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Data are presented for the magnetic susceptibility of YBa2Cu307 and for the anisotropy of the

copper nuclear spin-lattice relaxation time T~ in the normal state for planar [Cu(2)] sites in this

system. Using the Cu NMR shift to partition the susceptibility and estimate the density of states,
we analyze the conventional enhanced Korringa model of Ti contributions, 6nding it incapable of
accounting for the anisotropy of the observed relaxation times. A localized spin-fluctuation pic-

ture is also discussed briefly.

For many years the nuclear-spin-lattice relaxation pro-
cess has helped to characterize the electron dynamics of
complex metallic systems. For the case of transition met-
als, separate s-p and d-band contributions of both spin
and orbital character have been identified. ' The effects
of electron-electron interactions have been incorporated
into the theory. ' One might have supposed that a sub-
stantial portion of that analysis would be applicable to the
high-T, oxides, in particular to the copper nuclei. Howev-
er, nuclear relaxation results reported for YBa2Cu307
(Refs. 5-9) reveal many surprising and anomalous
features. Among them are (1) sharply contrasting tem-
perature dependences for the two copper sites, ' where in
the normal state the Cu(1) (chain) nuclei exhibit a nu-
clear relaxation rate T&

' which varies roughly linearly
with temperature T as predicted by the simple Korringa
model, while the Cu(2) (plane) relaxation process varies
more gradually, approximately as T'~; (2) relaxation
rates for both sites which are greatly enhanced over sim-
ple estimates based on the band-theoretic density of
states; (3) an extremely abrupt decrease in T~

' for the
Cu(2) site for T & T„which is seemingly incompatible
with the weak-coupling BSC theory" of Ti behavior; and
(4) strongly anisotropic relaxation rates for the Cu(2) site
in the normal state, reported here for the first time.

In this Rapid Communication, our purpose is to report
data on the Ti anisotropy and inquire as to whether the
conventional enhanced Korringa model ' offers a
straightforward explanation for the enhanced, anisotropic
Ti process found for the planar site. We also present an
analysis in which the observed NMR shifts are used to
partition the observed susceptibility and establish an
upper limit on the Pauli paramagnetism and, thus, on the
band density of states (exclusive of electron-phonon in-
teraction). The latter is used to estimate the degree of Ti
enhancement. Our main finding is that the Ti anisotropy
cannot be explained with this formalism in terms of aniso-
tropic hyperfine interactions alone.

Susceptibility measurements have been performed on
high-quality single-phase ceramic samples of YBa2Cu307,
yielding data with very little of the spurious Curie-like
term' commonly associated with this material. The
temperature-independent component Xo 2.7 x 10 emu/
mol formula unit (f.u.) is in very good agreement with

data on the best of a series of samples analyzed by Junod
et al. ' In a scheme similar to that employed by the latter
authors, we partition Xo into Van Vleck orbital, paramag-
netic, and core diamagnetic contributions,

~0 ~vu +~p+~core ~

where X„, represents the powder average of the anisotropic
X„„(e). In contrast with Ref. 13, however, we employ a
relation between X„„and X~ derived from the observed
copper NMR shifts to effect a separation of these two
terms, meanwhile adopting the estimate X„„-—1.75
X 10 emu/mol f.u. ' We represent the powder average
NMR shifts as K K„„+K,~, where K„, 2p p(r )
&X„„,/No and K,r a,pX~. Here No is Avogadro's number,
and a,~ is a coefficient proportional to the core-
polarization hyperfine field. We estimate (r ) 6 a.u.
for the Cu + ion from atomic calculations' (corrected
for orbital reduction) and from EPR data's and take
a,i

—23 (emu/mol) ' from established systematics for
3d ions. ' ' Since Xo represents the entire unit cell, we
take for K the combined powder average shifts for the two
Cu(2) sites (Ã2 0.80%) ' and the Cu(1) site
(Ki 0.83%). ' Combining these elements gives the
desired relation 135X„,—23X~ Ki+2K2 0.0243.

Solving the latter relation in conjunction with Eq. (1)
leads to the results X„,~ 2.29X10 emu/mol f.u. and

X~ ~ 2.16&10 emu/mol f.u. The estimate of X„, is con-
sidered a lower limit because the contribution from the
open p shells on the 0 sites has been neglected. The con-
sequent upper limit for X~ is somewhat lower than given in

Ref. 13. Interpreted as a Pauli susceptibility, it leads to
an upper limit t)T~4.2x10' (ergfu. ) ' for the total
density of electron states at the Fermi surface (FS). The
band-structure value' is -6X10' (ergf u. )

The anisotropy of Ti was studied using the high-field
NMR spectrum of the m ~ 2 transition of Cu for a
powdered sample of YBa2Cu307. This sample had been
used in a previous Ti study carried out in zero field by
means of the nuclear quadrupole resonance (NQR) tran-
sition. In high-field NMR the powder pattern for the
Cu(2) site presents the sharp extrema' characteristic of
an axial electric field gradient tensor. The high- and low-
field peaks at these extrema occur for crystallites which
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xg,"(q,Np)/rpp, (2)

where A;q and 8; z are suitably defined hyperfine field
components acting at right angles in a plane perpendicular
to the nuclear axis of spin quantization and i is summed
over statistically independent hyperfine terms. X; (q, cop) is
explicitly assumed isotropic with i affixed to distinguish
spin and orbital susceptibilities. The latter distinction is
important, because electron-electron enhancement effects
are different for these two cases. The sum on q is taken
over vectors spanning the FS. The relevant hyperfine in-
teractions for the Cu(2) site in YBa2Cu307 are the d-spin
dipolar and core-polarization terms and the orbital term.
In a tight-binding picture appropriate to the Cu sites, the
field coefficients A; q8; z in Eq. (2) becomes simply those
for atomic orbitals and are effectively q independent.
Dropping the subscripts q on A; and 8;, Eq. (2) becomes

have their c axis oriented at 8 42' and 90' relative to
the applied magnetic field, respectively. By studying the
spin-lattice relaxation rates at these peaks and combining
the results with the NQR Ti data, we obtain relaxation
behavior at 8 0, 42, and 90 .

Spin-lattice relaxation data were taken by measuring
the decay of the stimulated echo. ' Since NMR and
NQR studies measure different relaxation modes, the re-
sults are plotted in Fig. 1 as T i

' vs T, where T i is under-
stood to be the "uniform" decay time corresponding to
complete saturation of the NMR transitions. A very
substantial anisotropy in T i is revealed by these data with
Ti(0')/Ti(90') 3.4. No variation of the temperature
characteristic Ti(T) with 8 is resolved by these measure-
ments.

Since the NMR measurements in Fig. 1 were per-
formed at v-85 MHz in a high field, whereas the NQR
studies were done at v 31.5 MHz in zero field, spot
checks were conducted at v-65 MHz (Fig. 1, solid
points) to test for (unexpected) field and/or frequency
dependence to the T i process. None was found within the
resolution of the measurements.

The spin-lattice relation rate can be expressed quite
generally in terms of the dynamic susceptibility of the
conduction electrons 3 2'
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where Hd;p 2/7prt&r ), the average &) being taken over
the relevant 3d radial function. In Eq. (4) the z axis is to
be identified with the crystalline c axis. Thus, the c-axis
dipolar fiuctuation amplitude is twice the in-plane value.
Neglecting correlations between components of S, Eqs.
(3) and (4) lead to an anisotropic relaxation process

T(K)

FIG. 1. 6'Cu nuclear relaxation rate data for the Cu(2) site
at temperatures 100~ T~ 300 K for three different angles 8
between the spin quantization axis and the crystalline c axis in

YBa2Cu307. The rates plotted are for the uniform relaxation
mode. The 8 0 data are from Ref. 7. The inset shows the vari-
ation of T&

' with sin 8 at T 100 K, in good accord with Eq.
(5).

(3)

I/Ti (y keT/g pe) X (AP+8P) Z»'(q rpo)/coo

-(Ti ')dp+(Ti ').i, +(Ti ')„b
Ti(8) Rtcos 8+Raisin 8, (5)

for the three hyperfine interactions in an obvious notation.
Note there is no interference term between the spin
hyperfine processes in the presence of only Cu 3d orbit-
als. ' The core polarization term is isotropic, so the ob-
served T ~ anisotropy must arise from either the dipolar or
orbital terms.

We first consider the spin hyperfine terms in Eq. (3),
where the anisotropy is caused by the dipolar interaction.
Band theory' places d holes at the Cu(2) site primarily in

the x -y orbital. Ignoring for the moment any admix-
ture of orbital character other than this, a tight-binding
model of the dipolar hyperfine coupling then gives, for

where 8 is the angle between the nuclear-spin axis of
quantization and the crystalline c axis, and the coefficients

Rt & are functions of temperature. For purely dipolar
coupling R~/Rt —', , i.e., less than the observed ratio.
Moreover, inclusion of the isotropic core-polarization
term, which is of comparable magnitude, degrades the
predicted anisotropy further. We conclude that the spin
hyperfine terms in Eq. (3) are incapable of explaining the
observed relaxation anisotropy shown in Fig. 1.

We next turn to the orbital term in Eq. (3). This term
can, at least in principle, account for the T~ anisotropy as
we shall see below. Because the orbital term is frequently
predominant, we consider it here in some detail. For the
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cubic case this term is given by

(T~ ')«b- (yH«brld)'ksTf(2 —',—f), (6)

where H„b-2ps(r ) is the orbital hyperfine field, f is
the fraction of T2g character in the Cu 3d bands at the
FS, and rid is the relevant density of states. Since the
predominant 3d orbital at the FS (i.e., x -y ) has Es
symmetry, f is at most a few percent and is difficult to
determine from band calculations with any accuracy.
Thus (T& )„b is in any case a small fraction of its peak
value, which occurs for f 0.6. Any known enhancement
effects for the orbital rate are represen'ted by a modified
value for rid.

To discuss the anisotropy of (T~ ')„b we must general-
ize Eq. (6) to tetragonal symmetry. Considering the or-
bital hyperfine interaction

H«b yhpsL I/»',

it is easy to show that the quantities (R& —Rt/2) and Rt
from Eq. (5) are proportional to the amount of xy and
(yz, zx) Cu 3d character at the FS, respectively. The ob-
served anisotropy would therefore correspond to a pre-
dominance of xy character within the T2s portion of the
density of states. To estimate R&(orb) using Eq. (6) we
assume an upper limit of f 0.1, with a correspondingly
smaller value for R t (orb).

The appropriate value of t)d in Eq. (6) is thought to be
the "bare" density of states at the Cu site, the upper
limit of which we shall estimate from the upper limit »IT
for the density of states derived from the uniform suscep-
tibility using Eq. (1). For this purpose we partition »IT

among the sites according to the results of band theory, '

giving rid «3.5&10" (ergatomspin direction) ' for the
Cu sites. Using (r ) 6 a.u. as discussed earlier, ' 's
Eq. (6) gives R&(orb) «70 sec ' at T 100 K. This es-
timate falls short of the measured value in Fig. 1 by a fac-
tor -40. We are aware of no enhancement process by
which this shortfall could be made up. In comparison, the
estimate for the combined d-spin terms in Eq. (3) is
R~(d-spin) -38 sec ' using the same values off and r)d.

An alternative to the enhanced Korringa model for T~
is suggested by theories of the copper-oxide systems in
which the (planar) copper ions remain in a Cu + state
while itinerant holes propagate on the oxygen lattice.
In this picture, the dynamics of the (localized) Cu(2) spin
moments are generated by exchange couplings among
themselves and with the itinerant oxygen holes. The re-
laxation of copper nuclei induced by these fluctuations
will be very strong. In a localized Cu + picture for the

ions at the Cu(2) sites' the hyperfine tensor includes
crystal-field and spin-orbit coupling effects and is in gen-
eral quite anisotropic. A detailed analysis along these
lines goes beyond the scope of this article. As a limiting
case we may examine the effects of extreme localization
by taking PaX"(q, roo)/coo-2rX, (T)/(I +roor ), where
X,(T) is the Curie susceptibility of a localized moment
and r is its correlation time for orientational fluctuations.
Anticipating roar«1, substitution into Eq. (3) yields the
estimate

(8)

where we assume for convenience that the (spin) hy-
perfine coupling is dominated by the large c-axis term
yAI, S,. Here A 2y(Hd;~ —H,~), where H, r,

—1.25
X105 G is the core polarization field per Bohr magne-
ton. " Taking R~ 2.8x10' sec ' (Fig. 1, T 100 K),
Eq. (8) yields r-10 's sec. This rather short correlation
time could be interpreted as the modulation lifetime asso-
ciated with motion of the itinerant holes. It is, we note,
substantially shorter than the spin lifetime r, ~7x10
sec implied b~ two-magnon Raman spectra reported for
YBa2Cu30s, as one might expect.

We point out, however, that this model of strongly lo-
calized Cu 3d electrons and 0 2p holes is highly idealized.
In particular, it cannot easily account for the supercon-
ductivity of the Cu electrons implied by the rapid loss of
relaxation below T, . A model calculation including
strong correlations among itinerant Cu 3d electrons has
been given by Koyama and Tachiki. 2s We remark that
their theory appears to yield a relatively q-independent
enhancement of the susceptibility, implying enhancement
of both Z~ and T

~
', whereas only the latter is experimen-

tally enhanced. The experiments interpreted according to
Eq. (3) suggest strongly q-dependent enhancement.

In conclusion, the orbital hyperfine coupling is too small
to account for the observed Cu nuclear relaxation rates in
YBa2Cu307. The spin fluctuation terms are more viable,
because they undergo strong enhancement effects. The T~
anisotropy is larger than we can account for with isotropic
spin susceptibilities in Eq. (3). Thus, it remains to be
resolved whether a new formulation of anisotropic
hyperfine fluctuations in the presence of strong exchange
and correlation effects will suffice to account for the
present data or whether anisotropic dynamical susceptibil-
ities will be required.
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