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W-7500 Karlsruhe. Federal Republic of Germany 

Received 14 February 1992 

AbslracL Using lhe data h m  lsDFA LMRl ASA band-StNcture Olculations we Waluale 
the zero-temperalure Knight shifts K at the individual atoms of the Stoichiometric 
high-T, material YBasCu30,. All mnlribulions Lo K are calculated-without using 
adjuslable parametem-m rhe level of the previously described RPA-like spindensity- 
funclional formalism approach. As a whole the re~ults for the Cu atoms turn out to be 
in msonably good agreement with experiment. 

1. Introduction 

Because of their spectacular superconducting properties, ceramic materials have at- 
tracted a great deal of attention during the last few years. Whereas the parent 
compound La,Cu04 causes extra difficulties in a theoretical treatment, since it be- 
comes superconducting only on doping, YBa,Cu,O, is an example of a stoichiometric 
high-7'' material and is thus accessible to a description making use of Bloch symme- 
try without invoking approximations inherent for example in a KKR CPA kind of alloy 
theory. 

There h some controversy as to how to treat the electronic structure of these kinds 
of system. This mainly dates back to investigations of the pure compound La,Cu04. 
Spin-polarized local-density-functional band-structure calculations failed badly to re- 
produce the experimentally established isolating antiferromagnetic ground state of 
this system. In contrast, they yielded a metallic state caused by a broad, strongly 
Cu d,,-,,-planar 0 pI. p,-hybridized band crossing the Fermi surface (see, q., 
Matheiss (1987) and 'Emmerman et al (1988)). Moreover, as calculations of the spin 
susceptibility have shown (Leung er a1 1988, Winter et a1 1990), the local-spin-density. 
functional approximation (LSDFA) puts this system far from any magnetic instability 
for the wavevector q at the X point. Observations of this kind led many investigators 
to the decision to abstain from attempting to describe the ceramic materials by the 
LSDFA band-structure theory at all, but to apply instead some t-J or Hubbard model, 
devised for coping with strongly correlated electrons (see, e.g., Hirch and Marsiglio 
(1989) and Emery (1991)). Various spectroscopic experiments and the measurement 
of transport coefficients, however, reveal that, on doping, La,Cu04 readily becomes 
a metal. Unfortunately, most quantitative theoretical investigations on thii transition 
encounter complications when dealing with a non-stoichiometric system. 
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In this respect the situation is much simpler in the case of YBa,Cu,O,. In quali- 
tative accordance with experiment, LSDFA band-structure calculations yield a metallic 
ground state for this stoichiometric system and de Haas-van Alphen experiments show 
that a Fermi surface exists (Olsen ef ai 1990). The question arises of how good the 
quantitative agreement between LSDFA band-structure theories and measurements is. 
As pointed out in the comprehensive review article by Pickett (1989), charge densities 
are surprisingly well reproduced. The same is true for charge-density-related quanti- 
ties such as phonon frequencies and electric-field gradients (Schwarz ef a1 1990). This 
statement even holds for the evaluation of such quantities in pure La,CuO, (Cohen 
ef a1 1988). Apart &om the bad failure of the LSDFA for La,CuO, and YBa,Cu,O,, 
magnetic properties are thought to be less well accounted for in metallic ceramic 
systems as well. 

'lb shed some light on this controversy we set out to investigate the magnetic 
properties of YBa,Cu,O, using the band-structure-based parameter-free SDFA RPA 
method to evaluate magnetic correlation functions (Stenzel and Winter 1985, 1986, 
Stenzel et ai 1988, Gdtz and Winter 1989, 1991). As a first step, we treat the zero- 
temperature Knight shifts of the individual atoms in this paper, which is organized 
as follows. In section 2 we give an outline of the formalism and display thc LMTO- 
ASA band-structure results in section 3. Section 4 shows our theoretical results and 
section 5 compares them with experiment In section 6 we contrast our method to 
semiempirical phenomenological treatments available in the literature. We close with 
some conclusions in section 7. 

2. Formalism 

A formulation of the contributions to If for cubic systems with one atom per unit eel1 
in the rigorous language of correlation functions has already been given elsewhere 
(GCitz and Winter (1991) and references therein). In the present case we deal with 
a non-cubic multicomponent compound, allowing us to study the anisotropy effects 
and to evaluate IC at the individual atoms. Moreover, some researchen use model 
Hamiltonians and employ a somewhat doubtful terminology concerning the decom- 
position of If into various contributions and connecting them with susceptibilities. It 
might therefore be worthwhile to give a short sketch of the formalism in this work as 
well. 

We start with the following non-relativistic hyperfine Hamiltonian as for example 
given by Bloembergen and Rowland (1953): 

- (7,he/mc) ( r  x r / v 3 )  * j ( r ) .  (2.1) 

Here, I is the nuclear spin located at the origin, S is the spin-density and j is the 
current density of the electrons. The relation between j on the onc hand and the 
momentum density p of the electrons and an external vector potential A on the other 
hand is 

j ( T )  = P(.) - (e/c)n(r)A. (2.2) 
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A static external magnetic field H of the form H, exp(iq. T )  perturbs the electrons 
according to the relation 

6 H =  d r S ( T ) . H ( r ) - - 7  d r A ( T ) . p ( r ) .  (2.3) J mc e ' J  I 

The vector potential A is related to H by the formula H = V x A and, choosing 
the Coulomb gauge (V . A = 0), is given by 

4 r )  = ( 1 N K q  x H 0 ) / d  e x d i g  (2.4) 

The expectation value of H,, in the linear approximation with respect to the pertur- 
bation (2.3) is proportional to IC and it is straightforward to express the individual 
contributions in terms of the lattice transforms xq of correlation functions. We obtain 

IC = (l /pByn')(Hhf) = ICs,, + "s,d,p + ICorb,para + "orb,dla' (2.5) 

In equation (2.5) we decompose K into the spin-contact part ICs,+, the spin-dipole 
part the paramagnetic orbital part ICorb,ppra and the diamagnetic orbital part 
I<orb,d,a. They are defined by the following relations: 

x e x p ( i w )  I m [ g , ( m p K ;  €11. 
In equations (26) we used local coordinates defined by T = p f T~ f R, and 

performed the lattice transformations with respect to the cell coordinates R,. The 
superscripts ( K , P )  designate the site and the direction of the magnetic field, the 
sums over K' run over the atoms of one unit cell and the integrals over p' and 
p, respectively, cover the Wigner-Seitz cells of the corresponding sites. The Greek 
indices stand for Cartesian componenk and g, is the lattice transform of the one- 
particle Green function. lb evaluate A- we thus need the long-wavelength spin-density 
correlation function xs and momentum-density correlation function xmom for w = 0 
(the last argument of the x). For more detail we refer the reader to the papers of 
Stenzel and Wmter (1985, 1986). Unlike Mila and Rice (1989a, b) who introduced the 
tensor A to mediate the nuclear momentum-electron spin coupling, our formulation 
is parameter-free, defining A on a microscopic level. Because of the spin-dipole term 
(Carter ef ai 1977) that does not vanish in the tetragonal structure considered in this 
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work, A is anisotropic. Moreover liorb,para turns out to depend signilicantly on the 
direction p of the external magnetic field. Our formulation takes account of both 
on-site and site-off-diagonal (transferred hyperfine field) contributions, since we work 
with lattice transforms and sum over the sites K'. 

Our way of calculating x; in the LSDFA RPA approximation has been previously 
described (Stenzel and Winter 1986, Wmter CI a1 1990). Here we quote only the integ- 
ral equation which has to be set up and solved for y. It reads (for the components 
a, 01) 

X f'*zc(Pi K I  )X;(Pi  K I  7 P'K';  W ) .  (2.7) 
The non-interacting susceptibility x"," and the kernel h'Cc can be expressed by the 
Bloch states and the band energies ck,X and by the self-consistent electronic 
charge density, respectively. Restricting equation (27) to the valence electrons we 
included also the core electrons in by transforming their contribution to the 
so-called core polarization term (Cohen el af 1959, Ebert ef al 1986). The function 

in its full dependence on the spatial coordinates has thereby been employed 
for polarizing the core electrons together with the external field. We thus write 
Ii& = + Kcp. We calculated I<worb,para by generalizing the formula for x y m  
derived by Gotz and Winter (1989) to the case of many atoms per unit cell. It is 
given by the following relation: 

2 dlc a 
7r 'BZ p I - ~  p;-9'  ape a P I ,  

x ~ " ' ( ~ K , P ' K ' ;  0) = -- / - /d. f(~) lim { lim [ (" - -) 

Here, f(~) is the Fermi distribution function and the k-integral is Over the volume 
nSz of the Brillouin zone (BZ). 

In conclusion we emphasize that to calculate I i  it is essential to know the full 
space dependence of the correlation functions x, and we exemplify this by writing 
lis,,,, (26) in a more explicit form replacing for merely illustrational purposes xs 
with xsp. Representing the states by the expressions 

+ b , , t ( ~ ~ )  = C c L \ , r m Y r n z ( ~ ) R t ( ~ ~ ;  E ~ X )  
I,m 

where V,R, is the single-site wavefunction with angular momentum quantum num- 
bers 1 and m and where the c are the Bloch state coeficients, we obtain 
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So for this quantity only the 1 = 0 components of the state vectors play a role at 
the site n. The static homogeneous susceptibility xgP, on the other hand, Le. the 
diagonal part of the double Fourier transform of fp ,  is given by 

According to (210) all angular momentum components of the state vectors enter xsp 
and no simple relation between xsp and K,,,,,, exists. Analogous considerations hold 
for the interacting quantities. Likewise, no general relation exists between 
and xorb, as can be seen by comparing equation (2.6) with the relations determining 
xorb (Gotz and Winter 1989). 

3. The ISDFA hand structure 

LMTO ASA calculations for the tetragonal structure, analogous to those performed by 
'Emmerman et af (1987), provided the electronic data for constructing the one-particle 
Green function of ,the electrons. Fifty bands above the Y 4p, the Ba 5s and 5p, and 
the 0 2s semicore states have been taken into account to calculate the imaginary 
parts of the correlation functions and to gain their real part by then applying the 
Kramers-Kronig relation. The band energies and the state vectors have thereby been 
evaluated on a tetrahedral mesh of 1125 b-points in the irreducible wedge of the 
B Z  %vo significantly planar Cu (Cu2)-planar 0 (02, 03) hybridized bands and one 
mainly chain Cu (Cu1)dominated band cross the Fermi level eF, giving rise to a 
relatively low value of 44.4 states Ryd-'/unit cell for the Dos at eF. The 5 eV broad 
high DOS complex below cF is an admixture of contributions from all atoms, including 
the apex 0 (Ol), the chain 0 (04), the Y and the Ba atoms. This is visualized by the 
partial DOS displayed in figure 1. The features beyond the 0.7 eV broad gap above 
cF are almost entirely due to the Y and Eh atoms. The considerable hybridization of 
the characters of the state coefficients is paralleled by their rapid change as E moves 
through the B Z  We illustrate this by displaying the characters of some typical bands 
at the r point and the X (0.5, 0, 0 d.u.) point and also showing their Bz-averaged 
characters in table 1. These features lead to the expectation that the amplitudes of 
the interband electron-hole transitions are severely reduced by matrix element effects. 
A further cause for their depression is the difference between the character of the 
states below and above cF. It is also important to note in this connection the weak 
dispersion of the bands in z direction. 

4. Results for the Knight shift 

Our theoretical data, obtained by evaluating equations (2.6) are displayed in tables 2- 
6. The individual contributions to K for the different atoms in the unit cell are 
listed. Most striking are the magnitude and the anisotropy of l<orb,para (table 2) 
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Figure 1. The densilies of states 
of the LMTO bandstructure of 
y B a ~ C u ~ 0 ~  (the vertical lines a1 
6 = -0.393 Ryd designate the 
Fermi energy): (a) total DOS; @) 
partial DOS at the Cu sites; (c) par- 
tial DOS at the chain-related (04) 
and the apex (01) oxygen atoms; 
(d) panial DOS a1 the planar oxy- 
gen atom$ (e) partial DOS at the 
Y and the Ea atoms. 
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Table 2 Paramagnelic orbital mntiburiors lo the Knight shifts of lhe individual atoms 
for lhe dinerent direclions of lhe magnelic field. 

ALOm KOrb,Pora(RIIO) Korb,,,Lra(BlP) Korb.p*r*(Hl[c) 

CU2 a2155 an94 1.3449 
03 0.0054 aom -awa6 
oz a0143 a0084 -am54 
01 a0053 110138 0.0483 
CUI asa6i 0.1591 a2677 
04 a0116 0.0303 0.0315 
Y am67 0.0100 0.0185 
Ba 0.0107 0.0119 0.0274 

at the Cu sites. For the planar Cu atom the difference is a factor of more than 5 
depending on whether the orientation of H is parallel or perpendicular to the $3 
plane. The non-existence of fourfold symmetry is manifested in the slight difference 

cu2,y The corresponding data for the chain between the values for I<orb,para and Korb,para. 
Cu atom are markedly different and it 1s not surprising that they depend greatly 
on whether H points in the z direction (perpendicular to the Cu-0 chains) or in 
the y direction (parallel to the Cu-0 chains). The values at the other sites are 
comparatively insignificant. 

Appreciable contributions to I<orb,d,q (table 3) are due only to the Cu, Y and 
Ba core electrons. However, these do not enter the experimental Knight shift, since 
the latter is measured relative to diamagnetic compounds containing the atom in 
question and I(orb,d,amre is assumed to be equal in both systems. The valence electron 
contribution to I<opb.b,d,a on the other hand is almost negligible. 

Among the spin terms, the Fermi-contact term li,,, is isotropic in the approxima- 
tions of our treatment (table 4, second column). There is a marked difference between 
the values for the Cul and the Cu2 sites. The experimentally deduced anisotropy 
of &at the level of our treatment-due to the term I<+,, (table 5). In the 

case of a tetragonal structure this cancellation is rather imperfect, especially at the 
Cu sites. At the Cu2 atoms, turns out to be positive for H in the 2-y plane 
whereas for H parallel to the c axis we obtain negative values. At the CUI atoms, 
IC,,d,, is considerably smaller. The core polarization contributions ICcp, decomposed 
in table 6 with respect to the values provided by the different core s shells counteract 

but their relative magnitudes are smaller than found previously (Ebert ef nl 
1986) for the case of some elemental transition metals, where they tend almost to 
compensate The values for the total Knight shifts at the different atoms which 
depend on the direction of the magnetic field H are listed in table 4 (third to filth 
columns). 

C"2,S 

case of cubic symmetry, (1) would be exactly cancelled by I<:,?,,,. In the present 

5. Comparison with experiment 

The NMR experiments of different goups have been compiled and analysed by Wal- 
stedt and Warren (1990). These workers have collected the data into a systematic 
order by working out a phenomenological model related to the work of Mila (19%) 
and Mila and Rice (1989a, b). The curves for the Knight shift due to Pennington er 
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Table 3. Diamagnetic mntributions to the Knighl shifts. 

Atom Core Cnre+semimre Valence latal 

cu2 -0.2188 -0.2190 -0.0244 -0.2434 
03 -0.0270 - 0 . 0 3 ~  -0.0075 -0.0390 
02 -am70 - m u  -0.0075 -0.0390 

CUI -ax@ -a2190 -0.0245 -0.2435 
04 -0.0270 -amis -ROO82 -0.0397 
Y 4 3 5 9 7  - 0 . ~ 9 8  -0.0028 -0.3726 
Ea -0.6160 -0.6264 -0.001 1 -0.6274 

01 -a0270 -ami5  -a0082 -0.0397 

lhble 4 Fermi contact mntributioo to the Knight &if* (second mlumn) and the total 
values of K (third 10 6fth columns). 

cuz a4454 asso 
03 0.0279 a0095 
02 0.0250 aom 
01 0 . 0 0 ~  -am% 
CUI azm 0.7143 
04 0 . ~ 6 6  aozza 
Y 0.0050 0.0081 
Ba 0.0114 0.0199 

0.6395 
0.0604 
0.0083 
0.0024 
0.4114 
0.06W 
0.0107 
0.0211 

1.4531 
0 . m 1  

-0.0025 
0.0534 
0.5567 
0.0431 
0.0165 
0.0372 

al (1988) and to Barrett er a/ (1990) referring to the stoichiometric compound show 
a strong anisotropy with respect to the direction of the magnetic field. Kcuz,z(Y), 
for example, is a factor of more than 2 smaller than IiCu2~". As the curves for both 
Klls and K,, above the superconducting transition temperature T, are rather tem- 
perature independent, extrapolation to T = 0 and thus comparison with our results 
is easily possible. Moreover, since KIIz shows hardly any change at and below T,, 
whereas ICL, drops sharply, it is generally concluded that Ksplnr which should be 
strongly suppressed by the s-wave pairing mechanism in the superconducting state, 
contributes significantly to K,,, but not to ISll2. Our results are in reasonable 
agreement with these observations. We obtain for the planar Cu atoms the total 
values I(llz = 1.45%, Iflls = 0.67% and IL-~ ,~  = O.GS%, the latter lying some- 
what above the experimental results of Bkigawa ef a1 (1989b) (It71,, = 1.27% and 
Kls  = 0.607%). Because of the anisotropic nature of the spin-dipole term adding 
to the Fermi-contact and the core polarization contribution, KSp," for Cu2 shows 
a large amount of the experimentally suggested anisotropy (K$:lz = 0.129%, 
K Z i z z  = 0.482% and = 0.45%), although K::'" is not exactly zero. 
Most pronounced, however, and in accordance with experiment is the pronounced 
anisotropy of KZ2. 

For the Knight shifts at the chain Cu atom we obtain the total values ICc"'+ = 
0.56%, Kcul*z = 0.715% and Kcu'iY = 0.411%. If we contrast these num- 
bers to the corresponding experimental results (Tikigawa et a1 1989b), which are 
0.60%, 1.338% and 0.607%, respectively, we lind reasonable agreement for ICCu*~* 
but considerable deviations for the other WO values. The principal causes for these 
differences are the orbital parts Korb,para of K. Takigawa et a1 (1989b), as well as 
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'hbk 5. Spindiple contributions to lhe Knight shifts. The hrsl and the w a n d  columns 
for each magnetic field direction refer 10 the hrst and lhe second terms, respenively, of 
h;,dip in equalion (2.6). 

Tnble 6. The core plarizalion mnlriburions to the Knight shifts. The wducs due lo lhe 
individual core s shells are also shown. 

Atom Is Z 3s 4s 5s Total 

cuz -aoiisi - 0 . ~ 9 3 2  0.14374 -0.097 39 
03 -0.01422 0.01319 -0.WI 03 
0 2  -0.01526 0.01353 -0.OOl73 
01 -ama 0 . ~ 5 6 9  -0.W94 
Cul -0.W309 -0.06778 0.04343 -0.027 44 
04 - 0 . ~ 6 ~  o m 6 w  -0.OWhs 
Y -0.0oom -0.WOII -0.Wo4 -0.00188 -0.002 23 
Eb -0.03003 -0.WO03 -0.00319 -0.OWW - 0 . W P I  ,,,. -O&QV2 

other workers, obtain an approximate decomposition of h' into its orbital and its spin 
part by assuming that IC,,, is temperature independent, whilst I<spin mnishes in the 
superconducting state at zero temperature. They deduce the values hbC,ub'" = 1.18% 
and Kerb = 0.43%. We find that h'z'" = 0.562% and A'z" = 0.135%. So, 
our results show considerable anisotropy-in agreement with experiment-but their 
magnitudes, however, are substantially smaller. For Hl(r ,  our individual results for 

are also reasonably near to experimental values. The same is true 
for all magnetic field directions in the case of the planar Cu atom. 

and 

6. Comparison of the present treatment with models 

Pennington et a/ (1988), Mila and Rice (1989a, b) and also Mlstedt and Warren 
(1990) analyse the Knight Shift (and the spin-lattice relaxation) data on the basis of 
a phenomenological hyperfine Hamiltonian and a tight-binding Hubbard model for 
the electronic structure. The parameters of the latter have been derived by Mila 
(1988) who fitted his Hamiltonian to the band-structure results of Matheiss (1987), 
the photoemission data of Shen et a1 (1987) and the optical measurements of Etemad 
el a1 (1988) and Geserich et a1 (1988). Mila and Rice were forced to augment 
the simplest possible hyperfine Hamiltonian with an isotropic contribution. Their 
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Tabk 7. The Len band combinations yielding the leading mnUibulions Lo the paramag- 
netic orbital Knight shifts. 

Hila RIP HIIC 
A A ‘  A A ’  AA,  H-AA’ ”’ Korb,parr ”’ Ko,b,pwa ort.,para 

35 34 0.01762 36 27 0.01279 35 28 0.17342 
3.5 25 0.011 12 36 35 0.01197 34 27 0.09807 
34 33 0.01075 3h 26 0130961 34 29 0.07665 
35 29 0.00959 35 30 0.00779 36 30 0.07261 
35 27 0.00878 35 34 0.00749 35 27 0.06220 
34 28 0.00745 34 31 0.00657 35 30 0.05977 
35 26 0.00742 3.5 25 0.00616 35 31 0.05813 
34 26 0.007 I5 36 29 0.00592 35 29 0.05572 
34 30 0.00714 35 27 0.00585 34 26 0.04641 
35 30 0.0068s 35 32 0.00544 34 25 0.04517 

Hamiltonian for the planar Cu atom is 

j 

Here, the sums are over the 0x2 sites. The first term in equation (6.1) is attributed to 
the on-site nuclear spin-electron spin interaction, whereas the second is interpreted as 
a hyperfine interaction, transferred from the neighbouring Cu spin. ICoh is analysed 
by Mila and Rice as follows. They wite it as the product of the static homogeneous 
orbital susceptibility xorb and the orbital part Aorb of the tensor A, whereby Aorb 
is assumed to be proportional to some spatial average of l / r3  with P the electron 
coordinate relative to the nucleus. Whilst the values for ICopb and xorb are taken from 
the experiments of ’kkigawa et ul (19S9b), Aorb is obtained from EPR data for the 
Cuz+ ion. A similar amufz is made for Kspin. This quantity is witten as the product 
of the spin susceptibility x;,,, and the spin part Aspin, of the phenomenological 
tensor A. Again, taking the values for ICspin and xSpin from the work of Takigawa 
et al (1889b), Mila and Rice evaluate Aspin. Connecting Aspin with the probability 
density of the electronic ground-state wavefunction at the origin, Mila and Rice find 
reasonable parameters describing the admixture of the different atomic wavefunctions 
in the assumed tight-binding groundstate wavefunction. Tb interpret the van Vleck 
part of xorb and ICorb, these workers assume that transitions mainly between d,2-y2 
and dlY orbitals at the planar Cu site and transitions between dm+,’ and dmY 
as well as dyz orbitals at the chain Cu atoms determine these quantities. From the 
experimental values for xorb they derive the excitation energies of those local orbitals. 

In contrast, our ab-initio LSDFA band-structure-based calculations use no fitting 
parameters but yield directly the experimentally determined quantities. The various 
contributions to K are not witten as the product of susceptibilities at q equal to 
zero and some average of l / r3  or the probability density of some wavefunction at 
the nucleus, respectively. discussed in section 2, such decompositions are not 
exactly valid. Indeed, in their treatment of elemental transition metals, Ebert et a1 
(1986) show that the product of xOrb and the expectation value of 1 /r3 formed using 
the prescription of Clogston et a1 (1964) leads to values markedly different from the 
results obtained by applying equation (2.6). Likewise, applying the procedure of Mila 



6264 W Gdtz and H Wurrer 

and Rice to proved problematic in the case of some transition metals, e.g. Pd 
(Stenzel and Winter 1988). 

Whereas the contributions to IC,,, (as well as to xspln) in the long-wavelength 
Limit needed here come from intraband transitions within bands 34-36 in the neigh- 
bourhood of the contributions to Kerb are due to transitions between all occupied 
bands in the high-Dos complex below cF and the unoccupied parts of bands 34-36. 
As an illustration we give the ten band combinations providing the leading contribu- 
tions to ICorb in table I. It is obvious that these combinations depend strongly on the 
direction of H and that the sum is considerably smaller than ICorb, emphasizing the 
importance of other bands as well. The characters of these bands, shown in table 1, 
demonstrate that we are dealing here with transitions between partly Cu d-like bands 
which, however, show strong hybridization effects with other atoms. 

One should keep in mind that ICorb and xOrb (which are much stronger than 
ICspln and xSpi,) depend on details of the characters of the state coefficients, since the 
matrix elements entering the latter quantities are dominated by the scattering between 
states with strong Cu d and 0 p characters of different symmetries. So the results 
for ICorb are very sensitive to the hybridization of Cu d and 0 p and therefore it is 
worthwhile to repeat the present calculations using band-structure methods different 
from the LMTO MA. This is at present being done on the basis of the more rigorous 
I(KR method and for comparison with table 1 we present the characters of some 
bands at the r and the X points as well as Bz-averaged values resulting from KKR 
band-structure work in table 8 Whether the KKR-based calculations lead to improved 
results for I(orb,para and ICz:&, remains to be seen. 

Finally, we come to the conclusion that a closer relationship between our treat- 
ment and the tight-binding Hubbard model analysis of the above-mentioned workers 
is hard to establish. 

C U I  I 

7. Conclusions 

Our LSDFA RPA band-structure-based ab-initio treatment of the zero-temperature 
Knight shifts in the high-T, superconducting compound YBa,Cu,O, yields encour- 
aging results. Except for IC,",",:;::', our theoretical data for the Cu atoms are as 
near to experiment as one can expect for this kind of approximation at all. The 
relative deviations are not large, as found in the case of other systems for which it is 
agreed that the band-structure approach performs well: elemental transition metals 
(Ebert er al 1986) and simple metals (Gotz and Winter 1991). Besides IC$;::), 
the magnitudes of the corresponding quantities at the Y and the 0 sites-apart from 
being small-also do not agree overly well with the experimental values of Alloul 
et a1 (1989) and Takigawa d (1989a). However, as they depend sensitively on 
details of the state vectors, differences have not necessarily to be counted as seri- 
ous drawbacks of the LSDFA band-structure method. It is quite possible that the 
application of a more rigorous method will diminish these remaining unsatisfactory 
features of our theoretical results. Investigations on this point using the KKR are 
currently under way. It is also planned in the near future to compute the spin-lattice 
relaxation times as well as the wavevector-dependent dynamical spin susceptibility. 
As the wavevectors q in the whole BZ with special emphasis on the BZ boundary 
enter these quantities, calculations of this End are a still more stringent test for the 
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validity of the band-structure description of this ceramic compound than the evalu- 
ation of the Knight shift is. Even if the theoretical results for these quantities turn 
out to be unsatisfactory, this would not be unavoidably a cause for abandoning the 
band-structure approach altogether in favour of some 1 4 -  or Hubbard-model-based 
theories. It would then be worthwhile to apply improvements of the LSDFA, especially 
self-interaction corrections, which are already proving beneficial in some cases which 
seemed to be impracticable for LSDFA band-structure theory (Svane and Gunnarson 
1988, Szotek el a1 1591a, b) to YBa,Cu,O, as well. 

W Gcitz and H Wuter 
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