulk material. Oxygen deficiency was clearly 

evident from the O Is spectra which exhibited a low binding energy "shoulder"; this feature is a general 

characteristic of the oxygen deficient HTSC oxides and related compounds [9]. 

The Ce 3d spectra of tri- and tetra-valent model compounds (such as Ce0 2 and Ce2Os) exhibit 

characteristic and different satellite structures for the two valence states [18]. The present data for the Ce 

3d envelope, Fig. 4, show that this species was in a mixed 3+/4+ state and that there was little, if any, 

dependence on the annealing conditions. The shapes and the binding energies of the Nd 3d envelopes were 

consistent with this species being present as a 3+ species, as expected, and the features were independent of 

annealing conditions. The Pr 3d envelopes in Fig. 5 show that this species occurred predominantly with 3+ 

valency in the specimens irrespective of annealing conditions. Data for a Pr 6 O n powder specimen are 

included for comparison (Fig. 5); the larger shoulder on the low binding energy side of the 3dg , 2 peak (tot) 

in comparison with those for the "HTSC" compounds (bottom) show that there was little, if any, evidence 

for Pr 4 + [19]. 

In semiconductor material of composition (Nda 8 6 Ce 0 1 5 )Cu0 4 _ 5 , cerium might be expected to be 

entirely tetravalent leading to an average copper valence valence of 1.85, viz. predominantly Cu 3 + with 7% 

reduced to the monovalent species. Alternatively, charge balance may be achieved by the introduction of 

oxygen vacancies. XPS of the Cu 2p envelop suggests that the latter mechanism is predominant (Fig. 3A) 

as the 2p 1/2 peak with a binding energy of -958 eV is characteristic of Cu 2 +; no contribution from Cu 1 + is 
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evident. After annealing in a reducing atmosphere (p0 2 - 8 x 10' 4 atm) the spectrum is clearly altered 

(Fig. 3B) with the Cu 2pV 2 envelop shifted to -953 eV indicative of Cu 1 + and no Cu 2 + character. 

Therefore, it might appear from these results that all the Cu 2 + has been reduced to the monovalent form, 

however this conclusion should be carefully justified. Most 'mportantly, it must be recalled that XPS is a 

surface sensitive technique and the observed valence may not be representative of the bulk. In this 

instance, where the pellet has been annealed in a flowing stream of Ar/air it might be reasonable to expect 

that the surface will be more fully reduced. If copper were completely reduced, than 6 in (Ndx 8 S 

^-eo is^u <^4-5 W 0 ' J ld be 0.85-1, depending the valence of cerium. In this respect, XFS suggests that cerium 

exists a 3+/4+ mixture with the Ce 3d essentially invarient both before (Fig. 4A) and after (Fig. 4B) 

reduction. As Nd is commonly trivalent in the solid state no change in its spectra was anticipated after 

reduction nor was one observed, its 3d envelope always being consistent with Nd s + . Similarly Pr, which 

unlike Nd, can adopt either 3+ or 4+ valencies also failed to show a chemical shift between the 

semiconducting (Fig. 5B) and superconductary (Fig. 5C) forms. When these spectra are compared with that 

of "as-received" PrB0., which contains Pr s + ' < + , it is evident that Pr 8 + is the majority species. 
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6. ELECTRON MICROSCOPY 

6.1 Preliminary Observations 

Both the semicondjcting and electron superconducting forms of (Ndj 8 S C e 0 1 6 ) C u 0 4 ^ gave electron 

diffraction patterns along [010] (Fig. 6(a)) and [001] (Fig. 7(a)) consistent with the tetragonal cell 

determined by X-ray diffraction (Table 1) [3]. The strontium-doped hole carrier (Ndj J 2SrQ 41Ce0jn)CuO4S 

usually gave [100] SAD patterns similar to Fig. 6(a) and comparisons of experimental and computed 

HREMS of this zone, confirmed that the essential features of the structure were correct. However, on 

occasion diffraction patterns, which were heavily streaked along c* were observed, due to the intergrowth 

of T ' and T* forms [12]. Additionally, some T' phases exhibited commensurate and incommensurate long 

period ordering in the c* direction. 

6.2 Oxygen Superlattices 

It was four.d that all the ceramics were susceptible to deoxygenation during electron microscopy, 

manifesting itself by the formation of superlattice inflections in (001) plane SAD patterns. For example, 

the left hand side of Fig. 7(a) shows the initial [001] zone of Nd 2 Cu0 3 6 F 0 4 , while on the left is the SAD 

pattern of the same crystal after 15 minutes irradiation in the electron beam. Well developed superlattice 

reflections along <110> are evident giving a unit cell with of (pseudo)tetragonal dimensions a <= ISA, 

c •= 12A. Its corresponding HREM is shown in Fig. 7(b). 

At this stage only preliminary result? have been assembled for the basal cell superlattices, however it is 

evident that a large number of well-ordered, oxygen supercells exist in these materials. The ordering 

direction is a function of both the cation ordering and the anion species. We have already noted that 

Nd 2 CuO J 6 F 0 4 orders along <110>. In contrast, (Ndj w S r 0 4 1 Ce 0 2 7)Cu04_£ develops an electron beam 

induced superlattice in which the ordering direction is <100> and the periodicity 23.7A (Fig. 8(c)). The 

prototypical superconductor La2_xSrxCu04 . J +g has been observed to form many superlattices either along 

<100> or <110> depending upon the La/Sr ratio [20]. The SAD pattern for LaMSr134Cu04_s is shown in 

Fig. 8(b) and display:; a five times supercell along [110]. 
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?.i Comparison with Previous Studies 

The materials described in this work were prepared using conventional ceramic processing techniques 

and use oxides and carbonates as the starting materials. Although we were able to prepare single phase 

(Ln,Ce)Cu04_£ T and T' superconductors in this way, all efforts to produce the T* phase 

^^iJ2^ r 4i^e^r^-'u<^4-5 P r o v e ( l unsuccessful. Furthermore, the sintering temperature (1000-1100°C) is 

close to the liquidus, promoting the formation of unwanted grain boundary phases. To overcome these 

problems a chemical route has been designed [21] in which the hcmogeneous precipitation of oxalates 

produces a finely divided precursor which sinters to a single phase product at 900°C. 

The XPS results show predominance of Cu 2 + and Cu 1 + in the semiconducting and superconducting 

materials, respectively. Although care is required interpreting this chemistry (surface sensitivity vis-a-vis 

the bulk properties) it seems that the formation of Cu 1 + plays a more important role in maintaining charge 

balance (mechanism (1)) than the creation of oxygen vacancies (mechanism (2)). The data are in agreement 

with the XPS study of Uji et al. [22] who observed the concentration of Cu 1 + to increase with the extent of 

reduction. Furthermore, these workers found a direct correlation between Ce 4 + and Cu 1 + concentration 

which again favouis the dominant role of substitution mechanism (1). A similar result was inferred by 

Tranquada et al. [23] from X-ray absorption near edge fine structure (XAFS). However, these XPS and 

XAFS data directly contradict the results of an Electron Energy Loss Spectrometry (EELS) investigation of 

Nucker et al. [24]. These workers could find no correlation for Cu 1 + stabilization with cerium doping, but 

rather, detected holes at oxygen sites. Because this is presently contradictory to the other investigations, an 

artifact in the EELS experimental procedure might be sought. The most obvious explanation is electron 

beam induced deoxygenation and reduction, neither of which was considered by Nucker et al. but which 

invariably occurred in our specimens during both in electron microscopy and XPS. Such reactions might 

lead to the reduction Ce 4 + to Ce 3 + and therefore the oxidation of Cu1*. Furthermore, in the thin 

specimens used by Nucker et al. such reactions would proceed rapidly. 

Our data suggest that cerium occurs as a mixture of 3+/4+ valences. This is in agreement with the 

XPS studies of Hor el al. [25] and powder X-ray diffraction of Huang et al. [26]. However, other workers 
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[25, 27] have presented XPS data which are consistant with the presence of tetravalent Ce and little or no 

Ce 3 + . All these results are probably equally valid, with differences due to surface oxidation of Ce 3 + or 

process variabity, particularly the control of pO } during final sintering. 

7.2 Crystal Chemistry 

In the relatively simple (Ln,Ak)Cu04_£ superconductors (where Ln - lanthanide and Ak - alkali earth) 

the substitution of trivalent rare earths by tetravalent rare earths or divalent alkali earths of various crystal 

radii provides an elegant method of controlling order within the oxygen motif and thereby the band 

structure and superconducting properties. For example, in going from the T ' - phase to T*-phase "smaller" 

Nd s + is replaced by "larger" strontium and in so doing creates a mixture of Nd-rich cubic oxygen polyhedra 

(VIII) and Sr-rich moncapped square-antiprism (IX) polyhedra (Table 3). 

N d s + , C u 2 + = S- 2 +, Cu s 

cubic, square = monocapped square 
planar square antiprism ' pyramid 

In so doing, the valence of equimolar quatities of copper are oxidized and a proportion of Cu0 4 square 

phases are converted to Cu0 6 square pyramids. Similar changes might be expected if Ba 2 +, which is also 

larger than Nd s + , were incorporated in Nd 2Cu0 4 ,. On the other hand, Ca 2 + is of similar size to Nd 5 + , 

therefore the oxidation of Cu 2 + to Cu s + would be not accompanied by a rearrangement of the oxygen 

motif. 

A number of compositions were prepared by Cheong e' a!.[3] to explore the stability field of the T* 

phase. Without the addition of Sr, the T*-phase has a very narrow range of homogenity, and cannot be 

prepared sii- 'e phase. Only where rare earths with large differences in ionic radii were used (e.g., La1 M 

Tb0 M Cu04) could significant quantities of T* be stablized. Furthermore, Cleary el al. could only produce 

single phase T* when Sr was the alkali earth dopont - indeed, most of their compositions yielded a mixture 

of T, T' and T* phases. Our own studies have shown that Ca doped material can yield a single phase T* 
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product, provided care is taken to achieve a homogoneous precursor and the sintering temperature is not 

too high. The results of this work are still being finalised. 

Ce 4 + is not unique in behaving as an electron donar. Th 4 + which is of similar crystal radii (Table 3) 

behaves similarly [28]. By analogy, one might expect tetravalent uranium to also be a suitable electron 

donor. 

6.3 Future Studies 

In this paper we have summarised the results of some preliminary investigations of the fabrication and 

chemistry in the particle-hole symmetric Ln 3Cu0 4 superconductors. Oui results, although far from 

complete have revealed many intriguing matters which will be the subject of future experimentation 

including: 

(i) Clarification of the rob which copper valence and oxygen vacancies play in the 

maintenance of altervaient charge balance. 

(ii) Recognition of new and long period intergrowth structures based on the Nd 2Cu0 4- and 

K2NiF4-typet. 

(iii) Correlation of the formation of oxygen superlattice with changes in electrical properties. 

(iv) Search for new electron-carrier superconductors by doping with electron doners such as 
U 4 + . 
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Table 1: Crystal Chemistry for Sample Superconductors 

Optimum x Electron 
Value (Solid T c Concentrati 
Solution Limit) per [Cu-0]unit Cu valence 

S/C Type Dopant Formula Value (Solid T c Concentration (q) Effective Ref 

Hole Sr 2 + (Laj_xSrx)CuOx 0.15 30K +.3 2.3 [14] 

Electron Ce 4 + (Nd2,xCex)Cu04 0.15 24K -.3 1.7 [3] 

Electron F - Nd 2Cu(0 2. xF x) 0.30 27K +.3 2.3 [4] 
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Table 2: Unit Cell Data for A2Cu(O.F)4 s Superconductors 

Nominal Unit Cell/ 
Composition Subcell 

L a i . 8 5 S r 0 . 1 B C u O 4 - S a - 3.78 A 
b - 13.2 A 

L a i . 8 5

S r 0 . 1 5 C u O 4 - « a = 3.95 A 
b - 12.07 A 

L a i . S 2 S r 0 . 4 1 C e 0 . 2 7 C u O 4 a = 3.85 A 
b = 12.5 A 

N d 2 C u O 3 . 6 F 0 . 4 a = 3.961 A 
b = ii.13 A 

Superlattices Observed Ref. 
by Electron Microscopy* 

5 x ( l I J ) [20] 
« 

4x(110) tioj 

5 x (100) [this work] 

4x(110) l this work] 

* This list of basal plane supercells is certainly incomplete. Additionally, many supercells display long 
period, modulated structures along c* which are the subject of further investigation. 
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Table 3: Crystal Radii [29] of Cations with Co-ordination Number VIII 

Cation 

Ce 4 + 

U<+ 

Th 4 + 

Ca 2 + 

Nd 3 + 

Ce s + 

Pr 3 + 

La s + 

Sr 2 + 

Ba 2+ 

Radii (A) 

1.11 

1.14 

1.18 

1.26 

1.26 

1.28 

1.28 

1.32 

1.39 

1.56 
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FIGURE CAPTIONS 

Fig. 1 Powder X-ray diffraction patterns of (a) (Ndz 8 5 C e 0 1 6 ) C u 0 4 . i and (b) (Nd x J 2 Ce 0 4 1)Cu04_£ 

semiconducting ceramics prior to annealing under controlled atmosphere. (Recorded using 

Cu K.cr radiation.) 

Fig. 2 The structures of (a) (La,Sr)Cu04, T-phase (b) (Nd,Ce)Cu04, T'-phase, and (c) (Nd,Sr,Ce)Cu04, 

T*-phase. On the left of the drawings the polyhedral arrangments are emphasised, while on the 

right the atomic projections (heights in hundredths) are shown. 

Fig. 3 XPS for the Cu 2p envelopes of (Ndx 8 6Cu 0 1 5)Cu0 4_g (A) after annealing in air, and (B) after 

annealing in a reducing atmosphere. 

Fig. 4 XPS for Ce 3d spectra showing mixed 3+/4+ character for (A) air annealed and (B) Ar/air 

annealed (Pra 8 5 Ce 0 1 5 )Cu0 4 j . Spectra for the (Nd.Ce) analogue are similar. 

Fig. 5 XPS for (A) as received Pr 6 O i r The 3d envelopes are quite broad indicative of 3+/4+ species. 

The spectra for (B) the (Prx g 6Ce f l 1 6)Cu0 4_ 5 semiconductor and (c) superconductor have narrower 

peaks due to the prevalence of the trivalent species. 

Fig. 6 (a) [100] SAD pattern of (Ndj 8 5Ce 0 1 5)CuO x_ 5 , T-phase. Similar patterns were obtained for 

the Nd l 3 2 Sr 0 4 1 Ce 0 2 7 CuO 4 . 5 , T*-phase. 

(b) Good agreement between the experimental and calculated HREM of the T*-phase suggest 

the essential features of the structure have been determined correctly. 

Fig. 7 (a) [100] SAD patterns for Nd 2 CuO S 6 F 0 4 semiconductor after brief exposure to the electron 

beam (left-hand pattern) and after IS minutes exposure to 400 KeV electrons (right-hand 

pattern). 

(b) Corresponding HREM snowing well-ordered superstructure. 

Fig. 8 [100] selected area diffraction patterns of (a) (Ndx 8 6 Ce 0 1 6 )Cu0 4 _ 5 subcell, (b) (La,Sr)Cu04 

supercell and (c) electron beam induced supercell in (Ndj g 5 Ce 0 J £ )Cu0 4 . f i . 
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