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Abstract. We discuss positron behaviour and in particular the ground state positron prob- 
ability in high-T,materials. Special attentionispaid toLa2Cu04, forwhich we report detailed 
high-resolution two-dimensional angular correlation of positron annihilation radiation 
spectroscopy measurements in three sample orientations and as a function of temperature. 
Besides a large isotropic core-like electron contribution (=85%),  the remaining anisotropic 
contribution is attributed to valence electrons which are modelled by a linear combination 
of atomic orbitals-molecular orbital method in conjunction with a localised ion scheme, 
within the independent particle model approximation. The covalency structure so derived 
is used to discuss the case of the parent doped material and YBa,Cu30,. We also comment 
on the application of the Lock-CrispWest theorem to La2Cu04, before adding some 
concluding remarks. 

1. Introduction 

Since the renewal of interest for the oxometallate compounds [l, 21 after the discovery 
of high-T, superconducting properties in Laz-xSrxCu04 by Bednorz and Muller [3], and 
subsequently in YBa2Cu307-y by Wu et aZ[4] ,  intensive experimental and theoretical 
studies have been undertaken to clarify the chemistry as well as the physics of these 
materials. Despite the large variety of models invoked to explain the superconducting 
mechanism, there is currently a consensus to admit the major role played by the intrinsic 
electronic structure in these oxides. This key ingredient has been primarily investigated 
theoretically by making use of various one-electron band theories (APW, LMTO, ASW . . .) 
[5] .  These calculations in turn initiated a number of photoemission studies to check the 
validity of such approaches [6]. 

In the present paper, we will start from the opposite viewpoint, according to which 
valence electrons are supposed to be correlated so strongly that they preferably form 
localised states rather than itinerant Bloch states. Hence, starting from an ionic picture 
and allowing covalency overlap to take place, the linear combination of atomic orbital- 

9: Permanent address: University of Missouri-Kansas, Kansas City, MO 64110, USA. 

0953-8984/90/061635 + 24 $03.50 @ 1990 IOP Publishing Ltd 1635 



1636 P E A Turchi et a1 

molecular orbital model (LCAO-MO) constitutes a qualitatively appropriate framework 
to describe the electronic structure. 

Among the experimental techniques pertaining to such an approach, positron 
annihilation spectroscopy (PAS) is known to be suitable for probing the electronic 
structure and defects in solids. The recent results of lifetime measurements have also 
proved the sensitivity of the positron (e') to superconductivity in these high-T, materials 
[7,8]. In order to gain more insight into the physics involved in the annihilation process, 
high-resolution two-dimensional angular correlation of positron annihilation radiation 
( 2 ~  ACPAR) studies are highly desirable. The recent improvements in the ZD ACPAR 
detection systems, and particularly in the instrumental resolution, have led to infor- 
mation about the electron momentum densities in pure metals, ordered intermetallic 
compounds [9] as well as in disordered alloys [lo], with an accuracy which greatly 
compares to the de Haas-van Alphen results in the case of periodic systems. 

Recent ZD ACPAR experiments performed on a nearly defect-free single crystal of 
La2CuOd [ll] show: 

(i) no discernible structure at the Brillouin zone boundaries and highly isotropic 
angular correlation spectra for various crystalline orientations, as already reported for 
other oxides such as NiO [12]; 

(ii) well defined residual anisotropies in the positron-electron 2 y annihilation angu- 
lar correlation curves along various directions. 

The purpose of this paper is twofold: first, to prove that the positron is suitable for 
probing the copper-oxygen bonds which are supposedly responsible for the high- T, 
superconductivity; and second, to relate the ZD ACPAR data to particular details of the 
electronic structure of La2Cu04. Since this material represents a base line for future 
studies of the Fermi surface topology we have applied the well known Lock-Crisp 
West (LCW) theorem to analyse the data in the context of the obvious other extreme 
assumption, namely a band-theoretical interpretation. We will comment in fine on the 
expected behaviour of the positron in the doped material La,-,SrxCu04 and the parent 
defected YBa2C~307-y .  

The paper is organised as follows. In § 2, we define the positron wavefunction in 
these systems; in 5 3, we report the experimental results of high-resolution ZD ACPAR 
measurements performed on a nearly defect-free La2Cu04 single crystal in three crys- 
tallogrphic orientations and as a function of temperatme; in § 4,' we first discuss the 
LCAO-MO model that is used in conjunction with a localised ion scheme within the 
independent particle model (IPM) approximation to calculate the momentum dis- 
tribution of annihilating electron-positron pairs; then detailed comparisons between 
theory and experiment are presented in terms of covalency overlap parameters describ- 
ing the mixing of 3d copper orbitals with 2s and 2p oxygen orbitals. In 8 5 we apply the 
Lock-CrispWest folding procedure which allows a more direct connection with electron 
momentum density in reciprocal space, and in 8 6 we briefly examine the consequences 
of our approach on the effect of a dopant in La,CuO, and what can be expected for 
YBa2C~307-y .  

2. Positron wavefunction 

Since the positron annihilation rate is an overlap integral between the wavefunctions or' 
the electrons and the positron at the same location, we need first to obtain the positron 
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Table 1. Crystallographic information (in a.u.) and a parameters of the positron wavefunc- 
tion for LazCuO,, La,,,,Sr, IsCu04 and YBa2Cu307. 

La2Cu0, [16] La, 85Sro 15Cu04 [46] YBa,Cu30, [17] 

a = 7.2040 a = 7.1418 

c = 24.9021 c = 24.9935 
d(Cu-01) = 3.6020 
~ (CU-02)  = 4.5322 

d(Cu-01) = 3.5709 
~ (CU-02)  = 4.5588 

= 1.437 a. = 1.419 

aSr = 0.370 
aLa = 0.250 

acU = 0.647 acu 0.640 
@La = 0.253 

a = 7.3333 
b = 7.2052 
c = 21.9781 
d(Cu-01) = 3.6661 
~ ( C U - 0 4 )  = 3.5064 

= 1.329 
( ~ 0 1 - 0 3  = 1.326 
a C u l  = 0.605 
acUz = 0.602 
ay = 0.353 
as, = 0.229 

density distribution in order to find the preferential positions of the positron in these 
materials. As is usually assumed, the thermalised positron will be taken in a ground state 
with zero momentum (at T = 0 K) and a complete 1 = 0 character. If we exclude any 
trapping of the positron by negative ions, i.e. no quasiatomic state of the e+-anion type, 
an assumption which is corroborated by the lifetime measurement results [7], the e+ 
will be considered in a Bloch state. As was suggested by Chiba [12,13], the positron 
wavefunction Y + ( r )  can be approximated by a variational function which properly takes 
into account the fairly localised electronic character of the material and also the relative 
affinities of the different species to the positron in the annihilation process. Following 
reference [13], the trial function V ( r )  is written as 

1 Y + ( r = N -1'2 1 - exp ( - a,  I r - R I 
[ U  

where the set of a, represents the variational parameters to be determined, N is a 
normalisation constant and R, describes one of the set of coordinates of the inequivalent 
sites v in the unit cell. 

This function is associated with the Hamiltonian 

Hf = - A/2 + V V =  ~ ( 1 .  - I tT , / )  
V 

where Vis a sum of non-overlapping atomic potentials centred aroundR,. Eachpotential 
is given by the Coulomb part of the electron potential, with a negative sign, from which 
the exchange-correlation part is omitted. These potentials can be calculated from the 
Herman-Skillman neutral atomic charge distributions of the different atoms [14], as far 
as the Madelung potential (acting repulsively to a positron) is largely cancelled out by 
the attractive potential in the negative ion region [ 151. (Atomic units are used throughout 
the text.) 

From the expectation value of the energy, the a, are variationally deduced by solving 
a set of non-linear integral equations [13]. It is anticipated that the larger the ionic core 
is, the stronger it acts as a repulsive centre for the positron and therefore the smaller the 
value of a, is. As an illustration of the method, the a,, given in table 1, were calculated 
for La2Cu0, and YBazCu30,, with the structural information of Longo and Raccah [16] 
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La,cuo, 

Figure 1. Isodensity contour plots of the positron probability in various planes of: (a )  
La2Cu04; (b )  YBa2Cu307. The highlighted regions correspond to the highest probability. 

and Capponi et a1 [17] respectively. In figures l ( a )  and (b )  the positron iso-density 
contour distribution maps IY+(r) l 2  are represented for both perovskites in various 
planes.? The similarity in the nature of the spatial distribution of the positron in the two 
oxides can be described by imagining the positron as wrapped about the Cu-01 and Cu- 
0 2  bonds in La,CuO, and as preferentially located near the Cul-01 and Cul-04 
bonds in YBa2Cu307, keeping in mind the location of the maximum electronic charge 
distribution in order for the annihilation process to take place. From figures l ( a )  and 
(b ) ,  it appears that CAS is well adapted to characterise the electronic properties of this 
part of these materials which are supposed to be responsible for the superconductivity 
properties. One can notice that a qualitative agreement with LAPW results [18] for the 
positron charge density in YBa2Cu307 (where no electron-positron correlation effects 
[19] have been included) is achieved. 

t For simplicity the LazCuO, structure is assumed to be base-centred tetragonal; i.e. the Cu-0 octahedral 
tilting and the departure from a square planar basal configuration of oxygen atoms, which are responsible for 
the orthorhombic symmetry of the oxide lattice below 533 K, are neglected. 
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Figure 2. Positron probability densities for: (a) La,CuO, (in the {OOl}, {OlO} and {llO} 
planes); (6) YBa,Cu,O, (in the{001}, {OlO}, {loo} and{llO}planes). Distances are expressed 
in a.u. 

In figures 2(a) and (b ) ,  three-dimensional plots of the positron probability density in 
various planes further illustrate the regions of free volume occupied by the positron in 
LazCu04 and YBazCu30, respectively. In both oxides, the cations (La, Ba and to a 
lesser extent Y )  force the positron to probe the copper-oxygen bonds more selectively. 
Hence, in the defect-free YBa2Cu307 oxide, it is unlikely that the positron will trap in 
the 0, (along the b axis) or 0, (along the c axis) vacancy sites. It is worth noting that the 
existence of additional vacancy sites (divacancies or cluster of vacancies) will act more 
effectively as trapping centres for the positron, particularly those in the 01 position 
where the negative charge left by the missing oxygen will overcome the repulsion effect 
caused by the four surrounding barium atoms. Such an effect might explain the apparent 
contradiction in the positron lifetime measurements performed on these perovskites: 
the intermediate lifetime of 210 ps [7] in the defected system could be attributed to the 
large number of trapping sites (eventually clusters of oxygen vacancies), whereas the 
bulk lifetime of 176 ps [7] would be characteristic of a delocalised positron. 

3. Electron-positron annihilation in La2Cu04: experimental results 

We have measured the electron-positron annihilation momentum density in La2Cu04 
using two-dimensional angular correlation of positron annihilation radiation (ACPAR) 
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techniques. ACPAR has been used most successfully in clarifying the Fermi surfaces of 
metals [9], ordered compounds, and disordered alloys [lo]. Limited studies have been 
performed on oxides [12,13,20-261, most notably NiO [12], Fe304 [13,20], Na0.64W03 
[23] and recent preliminary work on LazCuOd [ l l ,  251 and YBa2Cu307 [26,27]. 

The ACPAR experiments were made with the new 2~ ACPAR facility at the Lawrence 
Livermore National Laboratory. Briefly, the apparatus consists of two General Electric 
Medical Systems ‘Starport’ Anger cameras modified to function as coincidence positron 
annihilation y-ray counters. Position and energy data of coincidence y-rays are selected 
and digitised by dedicated, stand-alone microprocessors and sorted online by a Micro- 
Vax I1 computer. We estimate the overall momentum resolution to be 0.5 x mc 
(=0.5 mrad). 

The La2Cu04 crystals were grown from a PbO-based flux with the c axis per- 
pendicular to the growth faces. Subsequent x-ray difraction measurements showed 
significant microtwinning in the near-surface (- 100 pm) region. Magnetoresistance 
and susceptibility measurements made on equivalent crystals indicated no evidence of 
antiferromagnetic ordering or superconductivity above 1.8 K [28]. Two such crystals of 
dimensions -4 x 4 X 2 mm3 were oriented in approximate (orthorhombic) registry, 
‘sandwiched’ about a -2 mCi encapsulated 22Na point source in -1 pm polycrystalline 
Ni foil (-1.1 mg cmW2), and sealed in an A1 cell under an ultrahigh-purity 4He atmos- 
phere for the duration of the experiment. The cell in turn was mounted in a closed-cycle 
He refrigeration system where it would be cooled to as low as 8 K with an accuracy of 
kO.1 K. 

The positron annihilation lifetime was measured initially to assure that there was no 
detectable trapping of the positron which would obviate the interpretation of the ACPAR 
data in terms of a single positron wavefunction [ l l ] .  The apparatus used for these 
measurements has been described elsewhere [7]. Approximately lo6 counts were 
accumulated in each of three lifetime measurements at room temperature. All of the 
results showed only two lifetime components. The longer one, of 0.46 ns and intensity 
4%, is attributed to surface and source annihilation of Ps and positrons. No more than 
one remaining lifetime could be resolved from the data. On the basis of these results, it 
was concluded [ l l ]  that only a single bulk lifetime, 177 ? 1 ps, exists in LazCu04 and 
vacancy trapping is negligible. This result is in agreement with similar measurements on 
La1,85Sro,15Cu04 reported by Jean et aZ[7]. 

Two-dimensional ACPAR measurements were performed on the samples at 9 K,  
70 K and room temperature (298 K) for the positron-electron momentum integration 
direction along the c axis (perpendicular to the basal plane), at 9 K and at room 
temperature for the integration direction along a principal twinning axis of the basal 
plane, and at room temperature only for integration along the a axis of the samples when 
referred to a tetragonal cell. All of the sample detector geometries are illustrated 
schematically (see below). The detectors and the sample were separated by 9.6 m. A 
typical measurement consisted of 16 to 40 million coincidence annihilation counts. 

Figure 3 shows a representative two-dimensional electron-positron momentum dis- 
tribution obtained with the integration direction perpendicular to the indicated tetra- 
gonal crystalline axes. The inset shows the orientation of the integration axis with respect 
to the LazCu04 unit cell. The distribution is broad and highly isotropic, but has small 
anisotropic deviations. The measured momentum distributions for the other two inte- 
gration directions are qualitatively similar. 

Broad, highly isotropic and nearly featureless electron-positron momentum dis- 
tributions are characteristic findings for ACPAR measurements of covalent metal oxides. 
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Figure 3. Two-dimensional electron-posi- 
tron momentum distribution of La,CuO, 
with a momentum direction of integration 
along the c axis of the sample, at room 
temperature. The inset shows the associ- 
atedsamplegeometry. Thevaluesofp,and 
py between -13.1 and +13.1 X 10-3mc. 

100 
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Figure 4. (a) One-dimensional electron-positron momentum distribution of La2Cu04, 
obtained after projection onto the [loo] axis. ( b )  The angular correlations of NiO along 
[loo], [110] and [ill] directions (from [12]) are also displayedfor comparison. 

In figure 4 we display the spectrum of figure 3 projected onto the [110] tetragonal axis 
(full curve), and the one-dimensional ACPAR data for NiO [ 121. There are no discernible 
structures corresponding to the existence of a Fermi surface or Brillouin zone boundaries 
in either of the two curves. 

The anisotropic features are extracted from the underlying isotropic distributions 
for each of the three momentum integration directions by subtracting annular averaged 
reference values from each distribution. Residual anisotropy surfaces for each geometry 
were then signal-averaged using the point group symmetry of the crystal with respect to 
the integration axis and further smoothed to reduce the signal to noise ratio. The results 
of these operations are shown in figures 5(a ) ,  ( b )  and (c). We also display iso-density 
plots of the corresponding residual anisotropy surfaces and schematically illustrates each 
integration geometry. The effective resolution is -0.75 x 

The significant results of the low-temperature measurements are shown in figures 6 ,  
7 and 8. Figure 6(a )  shows the residual anisotropy surface for the [OOl]  axis integration 

mc. 
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FigureS. Experimental 3D residual aniosotropy surfaces of the electron-positron annihilatioii 
momentum distributions of La,CuO, with momentum integration direction along the indi- 
cated crystalline axis (data taken at room temperature). The insets show the integration 
directions with respect to the sample geometries. The corresponding isodensity plots are 
also displayed (contour zone above the average have been highlighted). 
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-15 -10 -5 0 5 10 15 

px (10-~mc) 

Figure 6 .  Residual anisotropy surface (a )  and its associated isodensity contour plot (b )  for 
La,Cu04 with a [OOl]  integration axis, at T = 9 K. The difference between the 298 K and 
9 K ACPAR results is illustrated in a 3~ representation ( c )  and an isodensity contour plot (d) .  
Contour zone above the average has been highlighted. 

geometry and a sample temperature of 9 K. In comparing this result with its room- 
temperature (298 K) counterpart, the surface of figure 5(a) ,  we see slight differences in 
the peak shapes at higher momenta. Near the centre we also see four distinct small peaks 
in the 9 K data which are not well resolved at 298 K. A comparison of the 9 K residual 
anisotropy surface iso-density plot (see figure 6(b)) with its 298 K counterpart also 
reveals small shifts in peak and valley positions. The difference between the 298 K and 
9 K ACPAR results is most clearly illustrated in figure 6(c) .  Here the full electron-positron 
momentum distribution for 9 K has been subtracted from the full distribution for 298 K 
(see figure 3), after normalising to the total number of counts. The results are displayed 
after signal averaging and smoothing using the procedure of figure 5. The difference 
surface represents 0.5 k 0.2% of the normalised distributions. The surface and its iso- 
density plot (figure 6 ( d ) )  show a transfer of counts into the distribution centre at low 
temperatures. Similar results are seen in different plots for the 70 K measurements (not 
shown) in the [loo] axis integration geometry. We compare the ACPAR results for the 
[110] axis integration geometry (along a major twinning axis in the basal plane) at 9 K 
and 298 K in figures 7 and 8. Again one observes slight changes in peak and valley shape 
position as well as in resolution. The difference surface represents 0.7 k 0.2% of the 
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Figure 7. Same as for figure 6, for the [OlO]  integration axis 

normalised distributions. Note the anisotropic shape in the iso-density plot of figure 
7 ( d ) .  Figure 8 shows the result of taking the difference between the projections of the 
9 K (298 K) data along orthogonal crystalline axes in the right (left) inset. 

The temperature effects displayed in figure 6-8 are derived in part from the reduced 
phonon scattering of the positron probe at low temperatures and the effects of lattice 
parameter changes. To the extent that the electronic structure of LaaCuO, resembles 
that of NiO [12], these results may reflect changes in the covalency structure, as will be 
shown in the next section. 

Figure 9 shows the result of subtracting from figure 3 a gaussian of revolution 
containing -85% of the total counts and fitted to the higher-momentum components of 
the full distribution of figure 3. The gaussian shape is characteristic of a core electron 
contribution to the distribution. It is tempting to treat the anisotropic remainder as the 
manifestation of a Fermi surface [25]. However, the results of such attempts [25] are in 
substantial disagreement with the predictions of standard band theory. This dis- 
agreement motivates an alternative approach which is proposed in the next section. 

4. Momentum distribution of the annihilating e--e+ pairs: method of calculation and 
results 

A 2~ ACPAR experiment measures a coincidence rate which is proportional to the 2~ 
electron-positron momentum density p2Y(px, p y ) ,  which is in turn related to the full 3~ 
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Figure 8. Experimental anisotropy curves, as 
described in the text, for La2Cu04, with inte- 
grations along the indicated pair of orthogonal 
tetragonal axis, at T = 9 K (left inset) and 298 K 
(right inset). 

Figure 9. 2~ ACPAR spectrum obtained after sub- 
traction from figure 3 of a gaussian of revolution 
fitted to the higher momentum of the distribution 
given in figure 3 (momentumintegration direction 
along the c axis). 

momentum distribution of annihilating pairs by:? 
+= 

P 2 y ( P x , P y )  = 1 dPzP2y03). 
--2 

In principle, it is the one positron-many electron many-body system for which the 
momentum density is measured. However, if the deformation effect of the positron on 
the electron density is neglected,$ this simply reduces to 

P2’@> OC c.. IX’03)l2 
I occ 

where the sum extends over all occupied electronic states, xi@) is the so-called prob- 
ability amplitude for the emission of two photons with total momentump = hk, resulting 
from the annihilation of a positron with an electron in a state j whose wavefunction is 
vJ* 

X I @ )  is given by the Fourier transform of the wavefunction product: 

~ ’ ( k )  = J d ’r@(r)Y + ( r )  exp( -ik.r). 

t To make a connection with experiment, the convolution of p’’(p; , p J )  with an instrumental resolution 
function should be performed: 

In the following the two-dimensional R function is taken to be a gaussian with a standard deviation of 0.2 mrad 
(0.33 mrad FWHM), while the experimental resolution was actually somewhat greater at 0.5 mrad. 
$ Usually the instantaneous electron density at the positron site is much larger than that assumed in the 
absence of positron (the positron acting as an attractive centre for the negative cloud), due to correlations 
between the positron and neighbouring electrons. But in spite of this enhancement factor, the momentum 
distribution is often fairly close to the one obtained without taking into account these correlations (hypothesis 
of the so-called independent particle model approximation, IPM). 
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4.1. LCAO-MO prescription 

In the IPM framework, the problem is to calculate and Y'. In the previous section 
a trial function for the positron was proposed. Because the phase of the positron 
wavefunction is supposed to be constant over at least the closest atomic cells, a 2~ ACPAR 
experiment will be able to sample the phase relations between the electronic states on 
the neighbouring sites: phase relations which will be preserved in the corresponding 
state of the annihilating e--e+ pairs. Therefore we have possible access to the covalency 
structure of the material. 

Excluding core electrons which are assumed to give a gaussian contribution to the 
angular correlation curves, it is still necessary to have an adequate description of the 
valence electrons. At  present, there are two limiting theories for the outer electrons in 
a solid: crystal field theory and band theory. The former rests on the assumption that 
the interactions between neighbouring atoms are so weak that each electron remains 
localised at a discrete atomic position. On the other hand, band theory assumes that the 
interaction between neighbouring atoms is so large that each electron is shared equally by 
all like nuclei. This approach fails to treat adequately the electron-electron correlations, 
which are of increasing importance as the interactions between the neighbouring atoms 
become weaker. 

This failure is clearly apparent when photoemission spectroscopy measurements 
(XPS, UPS, inverse photoemission) [6] performed on these perovskite oxides are com- 
pared with standard band theory calculations [5] .  In these oxides the intermediate 
character of the d type of outer electrons, which seems actually to exhibit a more subtle 
balance between localised and itinerant electronic characters, is primarily responsible 
for this failure. The apparent lack of Fermi surface in the angular correlation curves of 
~ D A C P A R  and the well defined features of the residual anisotropy contour maps in 
La2Cu04 (see figure 5 )  tend to confirm this speculation. From this argument, a method 
based on a LCAO-MO picture in the limit of the localised ion scheme will be developed in 
order to calculate the electronic structure of these perovskite oxides. The localised ion 
scheme leads to a local description of the perovskite in terms of small clusters: here the 
metal (copper) surrounded by its nearest oxygen neighbours (ligands). 

This scheme is doubly justified in the present context: (i) a fairly localised electronic 
character; and (ii) a free volume for the positron, as shown in 0 2, concentrated around 
the copper-oxygen bonds. This prescription is based on earlier successful studies which 
accounted for the main features encountered in PAS investigation of various oxides such 
as NiO [12], Fe304 [13,20] and Nao 64W03 [23]. Thus the jth state of a valence electron 
will be written as a linear combination of atomic orbitals centred around the sites i of 
the cluster so considered: 

@(r)  = c c,47?.i(rJ 
I 

where r, = r - R, and 47; is given by the usual expression 

qjl(rJ = K z l ( r J y l m ( @ , >  a') 
(here the index j refers to the set of quantum numbers n ,  1 and m). 'The probability 
amplitude ~ ' ( k )  for the emission of 2y with total momentump = hk is given by 

xj( k) = c d 1-47 (r - R ,)Y + (r)  exp ( - ik - r )  . 
i J 

By expanding the exp(ik * r) in terms of spherical harmonics, xJ(k )  takes the form 
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Figure 10. Coordinate system for 
the cluster of oxygens around a cop- 
per site, representative ofLa2Cu04 
(a)  and YBa2Cu3O7 (b) .  

X'(k) = ( 4 ~ ) ~  2 c!, e x p ( - i k . R , ) ( - i ) ' Y , * , ( O k ,  Q k ) K n l ( k )  

where K,,(k) represents the radial part of the atomic momentum wavefunction: 

1 

Kndk) = J m  rf d r lRn , ( r l )~+(~ i l~ , (kY, )  
0 

and j,(kr,) is the spherical Bessel function of order 1. As the positron wavefunction is 
spherically symmetric around each ion core, the angular dependence of the wavefunction 
product is the same as that for the electrons. 

Because there is a need to preserve the simplicity of the approach, we will only 
consider in the following the last occupied valence states, mainly the antibonding states 
which are formed between the 3d states of copper and the 2s and 2p states of the 
surrounding oxygens (4 01 and 2 0 2  in the case of La2Cu04 and 2 01 and 2 0 4  in the 
case of YBa2Cu307). The clusters so defined [lS] are given in figure 10. Therefore the 

will be the resulting crystal field-localised orbitals of appropriate symmetry [29]. 
In order to take proper account of the Jahn-Teller type of distortion of the cluster, 

the covalency parameters (in fact the covalency overlap parameters, because they are 
defined for the antibonding states) c t  (v = 0, JC, s) will be given separate values for 
different directions: a = b basal plane or x-y directions and c along the c axis or z 
direction [29]. The antibonding MO combinations for La2Cu04 are written as [29]: 

t2g states: q x y ( r )  = NXy[dxy - ci(p'; + pi  - p3 - pi)/2] 

VY2(r) = N,z[dyz - Ci(P5 - P W 2  - 4 P S  - PO/d21 

W"(r)  = N,,[dz, - 4 P f  - P W 2  - CXPt - P w 4  

eg states: W z z ( r )  = N,z[d,z - c!(pt + p3 - p'; - py4)/2 

-c',(-p5 + p"6/d2 + c:(sl + s2 + s3 + s4)/2 - Ci(2S5 + 2S6)/d2] 

-c:(sl - s2 + s3 - sq)/2]. 

q x 2 - Y 2  ( r )  = Nx2-y2[d,2-y2 - c:(-pf + p3 + p$ - p4)/2 

The numbers 1, 2 . . . 6 refer to ligands along the principal axis of the octahedron as 
reported in figure 10 and the N are the normalisation constants of the open-shell MO. 
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The momentum wavefunctions of electron-positron pairs associated with these five 
states are obtained by making use of the expression for ~ ' ( p ) .  Then the momentum 
density p2Q) is calculated by summing over this restricted set of occupied states. In the 
particular case of La2Cu04, due to the ligand field, the d levels of the metal split into a 
threefold t2g level and a twofold eg level. In addition to this splitting, the elongation of 
the octahedron along the c axis will induce additional splitting of the t2g in d,,, d,, and 
d,,, and of the eg in dz2 and d , 2 ~ ~ 2 .  

Finally, following the arguments developed by Goodenough [30-341, thex2 - y2, (T* 

in character, will be split by an intra-coulombic interaction. Therefore a d' configuration 
for copper leads to the following expression for p2Q): 

An integration along a particular momentum direction of p2'(P) followed by the 
convolution with an instrumental resolution function [28] leads to the quantity 
T2Y(px, p,), which can be compared with the experimental results. 

4.2.  LCAO-MO results 

When applied to La2Cu04, the momentum wavefunctions are calculated with the 
atomicwavefunctionsof Cu2+ in a d'configuration resultingfrom a Herman and Skillman 
scheme [14] and the atomic wavefunctions 2s and 2p of 02- (in a $1 well) given by 
Watson [35]. 

The six covalency-overlap parameters c: (v = (T, n, 6 and a = h ,  c) were deter- 
mined by a non-linear least-squares fitting procedure in order to attain the best resem- 
blance with the 2~ ACPAR residual anisotropy distribution results of La2Cu04 for a 
momentum integration along the [010] direction (see figure 5(b)) .  The covalency- 
overlap parameters thus obtained take the values 

ck = 0.1500 c: = 0.0120 c t  = 0.00300 

c: = 0.0375 c', = 0.0030 cs = 0.00075. 

Incidently, the expected hierarchy applies to our results, i.e. 

c, $- c, 9 c, > 0 

C b  9 cc > 0 

which indicates a stronger orbital overlap in the basal plane than along the c axis. 
Calculations of residual anisotropies using these parameters have been performed, 

following the same procedure applied to the experimental data (see § 3). Surface and 
iso-density contour plots of the calculated anisotropies, in the three sample geometries, 
are shown in figure 11. The theoretical results compare favorably with their experimental 
counterparts given in figure 5.  

It is also interesting to display for further checks the anisotropy curves resulting from 
the difference of the 2D momentum distribution integrations along the orthogonal axis: 

A @ )  = J dP, r 2 Y @ > P , )  - I dP, r 2 Y P x , P ) .  

The comparison between theory and experiment is given in figure 12. Qualitative 
agreement is achieved, but discrepancies in peak locations and additional experimental 
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Figure 11. Theoretical counterparts of figure 5 

residual features not present in the calculated LCAO-MO model are evident, which most 
likely arise from the extreme simplicity of the model itself. 

However, given the surprising success of this approach, it is now worth studying the 
decomposition of the residual anisotropy distributions in their various contributions in 
order to analyse the features in terms of covalency effects. The two peak features 
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Figure 12. Experimental (theoretical) anisotropy 
curves A ( p ) ,  as described in the text, for 
La,CuO,, with integrations along the indicated - - 
pairs of orthogonal crystalline axis. Experimental 
(theoretical) curves for each inset are denoted by -15 10 5 0 5 10 15 

Momentum m c l  full (broken) curves. 

occurring at low momentum in figures l l ( b )  and (c) (see also figures 5(b)  and (c)) can 
be attributed essentially to the eg contribution. More precisely, in the case of figure 5(b)  
(or l l ( b ) )  the mixing of the Cu-3dZ2 and oxygen-2p, is involved (see figure 13(a)), 
whereas in the case of figure 5(c) (or l l(c))  the mixing of C~-3d ,z-~2  and oxygen-%p, 
and 2p, gives most of the contribution (see figure 13(b)). In the same way, when the 
momentum integration is along the c axis, the four peaks located along the orthorhombic 
axis in momentum space are explained by a major t2g contribution. For this sample 
orientation, at low momentum, the delicate balance among the overlap occurring 
between oxygen-2p and 2s and Cu-3d,zxY2 (along the orthorhombic axis) and Cu-3dZz 
(along the tetragonal axis) is reflected in the experimental temperature variations of the 
residual anisotropy distributions (see figures 6-9 and figure 13(c)). 

In the three cases, the extra features which occur essentially at high momenta are 
the result of the interference terms due to the mixing of 3d and 2s and 2p when evaluating 
the IX’(P>I2. 

4.3.  Consequences of LCAO-MO description 

From this study, based upon the LCAO-MO description, a few major consequences are 
expected. 

(i) A reduction of the Cu moment due to covalency effects and its implication on the 
magnetic form factor for copper, especially at low scattering angle where a forward peak 
is expected. Such consequences were already noticed in the case of K2CuF4 [36] and 
preliminary neutron scattering experiments performed on La2Cu04 [37] seem to confirm 
such expectation. 

(ii) A distortion of the transition probabilities by covalency effects in the valence 
band spectra as obtained by x-ray photoemission spectroscopy. This point is well docu- 
mented for other oxides such as R e o 3  [38]. Within this simple approach, such detailed 
experiments must lead to a better knowledge of the covalency structure in these oxides, 
in particular information on the metal to ligand spin transfer, if one also includes 
magnetic resonance spectroscopy measurements (nuclear magnetic resonance, electron 
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Figure 13. Partial 3D residual anisotropy surfaces in the three samples geometries given in 
the insets. ( a )  2’; (b )  x 2  - y 2  (left) and z 2  (right); (c) tZg, xz - y 2  (bottom left) and z2 (bottom 
right) contributions to the total 3D residual anisotropy surfaces given in figures l l ( b ) ,  (c) and 
( a )  respectively. 

paramagnetic resonance or electron-nuclear double resonance) which are not yet fully 
available. 

5. Electron momentum density determination: Lock-CrispWest folding analysis 

We saw in the previous section that a crystal-field theory model for the electronic states 
of La2Cu04 gave satisfactory qualitative agreement between theory and experiment. 
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Here we shall assume another extreme of physical behaviour and invoke a band theor- 
etical picture in an attempt to extract the reciprocal space electron momentum density 
from our 2~ ACPAR data. 

It has been known for a long time [39] that the ACPAR technique measures the 
real momentum distribution of electrons in a crystal (as modulated by the positron 
momentum distribution) and not the electronic distribution in k space. Thus one can 
interpret ZD angular correlation results in a metal as arising from: 

(i) states in full Brillouin zones which contribute a continuous distribution having 

(ii) contributions from a partially filled zone which are non-vanishing only at a 

(iii) contributions of an additional, often large, isotropic ‘core’ contribution from 

the point symmetry of the reciprocal lattice; 

momentump such that pG lies inside the Fermi surface; 

annihilation of electrons in several full Brillouin zones 1401. 

Assumptions must be made about the shape of the contributions due to ‘core-like’ 
electrons in filled shells; these contributions may appear in several full Brillouin zones. 

In practice, various effects complicate the interpretation scheme above. The posi- 
tronic wavefunction overlaps with states of different angular momenta may not be 
identical [41]. The positron polarises the electronic medium of the solid. Electron- 
electron correlations may differently affect the momentum state densities of the filled 
and partially filled bands. And there is frequently uncertainty about the precise nature 
of the broad ‘core’ contribution. 

Nevertheless, it is possible to extract the Fermi surface topology for metals from 
~ D A C P A R  data with reasonable accuracy. Lock et a1 [40], Lock and West [42] and 
Beardsley et a1 [43] have developed a superposition procedure (subsequently referred 
to as LCW) whereby the measured electron-positron momentum density is transformed 
into a Bloch wavevector k space electron-positron momentum density p2y(k).  In this 
function, the singularities and other features that reflect the Fermi surface are isolated 
and emphasised; the perturbations caused by positron wavefunction and electronic 
correlation effects usually appear as a smaller (relative to their effect on p2Y(p)) per- 
turbation of p2Y(k) from the equivalent electron k space density p e ( k ) .  

The power of this technique to establish the essential topology of a complex Fermi 
surface of several sheets, through simple and easily readable contour displays, has now 
been established in several works [41,44]. 

We have applied the LCW formalism to our La2Cu04 data. Figure 14 shows an iso- 
density contour plot of the two-dimensional p2Y(k). The integration axis is [OOl] ,  and the 
Brillouin zone of the twinned, face-centred orthorhombic crystal has been referred to 
the body centred tetragonal lattice, with a = 3.8011 A and c = 13.149 A. The minimum 
value is 98% of the maximum. LCW computations for other integrations of the La2Cu04 
two-photon momentum distributions (not shown) give qualitatively similar results for 
their extrema1 variations. 

The original full 2D ACPAR distribution (not shown) from which this approximate 
electron momentum density (EMD) was derived was a square 128 x 128 2~ histogram 
centred about the origin with a bin width of 0.416 x 10-3mc. It contained about 25 
million counts and -lo4 counts in the peak channel. The 2~ EMD of figure 14 contains an 
average of -6 x lo4 counts per bin, giving a corresponding statistical noise limit of the 
order of 0.1 %. Thus the residual differences shown in figure 14 are statistically significant 
and their existence requires additional explanation. 
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folded spectrum in a repeated-zone 
scheme for La2Cu0,. The integration axis 
is along [OOl] .  The crystalline axes have 
been referred to the body-centred tetra- 
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ation is 2% and values below the average 
have been highlighted. 

It is unlikely that the residual differences are derived from a Fermi surface. The 2~ 
EMD is nearly constant, a result close to that expected from filled bands [40,43]. Small 
residual variations of this order (-2%) have been observed in the LCW analysis of ID 
ACPAR data for the semiconductor (narrow band gap insulator) germanium [42]. Thus, 
it is more likely that the residual variation originates from the positronic wavefunction 
differently overlapping different electronic states [41], and/or from electron-electron 
correlation effects. Further investigations of the positronic wavefunction in La2Cu04 
would be useful to clarify this point. 

The assumption of filled-band behaviour can be tested by observing the magnitude 
of the oscillatory residual structure. If the EMD is governed by LCW of filled bands, the 
oscillation amplitude should have a minimum when the 2D data is superposed upon itself 
with shift displacements equal to the reciprocal lattice vectors of the projected 2~ 
Brillouin zone. A similar result holds for the residual behaviour of the LCW results from 
ID ACPAR measurements [43]. In figure 15 we plot the quantity 

[P2ax(kx7 k y )  - P%,(kx, ky)I/P%a,(kx7 k y )  
as a function of the shift distance G700 for the data of figure 14. The residual oscillations 
are represented by a broken curve. The vertical broken line locates the reciprocal lattice 
wavector a$ derived from the lattice constants of the BCT cell to which the data are 
referred. There is a clear minimum in the vicinity of the physical shift distance, a result 
consistent with approximately filled-band behaviour. Other oscillatory minima occur at 
integral half-multiples of the physical Gf,,. For comparison, we have also plotted (full 
curve) the normalised oscillatory amplitude for a gaussian of revolution fit to the high- 
momentum components of the parent distribution and superposed with the same shift 
distances. As expected, the amplitude monotonically increases as a function of GToo. 

6. Discussion and summary 

Because the details of the theoretical predictions depend closely upon the covalency 
overlap parameters of the Cu-0 valence bonding, the experimental features which show 
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up in the residual anisotropy distributions are expected to be sensitive to the presence 
of a dopant, like Sr in the case of La2Cu04, as well as to the temperature when crossing 
T,. In the present context the dopant will act at two different levels: (i) by changing the 
positron free volume due to the substitution of Sr for La, which modifies the bond 
distances and the atomic volume; (ii) by modifying the covalency overlap parameters 
associated with the resulting charge redistribution on the copper site, in accordance with 
first-principles calculations [45]. 

If we consider a random distribution of Sr on the La sites and the crystallographic 
data relative to Lal,s5Sr,,,,Cu04 [46], the positron wavefunction, as calculated in 0 2, is 
described with the (Y parameters given in table 1. With respect to the results for pure 
La2Cu04, the higher value of mSr compared with aLa leads to a greater extension of the 
positron wavefunction outside the basal plane. This positron effect, in conjunction with 
a change in the covalency structure of the doped materials, are expected to change 
noticeably the ~ D A C P A R  results, as the preliminary results of reference [47] seem to 
prove. 

Although the calculations have been centred on La,Cu04, a similar approach may 
be applied to YBa2Cu307. As stated in Q 4.1, one can start with the minimum cluster 
defined by the square planar distribution of oxygens (01 and 0 4 )  around the copper 
Cul ,  where most of the annihilation is assumed to take place (see Q 2). By combining 
the positron wavefunction described in § 2 with the appropriate combinations of atomic 
orbitals associated with the cluster of figure 10(b), one can calculate the momentum 
density for a ds configuration of copper. In figure 16(a), we show the resulting residual 
anisotropy distribution for a momentum direction of integration along the c axis. In 
figure 16(b), the residual anisotropy of figure 16(a) was added up to its 90" rotated 
counterpart in order to take into account the twining inherent to YBa2Cu307. The 
calculations compare favorably with the experimental result of reference [28], Further 
details will be given in a forthcoming paper. 

On the basis of this simplified theoretical model, it was shown that the experimental 
anisotropy distributions can be qualitatively described in terms of the particular 
covalency structure used here to describe the outermost valence electrons in La2Cu04. 
Besides this overall agreement, the remaining discrepancies can be attributed to: (i) 
electronic transfer between nearest-neighbour copper atoms and partial oxygen-oxygen 
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Figure 16. 3D residual anisotropy surface of the electron-positron annihilation momentum 
distribution of YBa,Cu,O, with a momentum direction of integration along the c axis (a ) .  
The result corrected for twinning is displayed in ( b ) .  The values of px and py, along the [loo] 
and [OlO]  directions, range between -15 and +15 x mc. 

overlap; (ii) a more rapid decrease in the radial component of the momentum wavefunc- 
tion, the KnI, than found in our model; (iii) spatial anisotropic features in the positron 
wavefunction which can be important in the present case of highly anisotropy crystalline 
structure when dealing with such small residual anisotropies in the momentum density; 
and (iv) positron-electron correlation effects affecting differently the excitation of the 
MO states induced by the screened positron coulombic field. The first three points can 
be taken care of by performing more sophisticated calculations on realistic molecular 
clusters representative of the actual perovskite oxide. In this spirit, the multiple scat- 
tering Xa cluster method or the configuration interaction approach would be highly 
desirable. The last point is more difficult to account for, at the present stage, although 
a certain number of attempts have been suggested recently [48] to go beyond the IPM 
approximation. 

To summarise, it was shown that PAS is a useful technique for studying high-T, 
materials. It is fortunate that, in the nearly defect-free version of the so-called 214 and 
123 perovskite oxides, the Bloch state of the positron is probing the Cu-0 bonding: this 
part of the material which is supposed to give the high-T, properties that we know. 
We also explain the residual anisotropies obtained from 2D ACPAR measurements on 
La2Cu04 within a LCAO-MO scheme in its simplest version, implying a fairly localised 
electronic character. Specifically, a highly anisotropic covalency structure was found 
which would describe the annihilation of the last occupied valence electronic states with 
the positron wavefunction with a delicate balance between Cu-3dXz~,z and 3d,z states, 
as is revealed in the temperature effects on the 2~ ACPAR spectra. On the other hand, 
the application of the LCW folding analysis to LazCuO4 yields a result very close to filled- 
band behaviour. We believe the deviations from this insulator situation are significant, 
but that they primarily originate from positronic wavefunction mixing of the electronic 
states and not from a Fermi surface effect. The similarities encountered between the LCW 
results for La2Cu04 and NiO [49] suggest that one should be careful in the application of 
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the LCW theorem and the interpretation of the resulting EMD. In the doped material 
La2-.SrXCuO4 and in YBa2Cu30,, positron wavefunction effects are expected to domi- 
nate although Fermi surface features, weak in magnitude due to the small number of 
electrons at the Fermi energy, must show up experimentally at higher statistics. 
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