IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

A theoretical study of the zero-temperature Knight shifts in the high-TC compound

YBaZCu O

377

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1992 J. Phys.: Condens. Matter 4 6253
(http://iopscience.iop.org/0953-8984/4/29/009)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.159
The article was downloaded on 12/05/2010 at 12:23

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/4/29
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matier 4 (1992) 6253-6266. Printed in the UK

A theoretical study of the zero-temperature Knight shifts in
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Abstract. Using the data from LSDFA LMTO ASA band-structure calculations we evaluate
the zero-temperature Knight shifts K at the individual atoms of the stoichiometric
high-T; material YBazCuzO7. All contributions to K are calculated—without using
adjustable parameters—on the level of the previously described RPa-like spin-density-
functional formalism approach. As a whole the results for the Cu atoms turn out to be
in reasonably 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,CuQ, 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-T_ material and is thus accessible to a description making use of Bloch symme-
try without invoking approximations inherent for exampie in a KKR CPA kind of alloy
theory.

There is 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,CuQ,.
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 O p,, p,-hybridized band crossing the Fermi surface (see, e.g.,
Matheiss (1987) and Temmerman e a/ (1988)). Moreover, as calculations of the spin
susceptibility have shown (Leung et al 1988, Winter et al 1990), the local-spin-density-
functional approximation (LSDFA) puts this system far from any magnetic instability
for the wavevector g 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 ¢-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,CuO, readily becomes
a metal. Unfortunately, most quantitative theoretical investigations on this transition
encounter complications when dealing with a non-stoichiometric system.

0953-8984/92/296253+14504.50 (© 1992 IOP Publishing Ltd 6253



6254 W Gtz and H Winter

In this respect the situation is much simpler in the case of YBa,Cu;0;. 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 af 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 et a/ 1990). This
statement even holds for the evaluation of such quantities in pure La,CuO, (Cohen
et al 1988). Apart from the bad failure of the LSDFA for La,CuO, and YBa,Cu;0;,
magnetic properties are thought to be less well accounted for in metallic ceramic
systems as well.

To 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 af 1988, Gtz 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 the LMTO-
ASA band-structure results in section 3. Section 4 shows our theorctical 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 K for cubic systems with one atom per unit ccli
in the rigorous language of correlation functions has already been given elsewhere
(G6tz 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 K at the individual atoms. Moreover, some researchers use model
Hamiltonians and employ a somewhat doubtful terminology concerning the decom-
position of K 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):

Hy = [ dr 5o up g, h - S(r)5(r) = 2umhl (Sg) _ 3l ;f“'”)

— (v hefme) (I x vfr*) - 3(7). (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

i(r) = p(r) - (e/c)n(r)A. 22
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A static external magnetic field H of the form H, exp(ig-») perturbs the electrons
according to the relation

§H = /drS(v-)-H(r)— %%fdrA(r) cp(r). 23)

The vector potential A is related o H by the formula H = V x A and, choosing
the Coulomb gauge (V- A = 0}, is given by

A(r) = (1/)[(g x Hy)/q?] exp(ig- ). @.4)

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

K= (1/#B7nﬁ’)(th) - K’ + K, s, dip + K orb,para + I(orb,dia' (2‘5)

In equation (2.5) we decompose f into the spin-contact part K ., the spin-dipole
part K, 4, the paramagnetic orbital part K, pare and the dlamagneuo orbital part
K They are defined by the following relations:

orb,dia*

16 ~
K = lim T”/dp' I3 (0K, §/'; 0)

o,k
Ki';’l'g) = llm— Z 1, fdpdp ( o p;p—) x;a"a(prc,ﬂ'ﬂ';())
o, oK
gfl;i)ara =- lem/dpdp IC“‘ o 3Xm°m6’3(ph‘ p’h.' 0) (2'6)

X (EQXHVQ) exp(ig - p')
Kﬁfﬁf?;a=——hm/def(e)/ f oI, |P><(q><e,3)[

x exp(igp) Im[gk(pmpm; e)].

In equations (2.6) we used local coordinates defined by » = p+4 1, + R; and
performed the lattice transformations with respect to the cell coordinates R,. The
superscripts (x,/3) designate the site and the direction of the magnetic field, the
sums over x' run over the atoms of one unit cell and the integrals over o’ and
p, respectively, cover the Wigner—Seitz cells of the corresponding sites. The Greek
indices stand for Cartesian components and g, is the lattice transform of the one-
particle Green function. To evaluate /" we thus need the long-wavelength spin-density
correlation function x* and momentum-density correlation function x™°™ for w =0
(the last argument of the x). For more detail we refer the reader to the papers of
Stenzel and Winter (1985, 1986). Unlike Mila and Rice (1989, 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 et al 1977) that does not vanish in the tetragonal structure considered in this
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work, A is anisotropic. Moreover K, .., turns out to depend significantly on the
direction 8 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 &'

Our way of calculating x5 in the LSDFA RPA approximation has been previously
described (Stenzel and Winter 1986, Winter e a/ 1990). Here we quote only the integ-
ral equation which has to be set up and solved for x*®. It reads (for the components
o, o)

Xolor, p'ulsw) = x5 (pr, p'rsw) + Z/dm Xy (P, Py Ky w)
Ky

X ﬁ‘:c(plnl)X:(pI""hP!“:’;w)- (2'7)

The mon-interacting susceptibility xsp and the kernel K. can be expressed by the
Bloch states i , and the band energies ¢, , and by the self-consistent electronic
charge density, reSpecnver Restnctmg equanon (27) to the valence electrons we
included also the core electrons in K. by transforming their contribution to the
so-called core polarization term (Cohen et al 1959, Ebert er af 1986). The function
Xy in its full dependence on the spatial coordinates has thereby becn employed
for polarizing the core electrons together with the external field. We thus write
= K v + K- We calculated K, o, ., by generalizing the formula for 7o
denved by Giitz and Winter (1989) to the case of many atoms per unit cell. It is
given by the following relation:

X:wmcr.ﬁ(pn PR30y = _—/ fdﬁf(f) lim { lim [(ai -a: )

a b
x('ggg 3 w)lmfgkfﬂmph €)rtq(PIR ,pln;e]]}. (2.8)

Here, f(¢) is the Fermi distribution function and the k-integral is over the volume
Qg of the Brillouin zone (BZ).

In conclusion we emphasize that to calculate A it is essential o know the full
space dependence of the correlation functions x_ and we exemplify this by writing
K cva (2.6) in a more explicit form replacing for merely illustrational purposes x*
with x°F, Representing the states v, , by the expressions

P (PE) = D hnim Vi (B) Ry P €53
I,m

where Y}, R, is the single-site wavefunction with angular momentum quantum num-
bers | and m and where the ¢ are the Bloch state coefficients, we obtain

5P o P —
Z/dp LouXg “(0k, p'x’;0) qf;ngo (Zjan,_l,n,

dl flegiqn) = flepn)
2 J Qg €eyqr — ey Fw Hin

Iy, mg

4 t
M * K R [ u
X Chot g2, 00CRA",00Cktgh,lams Ck lams Ry(0x, fk.;.q).) Ry(0x, 5&»)) .
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So for this quantity only the ! = 0 components of the state vectors play a role at
the site k. The static homogeneous susceptibility x*F, on the other hand, ie. the
diagonal part of the double Fourier transform of x*, is given by

Z: xsp = Iim 2 ] dk f(6k+ql) - f(ek)\")
= " o WY, Qpz €hpqr — Cx Tw +in
fimy igmp

K K wie! K’
X Cpggrlymy Skl Iym, Chabgh, lama CkA! lomy | - (2.10)

According to (2.10) all angular momentum components of the state vectors enter x*F
and no simple relation between x°F and K, .., exists. Analogous considerations hold
for the interacting quantities. Likewise, no general relation exists between Ky, .0
and x°®, as can be seen by comparing equation (2.6) with the relations determining
x°° (Gotz and Winter 1989).

3. The LSDFA band structure

ILMTO AsA calculations for the tetragonal structure, analogous to those performed by
Temmerman 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 55 and 5p, and
the O 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 k-points in the irreducible wedge of the
BZ. Two significantly planar Cu (Cu2)-planar O (02, O3) hybridized bands and one
mainly chain Cu (Cul)-dominated band cross the Fermi level ep, giving rise to a
relatively low value of 44.4 states Ryd~!/unit cell for the DOS at ep. The 5 eV broad
high DOs complex below ¢y is an admixture of contributions from all atoms, including -
the apex O (O1), the chain O (O4), 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
€p are almost entirely due to the Y and Ba atoms. The considerable hybridization of
the characters of the state coefficients is paralleled by their rapid change as k moves
through the 8Z. We illustrate this by displaying the characters of some typical bands
at the I’ 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 ep. 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 K, ..., (table 2)
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Table 2. Paramagnetic orbital contributions to the Knight shifts of the individual atoms
for the different directions of the magnetic field.

Alom Korb,para.(H"a) Korb,pua(Htib) Korb,pau(H”c}

Cu2 0.2155 0.2294 1.3449
03 0.0054 0.0152 —0.0086
02 0.0143 0.0084 —0.0054
Ot 0.0053 0.0138 0.0483
Cul 0.5861 0.1591 0.2877
o4 0.0116 0.0303 0.0315
Y 0.0067 0.0100 0.0185
Ba 0.0i07 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 paralle! or perpendicular to the oy
plane. The non-existence of fourfold symmetry is manifested in the slight difference
between the values for K i 2%, and Kor'gz*im The corresponding data for the chain
Cu atom are markedly d:ffercnt and it is not surprising that they depend greatly
on whether H points in the x direction (perpendicular to the Cu-O chains) or in
the y direction (parallel to the Cu-O chains). The values at the other sites are
comparatively insignificant.

Appreciable contributions to K, . (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 Ky, giacore i assumed to be equal in both systems. The valence electron
contribution t0 K, 4, ON the other hand is almost negligible.

Among the spin terms, the Fermi-contact term K, . is isotropic in the approxima-
tions of our treatment (table 4, second oolumn) Thete is a marked difference between
the values for the Cul and the Cu2 sites. The experimentally deduced anisotropy
of K, is—at the level of our treatment—due to the term K, 4 (table 5). In the

case of cubic symmetry, h ’5{,}, would be exactly cancelled by Kﬂ, in the present

case of a tetragonal structure this canceliation is rather unperfect &specmlly at the
Cu sites. At the Cu2 atoms, K 4, turns out to be positive for H in the z—y plane
whereas for H parallel to the ¢ axis we obtain negative values. At the Cul atoms,
K, 4 1s considerably smaller. The core polanzatlon contributions K, decomposed
in "fable 6 with respect to the values provided by the different core s shells counteract
K, ., but their relative magnitudes are smaller than found previously (Ebert et al
1986) for the case of some elemental transition metals, where they tend almost to
compensate K, . 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 fifth
columns).

spin

5. Comparison with experiment

The NMR experiments of different groups 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 refated to the work of Mila (1988)
and Mila and Rice {1989a, b). The curves for the Knight shift due to Pennington et
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Table 3. Diamagnetic contributions to the Knight shifts.

Atom  Core Core+semicore  Valence  Total

Cuz -0.2188 -0.21%0 -0.0244 —-06.2434
03  =0.0270 -0.0315 =0.0075 -0.03%0
02  -0.0270 -0.0315 -0.0075  -0.03%0
01 ~0.0270 -0.0315 —0.0082 -0.0397
Cul -0.2188 —0.2190 —0.0245 -0.2435
04  =0.0270¢ --0.0315 -0.0082 -0.0397
Y ~0.3597 —0.3698 =0.0028 -0.3726
Ba —0.6160 —0.6264 -0.0011 -0.6274

Table 4 Fermi contact contribution to the Knight shifts (second column) and the total
values of K (third to Gfth columns).

Atom  K,.  K(H|e) K(H|P) K(H|e)

Cu2 0.4454  0.6680 0.6395 1.4531
03 00279 0.0095 0.0604 0.0001
o2 00250 0.0587 0.0083 =0.0025
01 0.0023 —0.0086 0.0024 0.0534
Cul 0.2684 0.7143 04114 0.5567
04 0.0266 0.0228 0.0609 0.0431
Y 0.0050 0.0081 0.0107 0.0165
Ba 0.0114 0.0199 0.0211 0.0372

-al (1988) and to Barrett ef al (1990) referring to the stoichiometric compound show
a strong anisotropy with respect to the direction of the magnetic field. K2 #(¥),
for example, is a factor of more than 2 smaller than K'©u%%, As the curves for both
Ky, and K, . above the superconducting transition temperature T, are rather tem-
perature independent, extrapolation to T° = 0 and thus comparison with our resuits
15 easily possible. Moreover, since I, shows hardly any change at and below T,
whereas /|, drops sharply, it is generally concluded that K., which should be
strongly suppressed by the s-wave pairing mechanism in the superconducting state,
contributes significantly to KX, ., but not to K .. Our results are in reasonable
agreement with these observations. We obtain for the planar Cu atoms the total
values K|, = 1.45%, K, = 0.67% and K = 0.65%, the latter lying some-
what above the experimental results of Takigawa e al (1989b) (K, = 1.27% and
K, , = 0.807%). Because of the anisotropic nature of the spin-dipole term adding
to the Fermi-contact and the core polarization contribution, K, for Cu2 shows

a large amount of the experimentally suggested anisotropy (K_g‘]‘:z = 0.129%,

Kai® = 0.482% and KGi0¥ = 0.45%), although KZi* is not exactly zero.
Most pronounced, however, and in accordance with experlment is the pronounced
anisotropy of KSh2,

For the Knight shifts at the chain Cu atom we obtain the total values K“4h? =
0.56%, KC'w& = 0.715% and KC'''% = 0.411%. If we contrast these num-
bers to the corresponding experimental results (Takigawa et a! 1989b), which are
0.60%, 1.338% and 0.607%, respectively, we find reasonable agreement for K ©%1*
but considerable deviations for the other two values. The principal causes for these

differences are the orbital parts A of K. Takigawa ef al (1989b), as well as

orb,para
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Table 5. Spin-dipole contributions to the Knight shifts. The first and the second columns
for each magnetic field direction refer to the first and the second terms, respectively, of
K, gip in equation (2.6).

Hlja H|jp Hile
Atom Ksl,dip K?dip KS.dip K.l,aip K2 K, dip Ksl,dip ?.dip Ks,dip

g,dip

Cul -053852 066744 012892 -053852 062506 008654 —053852 0.32312 —021540

03 ~004385 002862 —001523 —004385 006978 002593 004385 0.03317 -0.01068
02 -004492 007362 00870 —0.04492 002907 —0.0158 —004492 0.03206 —0.01286
Ol —001933 001217 ~0.00716 —0.01933 0.01467 —0.00466 —001933 003117 001184
Cul -016406 007570 —0.08836 —0.16406 0.19994 003588 -016406 021657 005251
04 -002097 001434 —000663 -0.02097 003377 001280 —002097 001481 —0.00616
Y  -000768 000902 000134 —0.00768 000841 000073 -000768 000563 —0.00205
Ba —000276 000258 —0.00018 —~0.00276 000255 —0.00021 —000276 0.00315 000039

Table 6. The core polarization contributions to the Knight shifts. The values due to the
individual core 5 shells are also shown,

Atom Is 2s 3s 4s 5s . Total

Cu2 -001181 -022932 0.14374 ~0.09739
03 001422 001319 =0.00103
02 ~Q01526  0.01353 -(.00173
0l —0.00663 0.00569 -0.00094
Cul 000309 —0.06778 004343 «={.027 44
Q4 -Q00672 000607 -0.000 65
Y —-0.00020 —-000011 --0.00004 —0.00188 300223

Ba  -000003 -0.00003 —0.00019 -000004 —0.00063 —000092

other workers, obtain an approximate decomposition of K into its orbital and its spin
part by assuming that K, is temperature independent, whilst K ;, vanishes in the

superconducting state at zero temperature. They deduce the values A 52" = 1.18%

and KSi'Y = 0.43%. We find that Kop"* = 0.562% and KSu'¥ = 0.135%. So,
our results show considerable anisotropy—in agreement with experiment—but their
magnitudes, however, are substantially smailer. For H||z, our individual resulits for
K, and K, are also reasonably near to experimental values. The same is true

for all magnetic field directions in the case of the planar Cu atom.

6. Comparison of the present treatment with models

Pennington et o/ (1988), Mila and Rice (19893, b) and also Walstedt and Warren
(1950) 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 resuits of Matheiss (1987),
the photoemission data of Shen ef a/ (1987) and the optical measurements of Etemad
et al (1988) and Geserich et a/ (1988). Mila and Rice were forced to augment
the simplest possible hyperfine Hamiltonian with an isotropic contribution. Their
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Table 7. The ten band combinations yielding the leading contributions to the paramag-
netic orbital Knight shifts.

Hlla H|b Hlje
AN AAS 2y
AX Karb,pau AX! Korh para AN Aorb,para

3534 001762 3% 27 001279 3528 0.17342
3525 000112 3635 001197 3427 009867
M 33 001075 36 26 000961 3429 007665
3529 000959 3530 000779 3630 007261
3527 000878 3534 000749 3527 006220
28 000745 3431 000657 3530 005977
3526 000742 3525 000616 3531 005813
3426 000715 3629 000592 3529 005572
3430 000714 3527 000585 342 004641
3530 000685 3532 000544 3425 004577

Hamiltonian for the planar Cu atom is

HG? = ZA“IM Jc,tJrZBf.r -1 (6.1)

Here, the sums are over the Cu2 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. I, is analysed
by Mila and Rice as follows. They write it as the product of the static homogeneous
orbital susceptibility x,., and the orbital part A, of the tensor A, whereby A,
is assumed to be proportional to some spatial average of 1/r? with r the electron
coordinate relative to the nucleus. Whilst the values for K, and x_ are taken from
the experiments of Takigawa et af (198%b), A ,, is obtained from EPR data for the
Cu®* jon. A similar ansatz is made for K. This quantity is written as the product
of the spin susceptibility x;,, and the spin part A, of the phenomenological
tensor A. Again, taking the values for K, and Xspin from the work of Takigawa
et al (1889b), Mila and Rice evaluate A,. Connecting As in 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 ground-state wavefunction. Tb interpret the van Vieck
part of X, and K, these workers assume that transitions mainly between d2_,»
and d,, orbitals at the planar Cu site and transitions between d,._,. and d_,
as well as d,, orbitals at the chain Cu atoms determine these quantities. From the
experimental values for x ., 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 10 A are not written as the product of susceptibiiities at ¢ equal to
zero and some average of 1/r? or the probability density of some wavefunction at
the nucleus, respectively. As discussed in section 2, such decompositions are not
exactly valid. Indeed, in their treatment of elemental transition metals, Ebert et al
(1986) show that the product of x,,, and the expectation value of 1 /% formed using
the prescription of Clogston et al (1964) leads to values markedly different from the
results obtained by applying equation (2.6). Likewise, applying the procedure of Mila
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and Rice to K, proved problematic in the case of some transition metals, e.g. Pd
(Stenzel and Winter 1988).

Whereas the contributions to K, (as well as to x,,;,) in the long-wavelength
limit needed here come from intraband transitions within bands 34-36 in the neigh-
bourhood of €p, the contributions to &, are due to transitions between all occupied
bands in the high-DOS complex below ¢ and the unoccupied parts of bands 34-36.
As an illustration we give the ten band combinations providing the leading contribu-
tions to K, in table 7. It is obvious that these combinations depend strongly on the
direction of H and that the sum is considerably smaller than /' ,, 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 (., and x,, (which are much stronger than
Kpin and x,;,) 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 O p characters of different symmetries. So the results
for K, are very sensitive to the hybridization of Cu d and O p and therefore it is
worthwhile to repeat the present calculations using band-structure methods different
from the LMTO AsA. This is at present being done on the basis of the more rigorous
KKR method and for comparison with table 1 we present the characters of some
bands at the I" 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 K5u  and KJibY  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,

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;0, yields encour-

aging results. Except for Kﬁ:h’,ﬂg’, 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 et ol 1986) and simple metals (Gotz and Winter 1991). Besides Ko '=(¥)

H
the magnitudes of the corresponding quantities at the Y and the O sites—ap;ﬁ’%?:m
being small—also do not agree overly well with the experimental values of Alloul
er al (1989) and Takigawa et af (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 LSDEA 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 pear future to compute the spin-lattice
relaxation times as well as the wavevector-dependent dynamical spin susceptibility.
As the wavevectors g in the whole Bz with special emphasis on the BZ boundary
enter these quantities, calculations of this kind 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 {-J- 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 (Svame and Gunnarson
1988, Szotek et al 19913, b) to YBa,Cuz O, as well,
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