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Diamagnetism in the normal state of YBazCu307
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Precise 'Cu NMR shift results are reported for both copper sites in oriented powder samples of
YBa2Cu, 07O in which the weak normal-state temperature dependences are resolved. Magnetic-
susceptibility data are also given, which, in spite of the presence of small Curie-like terms, are shown to
have the same intrinsic temperature dependence as data recently presented by Lee, Klemm, and
Johnston. A combined analysis of shift and susceptibility data is described, in which we obtain (1) a par-
tition of the spin paramagnetism between the chain and plane sites, (2) a full description of the suscepti-
bility and hyperfine interaction tensors based only on static measurements, and (3) extracted values for
temperature-dependent diamagnetism under field orientation both along the c axis and in the ab plane.
The c-axis diamagnetism is large and decays with temperature in a fashion consistent with the asymptot-
ic T ' behavior predicted in recent theories. In the ab plane, the diamagnetism sets on at T-125 K in

what appears to be a dimensional crossover from purely two-dimensional behavior at high temperatures.
The analysis also suggests that the actual degree of bulk susceptibility anisotropy is slightly higher than
experimentally reported values. The hyperfine parameters are not markedly changed from those given
earlier by Mila and Rice.

I. INTRODUCTION

In the high-T, superconductors a number of bulk
properties are found to exhibit unexpected temperature
dependences in the normal state. ' Moreover, fluctuation
effects in the vicinity of T, have been found to be large
and to extend upward in temperature over a surprisingly
large range. Such a result for the superconducting
fluctuation diamagnetism (SFD) has recently been ob-
tained by Lee, Klemm, and Johnston (LKJ), using high-
quality magnetically oriented powder samples. In this
study, the authors confined their analysis to the anisotro-
py of the measured susceptibility g" '( T) (v= ah or c), on
the assumption that any background temperature depen-
dences present in the data in addition to the SFD would
be very nearly isotropic and thus cancel. The resulting
curve was shown to agree with a Lawrence-Doniach
model calculation of the SFD using suitably chosen pa-
rameter values. Similar data for the anisotropy of g'" '

have also been reported by Miljak et al. without a de-
tailed theoretical interpretation.

In this paper we present a similar study using a some-
what different approach. In addition to bulk susceptibili-
ty data, NMR shifts measured at the Cu(l) and Cu(2)
sites in Y-Ba-Cu-0 are used to calibrate the temperature
dependence of the spin paramagnetism in this material,
with the consequence that the full SFD effects [y," ( T) ]
for fields along both the c axis (v=c) and in the ab plane
(v=ab) can be examined. As in LKJ, a large c-axis di-
amagnetic response is found near T, . However, our re-
sults differ considerably from theirs in detail, in that (a)
we find the c-axis diamagnetism to decay rather more
slowly with temperature and (b) we see a distinct onset of
ab-plane diamagnetism below T-125 K as well. The
disparity between our result for y, ( T) and that of LKJ

can be traced to their assumption of isotropic spin
paramagnetism, as contrasted with our employment of
the g-factor anisotropy dictated by the Cu + ionic model
employed by Mila and Rice. This model is invoked here
in detail to analyze the magnetic and hyperfine parame-
ters of the system. The g-factor effects are discussed at
length in the text. The onset of ysbFD(T) just above T, ap-
pears to represent a dimensional crossover in the di-
amagnetism. Since LKJ analyzed only the anisotropy of
the diamagnetism, they presented no separate result for
the in-plane response. In Sec. III we compare our data
with results from a class of gauge-fluctuation theories
which have been developed to describe the normal-state
properties of the high-T, systems. '

Precise measurements of the weakly temperature-
dependent Cu(1)- and Cu(2)-site shifts in the normal state
also makes possible an analysis of the spin paramagne-
tism into separate contributions from those sites. In the
Mila-Rice (MR) treatment of hyperfine phenomena in
this material it was assumed, for want of more detailed
information, that the Cu(1)- and Cu(2)-site spin suscepti-
bilities are equal and isotropic. Using data given in this
paper along with low-temperature NMR shift results
from the literature, " we are able to relax these assump-
tions and obtain the susceptibility and hyperfine tensors
at both copper sites with their full anisotropy.

The fundamental relation for interpreting the intrinsic
susceptibility tensor in this system is

+exPt( T) +s( T) ++orb++dia++sFD( T)

where v=ab or c. The first two terms represent spin and
(Van Vleck) orbital paramagnetism, respectively. y" is
the core diamagnetism, and y„" ( T) denotes the normal-
state SFD term. Any Landau diamagnetism present will
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for the spin-paramagnetic shifts E1 2 to obtain the rela-
tion

K &„/+=a&„—2(a&,/az, }(Kz„/g', ) .

be included in y„" (T), the zero of which is experimen-
tally uncertain. In order to analyze y'„(T), we use Eq (1)
to isolate this quantity by deriving values for the remain-
ing terms from other considerations. g "can be estimat-
ed from tabulated data' within narrow limits. We use
measurements of the temperature-independent orbital
shifts K z at the Cu(1,2) sites and the relations
+orb +orb+ 2+orb (Ref 1 3)

~orb »orb
1,2v os 1,2v

to evaluate y'„', where a„b=22.41(r ).' The SFD
term is undetermined at the outset, but is presumably
negligible above some onset temperature. Above that
point we may take y'„( T) =g" '( T) y" —y", .—Having
thus extracted y'„(T), we can use the companion relations
to Eq. (2), y'„=g„+2yz„and

II. EXPERIMENTAL RESULTS

A. Sample preparation

High-quality ceramic YBa2Cu307 o was synthesized us-
ing the solid-state reaction method' in a procedure
which has given uniform results over may repetitions.
Following calcination, the -0.7 cm pellet was ground
and refired twice at T-950 C, then annealed in flowing
02 for 12 h at T-450'C. X-ray powder photographs
showed no indication of a second phase. Susceptibility
measurements showed the onset of superconducting di-
amagnetism at T-92 K.

The pellet was broken into several pieces and a solid
piece weighing 0.35 g was selected for the experiments.
An initial susceptibility was run (see Sec. IIB), showing
relatively little of the spurious Curie term which occurs
even in very good specimens of this compound. The frag-
ment was finely ground in an agate mortar and subse-
quently annealed in flowing 02 at T-450'C overnight to
ensure full oxygenation. For magnetic orientation the
annealed powder was mixed with a similar volume of
clear epoxy in a teflon sample container, and left to cure
in the NMR probe in a field of 7.5 T. The sample was
not subsequently moved until the first set of NMR mea-
surements reported in Sec. II C was completed.

Equation (4} is a linear relation between experimentally
derived quantities (K; 2„/y'„), from which we can extract
the shift coefficients a12 . The partition of y'„ follows
then from Eq. (3). These equations serve another impor-
tant function in identifying, through the implied linear
behavior, the range of temperatures over which the y„"
are negligible. Below this range Eq. (4) breaks down, at
which point we may use the coeScients a12 with shift
data to determine y'„and thus g„" (T) through Eq. (1).

In principle, the foregoing scheme only requires
reasonable values for a„b and y "to be carried through.
In practice it is only possible to measure K&, (T) and
K'2,b( T) with enough accuracy to be useful in Eq. (3) and
(4), the other components (K;,b and K'2, ) being inaccessi-
ble for technical reasons. In order to proceed with the
analysis one must then also try to deduce the anisotropy
of F12 . In MR these anisotropies were presumed to be
small and were ignored. There is, however, electronic g-
factor anisotropy in the spin Hamiltonian, ' owing to
spin-orbit coupling matrix elements to the excited states
of the Cu2+ (3d') ion. This is a 10—15% efFect for the
Cu(2) ions. ' For a d-band susceptibility, where y'„~g,
the anisotropy will be twice as great. Because of stronger
mixing of the dr orbitals in the Cu(1) ground state, the
anisotropy of y1„ is expected to be smaller, and opposite
in sign to that of y2 . We incorporate these ideas into our
analysis in Sec. III, leading to a determination of all sus-
ceptibility and hyperfine parameters.

The experimental data for normal-state susceptibility
and Cu NMR shifts will be presented in Sec. II. The
analysis of SFD efFects and determination of all relevant
parameters are presented in Sec. III. The results and
their implications for the behavior of this material are
discussed in Sec IV.

B. Susceptibilities

Susceptibilities were measured with an electrobalance
in variable field up to B—1.5 T. The effect of small fer-
romagnetic inclusions was corrected for by extrapolating
plots of M/H vs H ' to H '~0, where M is the mea-
sured magnetic moment. Such corrections were typically
of order 15%. The background susceptibilities of sample
holders and, in the case of the powdered sample, of' the
epoxy were measured in separate runs and subtracted
from the experimental data in proportion to their relative
masses in the composite samples. The resulting data are
shown in Fig. 1, where the original solid ceramic sample
gave curve (a} and the oriented powder sample yielded
curves (b) and (c) for field orientations perpendicular and
parallel to the c axis, respectively. Curves (d) and (e) are
facsimile representations of data from LKJ correspond-
ing to the conditions of curves (b) and (c), respectively.
The ceramic (a) shows only slight evidence of a Curie
term, whereas there is clearly increased evidence of such
terms in the oriented and epoxied samples (b} and (c). We
note that the increased Curie effect we observe is not as
extreme as the effects reported by Lee and Johnston' un-
der nominally similar conditions.

The LKJ data are claimed to be free of the Curie back-
ground effect. For our analysis we employ their data on
this basis and consider possible effects of a residual Curie
contribution in Sec. IV. As such, then, the LKJ data
form a useful standard with which to compare our results
and determine the nature of the spurious background
efFects. A key assumption in our procedure is that the in-
trinsic susceptibilities of the two samples are the same
apart from an experimental scale factor and effects hav-
ing to do with their respective degrees of particle orienta-
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FIG. 1. Measured susceptibilities (a) yp",p', (b) g', &
', and (c)

g', " ' are plotted vs temperature T. Shown for comparison are
facsimile representations of (d) g,&"' and (e) g,""'.

tion, the latter effect being easily adjusted for. There are
good reasons for this assumption to be valid for high
quality, well-oxygenated samples of Y-Ba-Cu-O. NMR
shifts and relaxation times reported for Cu in this ma-
terial by many laboratories are found to agree within ex-
perimental error, despite the presence of a variable
amount of the Curie-like background susceptibility. To
an excellent approximation, the shifts depend only on the
intrinsic paramagnetism. The results of Alloul, Ohno,
and Mendels' on Y shifts in a series of oxygen-deficient
Y-Ba-Cu-0 samples show that oxygen content is the
main variable which alters the intrinsic susceptibility.
We have carefully monitored the sample oxygenation, as
presumably have LKJ (see below).

We have compared our data with that of LKJ quanti-
tatively by performing least-squares fits to the form

y'"I"( T)=Sy ( T)+ C/T,

where y';""(T) and y,
""(T) represent suitable combina-

tions of values measured by us and by LKJ, respectively.

I
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FIG. 2. The residuals R;(T) from least-squares fits to Eq. (5)
for the four cases listed in Table I are plotted as a function of
temperature, where R;(T) is defined in the text. The dashed
lines indicate deviations of +0.5%.

The combinations studied are shown in Table I along
with the fitting parameters. For example, we have fit our
original ceramic data y'„"~'(T) and the powder average
[y'," P(T) +2y'," 'bi( T)] 3/(both as y';"~') to the powder
average

~LKJ( T) [~LKJ( T) +2~LKJ( T) ]/3

of the LKJ values from Fig. 1. The residuals

R; ( T) = [y', " '( T) Sy,""'(T) C—/T]/y';" '( T—)

from these two fits are displayed in Figs. 2(a) and 2(b), re-
spectively, showing the rms errors to be less than 0.5%%uo.

To examine the uniqueness of fits to Eq. (5), the fits
represented in Figs. 2(a) and 2(b) have been repeated
with the more general form

y';" '(T)=Sy; (T)+C/(T+8)+D,
allowing a Curie-Weiss constant 0 and a constant term

TABLE I. Least-squares fitting parameters C and S from Eq. (5) for various pairs of susceptibilities
Errors given are two standard deviations. The Curie constants C are given in units of

10 ' Kemu/mole f.u. For the fits labeled 2c and 2d, the LKJ data (Fig. 1) were adjusted to match the
room-temperature anisotropy A,„pt=1.49 of the data reported here (after corrections, Fig. 3), using
Eqs. (A6).

Figure

2a
2b
2c
2d

+expt

+expt

( 2+expt ++expt ) /3
+expt

+expt

~LKJ

( 2+LKJ++LKJ ) /3
( 2+LKJ+ +LKJ ) /3
~LKJ
~LKJ

0.886+0.004
0.911+0.003
0.912+0.005
0.909+0.005

5.79+0.30
10.60+0.20
9.44+0.40

12.93+0.50
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FIG. 3. Curves (a), (b), and (c) show the corresponding sus-
ceptibility data plots from Fig. 1 after subtracting the spurious
Curie terms determined by fitting Eq. (5) to the appropriate
pairings of the measured susceptibilities and those given by
LKJ. The facsimile plots of (d) g"h~ and (e) y," are again
shown for comparison.

D, in addition to S and C as variables. Both cases yielded
8 of order 1 K and D of less than 1% ofy';"i"(T). The re-
siduals were virtually unchanged from the values in Fig.
2. Thus, 0 and D are driven by noise alone and represent
no real physical effect. We therefore conclude that our
ceramic and powder average data are given very precisely
by a scale factor times the corresponding LKJ average
plus a Curie term. Whether the spurious term is taken to
be Curielike or Curie-Weiss like is immaterial.

The foregoing results support our assumption of identi-
cal intrinsic susceptibilities and establish, further, that we
can obtain a close approximation to intrinsic behavior by
subtracting a correction term of Curie form. While it is
difficult to prove uniqueness in using Eq. (5), the basic
soundness of this approach is supported by three observa-
tions. First, the residuals [Figs. 2(a) and 2(b)] consist al-
most entirely of random noise. Second, the Curie form
determined is consistent with the simple hypothesis of
stray localized moments in the Y-Ba-Cu-0 lattice as the
source of this term. And, finally, the scale factor S (Table
I) determined in the three fits of our oriented powder to
the LKJ data lie within a range of less than 0.5%, the
ceramic value lying -2% below that.

In Figs. 2(c) and 2(d) we show the residuals from fitting
our c-axis and ab-plane-oriented powder data to P, (T)
and y,"b ( T), respectively. An important step in this pro-

cess is to adjust the LKJ reference data to have the same
room-temperature anisotropy as ours. Thus,

A =y (300 Kjy (300 K)=1 61

(Fig. 1) must be changed by linear transformation to
A pf 1 .49, the value we find after corrections. The re-
quired transformations are derived in the Appendix. In
this way, the g"(T) for the two samples is compared as
though they possessed the same degree of particle orien-
tation. The residuals for these two fits show a small ap-
parent difference ( (1%) in intrinsic behavior just above
T„which might arise from a minor disparity in oxygena-
tion or in T„ itself. This does not materially affect the
analysis and results given below.

An interesting surprise which arises in fitting the
oriented powder data is the appearance of an anisotropic
Curie constant (Table I). This effect is resolved well
beyond the errors. The validity of the result is under-
scored by the precise match in scale factors S for the two
fits. No significant change in the anisotropy of C or im-
provement of the fits is effected by adding the parameters
8 and D as described above. The apparent meaning of
the anisotropy, discussed further in Sec. IV, is that the
Curie term arises from local moments in disordered re-
gions of the Y-Ba-Cu-0 lattice. We have proceeded to
correct the data in Fig. 1 using the Curie constants in
Table I, the results being shown in Fig. 3. It is important
to note that our resulting susceptibilities are equivalent to
those of LKJ to within the experimental scatter.

The scale factors S in Table I show that our suscepti-
bility values are smaller than those of LKJ by —10%.
Our room-temperature powder average magnitude is, in
units of 10 emu/mole f.u. , 2.74 in comparison with 2.7
from previous work and -2.8 from the literature. '
The corresponding LKJ value is 3.0. We shall adopt our
measured values for subsequent analysis. On the other
hand, for anisotropy 2 (=g, lg, b) the values at room
temperature are A,„~,=l 49 (this work) as compared
with ALKJ 1.61 and A =1.36 from Ref. 22. Barring
technical errors, the largest (LKJ) result is probably the
most nearly correct. The true value may actually be
larger than ALzJ. In the analysis of Sec. III we shall
consider A to be a variable parameter, constructing
curves for y"'(T) from our corrected data using Eqs.
(A6a) and (A6b).

C. Cu NMR shift measurements

In order to implement the scheme described in Sec. I,
we have performed measurements of the Cu NMR
shifts E„and E2,& over the temperature range
95& T&300 K with a precision several times greater
than previously reported in the literature. As for the oth-
er shift components, X„and K» are di%cult to measure
accurately, because the Cu(1) site presents a powder pat-
tern spectrum with the field in the ab plane. On the
other hand the shift E2, can be determined very precise-
ly, because the Cu(2)-site NMR line for this orientation is
very narrow as shown in Fig. 4. The problem here is that
az, is, by accident, very nearly zero. The change in E2,
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below T„"as the spin paramagnetism decays to zero, is
itself very difficult to resolve. As expected, then, the
change of Kz, in the normal state up to room tempera-
ture is unmeasurably small. This point is illustrated in
Fig. 4, where we display data at T=100 and 290 K.
There is a slight increase in linewidth on cooling and also
a slight change in the apparent position of the peak. The
solid lines drawn are a model line shape consisting of a
Gaussian distribution of angular deviations from exact
alignment along the c axis, which gives an asymmetric
broadening to higher Geld from second-order quadrupo-
lar shifts, combined with inhomogeneous broadening
which is also Gaussian. The latter broadening is greater
at T =100 K, giving an apparent shift of position. The
shift is actually taken to be the same from both calculated
curves. Thus, we can resolve no change in Kz, to within
0.002%. The angular distribution for these model curves
has a Gaussian width —1.5', showing that the oriented
portion of the sample is very well oriented, indeed.

The Cu(2)-site shift Kz, i, is a much better probe of the
planar spin paramagnetism. Data for the variation of
Ez,b with temperature were taken using line profiles such
as that shown in Fig. 5 for T =100 K. The NMR line is
somewhat broader with the field in the ab plane than with
the field along the c axis (Fig. 4). There are several
reasons for this. First, the asymmetric quadr upolar
broadening is -2.5 times greater near the 8=n /2 singu-

larity than it is at 0-0. Second, the axial character of
the electric field gradient (EFG) tensor is only approxi-
mate for the Cu(2) site; small deviations from rI=O will
also broaden this peak. Also, the paramagnetic shift
broadening may be increased by a slight in-plane shift an-
isotropy on account of the orthorhombic symmetry.

The solid curve in Fig. 5 is a functional fit to the cen-
tral portion of the line profile. The linewidth changes by
only -20%%uo over the range of temperatures studied; thus,
we measure the shift from the peak of the fitted curve. In
addition to the NMR shift Kz,b this line undergoes a
second-order quadrupolar shift given quite accurately
by b,v=v„,—vI =3v&/16vL, where v& is the NQR fre-
quency and vI =yHo(1+i(. z,b). In extracting the shift
from these data, it is important to include the tempera-
ture dependence of v&. Measurements of v& were carried
out using the position of the first-order quadrupolar satel-
lite in high field relative to the m =+—, transition, yield-

ing a temperature dependence in agreement with that de-
rived from NQR. Our final result for Ei,b is the curve
shown as dots in Fig. 6.

These values for Kz,b are in reasonable accord with
values from the literature, " but show two new features.
First, there is a gradual linear increase in Kz,b with de-
creasing temperature, in opposition to the behavior of the
susceptibility (Fig. 3). This leads to the surprising con-
clusion that the temperature variation of y, b is dominat-
ed by the chain-site contribution g„b. The observed in-
crease in Kz,b is supported by data on the Y shift in Y-
Ba-Cu-O, which also increases in magnitude at lower
temperatures, at a rate dIC89v/dT-0. 17 ppm/K. Using
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FIG. 4. The Cu{2) m =+zNMR line in Y-Ba-Cu-0 is

shown at a frequency of 85.245 MHZ, with the field oriented
along the c axis, for temperatures T =100 and 290 K. The solid
lines are functional fits to the data (see text), showing that there
is no measurable change in shift between these temperatures.
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FIG. 5. A typical Cu(2) NMR line scan is shown (dots) for
field oriented in the ab plane, here at a frequency of 86.55 MHz
and a temperature of 100 K. The solid line is a functional fit to
the data points near the center of the line. The shift values

quoted refer to the peak of the spectrum and are corrected for
second-order quadrupolar shift, as discussed in the text.
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much more rapid than that of the Cu(1) peak, shown as
open triangles.

III. DATA ANALYSIS

In this section we carry through the analyses outlined
in Sec. I, using the shift and susceptibility data presented
in Sec. II as well as selected NMR shift results from the
literature. As an adjunct to our implementation of Eq.
(4) and the related discussion of SFD effects, we also
present a scheme to determine the necessary hyperfine
parameters and spin polarization anisotropies. Since Eq.
(4) is an integral part of that scheme, it is most efficient to
describe these developments simultaneously. As noted
earlier, we only require values for X" and a„b (i.e.,
(r ) ) to extract X', from the measured susceptibilities
in a region where the SFD is negligible. However, only
two of the four shift components, namely E2,b and K&„
are available to use in Eq. (4). To accommodate this re-
striction we develop estimates of the anisotropies

Xl /Xl b and k2 X2 /X2 b (6)

1 /X b +1 41 241(+1 /+2 b )(K2 b /X b ) (7a)

and

K 1 /X +1 242(+le l 2ab )(K2ab /Xe ) (7b)

for v=ab and v=c, respectively, in terms of quantities
available from experiment. Where y',"=y'„, i.e., at
suSciently high temperature, plots of K'„/y,"b' against

K2,blX,"b' and K;, /X'," against K'2,blX'," should yield
linear behavior which will enable us to partition y', b and
y', between the sites. Such plots are shown in Fig. 8

based on shift and susceptibility data from Sec. II. The
precise conditions for these plots and their implications
for SFD effects will be discussed below. For the moment,
we focus on the mechanics of using them to establish the
various parameter values.

The plot of Eq. (7a) in Fig. 8 shows the linear behavior
expected down to T-150 K, below which a deviation
occurs which we identify as the onset of g,b . The plot
for Eq. (7b) does not appear to yield a useful linear re-
gion, suggestive of anomalous diamagnetic behavior as
we discuss below. The straight line passed through the
high-temperature points for Eq. (7a) is a least-squares fit,
from which we obtain a2 b and, thus, partition g', b into
chain and plane-site contributions. To go further we
need an estimate of either g'1 or $2. We choose to esti-
mate $2 from the bandlike relation Xz„~gz, where the

which we assume to be independent of temperature.
Furthermore, since the X', in Eq. (4) are not available
directly from experiment, we replace them here with the
residual susceptibilities

+res +tot +orb +dia +s ++SFD

where components of g'," are derived from the experi-
mental numbers using Eqs. (A6). With these
modifications we can rewrite Eq. (4) as

I

E

~ Cb

ve ~'X2

g

10 11 12

X~„/X, '[emo/mole ']
13 14

FIG. 8. Plot of (E'„/y', ,") vs (I(:2,&/g', ") for v=ab and c,
where the residual susceptibility y'," is defined in the text.
Where SFD effects are negligible, y',"=g'„and, by Eqs. (7) such
plots will yield a straight line. The solid line shown for v=ah is
a linear regression fit to the data for T &125 K. The corre-
sponding line for v=c is a plot of Eq. (7b) with the coefficient
parameters taken from Table III. The inset shows the
temperature-dependent diamagnetism which results from sub-

tracting y'„values derived from the straight-line fits shown here
from experimental values of g",". The solid curve passed is a fit

to g, ( T) =B/T at the high-temperature end.

electronic g factors g2 are taken from the ionic model, '

g2,b
=2—2A. /b, , and g2, =2—8A, /b, o . (8)

In Eq. (8), A, is the spin-orbit coupling parameter and
b,o 1, 1

the crystal field splitting to the d„» (d „d,„)excited
state. Values for 50 ~, ~

may be obtained from orbital shift
data" (and (r )) using ionic model expressions for

We adopt the estimate A, = —0.088 eV from
Cu + impurity studies. ' These relations lead to a value
for (2=(g2, /g2, b), which in turn gives X2, from X2,„
[Eq. (6)]. Finally, we have X'1, =X', —2X2, . These steps
therefore yield all coefficient parameters in Eqs. (7a) and
(7b).

Up to this point, the parameter (r ) has simply been
assumed. Further relations from the ionic model allow us
to extract this quantity from the shift coeScients a2„ob-
tained in the previous paragraph [see Eq. (3)], where for
Kz, we adopt the value —0.01% given by Barrett et al."
The ionic model leads' to the relation a2, =0.358 ', /g,
where A is the spin hyperfine constant in kilogauss per
Bohr magneton. The MR model formulation gives

A =A'"+A" +D.(r ') .
-

In Eq. (9) A ""=A' +48 is the isotopic hyperfine term
consisting of the core-polarization and nearest-neighbor
transferred contributions. 3" is a contribution from
spin-orbit mixing effects, which is determined by mea-
sured values of the orbital shifts combined with our pre-
viously mentioned estimate of A, . The final term is the di-
polar contribution, where D,b =17.7 (a.u. ) kG/pal and

D, = —35.5 (a.u. ) kG/1M21. The unknowns in Eq. (9) are
A"' and (r ), which are then determined by values for
a2,b, a2„and the g factors.

To summarize the arguments of the last few para-
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graphs, then, we note that Eqs. (1)—(3), (7a), (8), and (9)
along with ancillary relations given with them constitute
a coupled set of nonlinear equations for the unknown pa-

S S S S / —3x ISOrameterS +2,b, g&„X2ab~ X2cs ~O~ hi, q r i, and A

These equations break down into subsets which are not
strongly coupled together, and thus are solved easily by
iteration. A solution determines the parameters men-

tioned, and also leads to values for the derived quantities

y&'2„, a&», a„b, g2~, and A '„', i.e., all parameters associ-
ated with the static magnetic and hyperfine response.

The data set from which the foregoing parameters are
derived consist of the shift and susceptibility data of Sec.
II, the four orbital shift components, "and y ",for which
we adopt the empirical estimate y "=166X 10
emu/mole f.u. ' The specific (room-temperature) values
used for these input data are listed in Table II. The only
quantity among these about which there remains some
uncertainty is the anisotropy A of the measured suscepti-
bility, as we have already noted in Sec. II B. The choice
of A will affect all the parameter values to some extent,
but is particularly crucial to the value obtained for the lo-
cal anisotropy g, [Eq. (6)]. To illustrate this effect we plot
in Fig. 9 the derived value for g, as a function of A. Oth-
er input parameters are as given in Table II. As
A =g',"/y,"b' is varied, the corresponding values for y'„"
are extracted from Eq. (A6) using room-temperature in-

put data y'""' from Fig. 3.
In Fig. 9 we see that the LKJ value A„KJ=1.61 gives

(,-0.7. While there are no hard data to rule this out,
such a value is, in our view, unreasonably small. We ar-
gue this point in terms of the ionic model, where the
ground-state electronic g factors for the Cu(1) site deter-
mine g, through y', „~g„.The g„depend on the com-
position of the ground state. Here we refer to the discus-
sion given by MR, who estimate the Fermi-surface Cu(1)
orbital composition to be 75% d 2 2 and 25% d3 2 2.

They note that this admixture is consistent with the spin
hyperfine constant and the nearly isotropic T, process. '

We add here that the diminished orbital shift anisotropy
for Cu(1) is also suggestive of a mixed ground state. For
Cu(2) one has" y", /y', b =4.57. The Cu(1) site has an
approximate fourfold axis in the a direction, with gb'
and y", differing by & 10%." The corresponding shift
anisotropy for Cu(l) is 2y", /(yb' +y," ) =4. 15. This di-

minished ratio is suggestive of a -20% admixture of
d & 2, which would make the same contribution to gb'„
but no contribution to y", ".

The g factors would be even more strongly affected,
since the d 2 2 ground orbital has an equal and opposite

g factor anisotropy to th-at of Eq. (8).' By the arguments
of the preceding paragraph one has g, =2g f, /(g f, +g» ).

C)

O g)
g 0

1.4 1.5 1.6 1.7
A

1.8 1.9 2.0

FIG. 9. The anisotropy g, of the spin paramagnetism at the
Cu(l) site derived from the plot of Eq. (7a) (Fig. 8, see text) is

plotted as a function of the assumed value A for the room-
temperature anisotropy of the total susceptibility. The LKJ ex-
perimental value of A is indicated.

With a pure d 2 2 ground state having A, /ho ~, ~
parame-

x —y
ters the same as for Cu(2), one would have g& =0.88. The
admixture effect would increase this, giving under a
broad range of conditions 0.88 ~

g&
~ 1. This rather con-

servative constraint gives, from Fig. 9, 1.68~ A &1.74.
Not unreasonably, then, the analysis confines A to a
small range -6% larger than ALzJ. The plots in Fig. 8

are based on a particular choice of the physical parame-
ters discussed above, i.e., the input parameters in Table II
and anisotropy A =1.70. The corresponding solution
parameters are listed in Table III. From the value given
for A'" we use the empirical value A'~= —128 kG/pz
to determine the transferred hyperfine constant
8 =(A"'—A' )/4. Using Eq. (9) and the results in
Table III we obtain the usual on-site hyperfine parame-
ters to be At = —8.7 kG/Ps and A

l
= —190 kG/Ps.

We return now to the discussion of SFD effects in the
E/y plots of Fig. 8. In the plot based on Eq. (7a) [labeled
(ab)], there is a reasonable degree of linear behavior at
high temperatures, with a deviation setting in at 125 K
and below. This onset seems to be clear evidence for a di-
amagnetic response which is not rejected in the NMR
shift data of Fig. 6. It appears to represent a crossover
from 2D Quctuation behavior at high temperatures to 3D
behavior in the vicinity of T, . It is important to note
that the input data values for A and g "can be varied in
ranges of +10' without changing the qualitative nature
of this result.

The plot of Eq. (7b) [labeled (c)] in Fig. 8 leads to a
somewhat more dramatic conclusion, namely that the
size and temperature variation of c-axis diamagnetism is
such that there is no region below room temperature
where the relation g', =y'," ' —y "—y," is asymptotically

TABLE II. Room-temperature shift and bulk susceptibility data used to determine the hyperfine and
susceptibility tensors for the individual copper sites. The choice of anisotropy A =y',"/g', &' is discussed
in the text. The shifts are given in percent, the susceptibilities in 10 emu/mole f.u.

~orb
1

0.675
0.25

~orb
2

0.28
1.28

0.27
0.309

0.293
—0.01

+expt

2.57
3.79

1.70
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TABLE III. Room-temperature parameter values for Cu-site hyperfine and susceptibility tensors,
derived from an iterated solution to Eqs. (1)—(3), (7a), (8), and (9) (see text), using the data values from
Table II as input. Units are as follows: a' s, (emu/mole) ', y's, 10 emu/mole; ho t„, eV; (r '), a.u. ;
A"' and B, kG/p&. The value stated for B =(A'"—3' )/4 is derived from an assumed value
A ' = —128 kG/juz. These values of y*„correspond to local anisotropies g, =0.91 and gz= 1.28.

lab
1c
2ab
2c

2.075
2.345

S
O'v

35.6
30.4

—0.8

+orb

54. 1

20.1

22.5
102.6

95.7
86.9
96.4

123.0

Misc. parameters

DO=2. 04
5, =2.33
(r ') =5.57
A '"=56.6
B =46.2

correct. We therefore conclude that a substantial
temperature-dependent component y," (T) is present.
In order to interpret this result we fit the data to the
asymptotic form y," ~ T ' as T~ Oo derived by
Nagaosa and Lee (see also the result of Ioffe and Kal-
meyer' ). This form leads us to conclude that y," (300
K) [in emu per mole of Cu(2) sites] is roughly —6% of
g2, (300 K). Because of this, the straight line labeled (c)
in Fig. 8, which represents Eq. (7b) when y',"=y'„ falls
somewhat below the data points. With g(T) thus deter-
mined, g," ( T) then follows from Eq. (1). Values ofy,b

and y," obtained in this fashion are plotted against tem-
perature in the inset to Fig. 8, in units of F2, (300 K).
The scale therefore gives the diamagnetism as a percen-
tage of the room-temperature spin paramagnetism of the
planes in the Y-Ba-Cu-0 structure.

Because the result for y," ( T) is qualitatively different
from that of LKJ and is based on virtually the same sus-
ceptibility data, it is important to pinpoint the origin of
this disparity. A careful examination shows that the
difference arises almost entirely from the anisotropy of
the spin paramagnetism, which stems in turn from the
the anisotropic g factors [Eq. (8)]. Without this, i.e., with

g, and $2=1, the deviation of the data from the behavior
of Eq. (7b) is much smaller.

IV. DISCUSSION AND CONCLUSIONS

This study has endeavored to accomplish three goals:
first, to use precise measurements of the normal-state
NMR shifts and susceptibilities of Y-Ba-Cu-0 to effect a
partition of the spin susceptibilities between the Cu(1)
and Cu(2) sites; second, to derive at the same time a com-
plete characterization of the susceptibility and (copper)
hyperfine tensors of the material; finally, by comparing
the total behavior of spin and orbital susceptibilities
determined in this process with experimental rneasure-
ments, to note the presence of an additional
temperature-dependent "anomalous" diamagnetisrn.

The intrinsic susceptibility of the Y-Ba-Cu-0 sample
employed in this work, as reflected in the behavior of
paramagnetic NMR shifts, is argued in Sec. II to be
equivalent to that of any high-quality, well-oxygenated
material, and in particular to that of the LKJ sample.
The powder average susceptibility data bear this out in
showing the difference between samples to be purely Cu-
rie like. Through comparison of oriented-powder data
with that of LKJ we find, however, that the Curie effect is

distinctly anisotropic. The validity of the Curie anisotro-
py is supported by the precise match (better than 0.5%)
in scale factors S (Table I) for the intrinsic terms. In the
absence of any compelling reason to question the basic
correctness of this result, we propose to accept it as an
experimental fact. It could, for example, easily stem
from Cu + sites in the lattice which have become local-
ized through disorder. It is interesting to note that the
anisotropy found for C matches within experimental er-
ror that of yz, given in Table III.

It follows from the fits to Eq. (5) (Fig. 2 and Table I)
that the changes in our own data from grinding and
epoxification are also Curie like. On this basis we could
correct our raw data without reference to that of LKJ to
achieve straight-line behavior with Eq. (7a) in Fig. 8. The
resulting isotropic Curie corrections would lead to a sirni-
lar result for y," as that found, with perhaps a slightly
smaller amplitude. On the other hand, this procedure
leads to a discrepancy between our intrinsic susceptibili-
ties and those of LKJ, for which we believe there is no
physical basis.

The current data and analysis demonstrate the ex-
istence of the temperature-varying diamagnetism g," ( T)
shown in Fig. 8 (inset), but probably do not determine its
magnitude with high accuracy. In the first place, it is
very small compared with the other terms, and, more-
over, it has the same temperature dependence as the
spurious term. It is, however, 100% anisotropic well
above T„and can be distinguished on that basis. The
presence of a background Curie term beyond the suscep-
tibility corrections applied in Sec. II can, in principle, be
detected through the data plot according to Eq. (7a),
where it would produce a downward curvature. Whether
such an effect is present in Fig. 8 is not well resolved. It
should be emphasized that the diamagnetism anomaly we
find is strongly dependent on the anisotropy of the spin
paramagnetism, i.e., of the g factors [Eq. (8)]. Given the
extraordinary success of the ionic model employed by
MR to describe the magnitude and anisotropy of both the
spin and orbital NMR shifts, as well as the anisotropy of
T, , there is ample reason to suppose that the g-factor an-
isotropy dictated by the ionic model is also present. For
example, the basic ingredients of spin-orbit coupling and
crystal-field splitting give rise to similar g-factor effects in
fcc Cu metal. Their absence here would not only run
contrary to known behavior in other systems, but would
also require the susceptibility anisotropy A to be —1.50,
in contradiction to the higher measured value
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Ag~J = 1 ~ 61 ~

The plot of Eq. (7a) is also a crucial step in our deduc-
tion of susceptibility and hyperfine parameters (Table III)
and, in particular, the partition of g'„between the chains
and planes. The latter breakdown consists of roughly
equal contributions from Cu(1) and Cu(2) sites, consistent
with the assumption of MR. We also note that the pa-
rameter determination presented here (Table III) not only
partitions X',( T), but also takes account of the anisotropy
of the constituents and derives all parameters from static
magnetic and hyperfine data on this system. With the
deduction scheme employed in Sec. III, a satisfactory re-
sult is only obtained if the anisotropy A (Fig. 9) is slightly
larger than the value A &KJ

= 1.61, which is a very
reasonable outcome.

It is useful to mention some comparisons between the
parameters in Table III and data from the literature. The
value we obtain for & r & (5.57 a.u. ) is somewhat smaller
than the Cu + impurity value (6.3 a.u. ) employed by
MR. ' This is not unreasonable, since the metallic ox-
ides are more strongly covalent than the salts from which
the ionic value is derived. ' On the other hand, our value
is substantially larger than those ( (5 a.u. ) deduced for
broad-band 3d metals, which also seems appropriate.
Theoretical estimates of the crystal-field splittings Lo and

6, by McMahon, Martin, and Satpathy agree within a
few percent of the values obtained. In addition, we may
use the hyperfine parameters obtained [Eq. (9), Table III)
to estimate the spin-lattice relaxation anisotropy for the
Cu(2) sites. Neglecting spin-spin correlations, we find

T„&lT„=2.9 at room temperature. Since correlations
will tend to increase this ratio, the foregoing value is at
least consistent with experimental data ' giving

T)gb /T„= 3.6.
Regarding the X," (T) results (inset, Fig. 8), the ob-

served behavior gives important insights into the
normal-state properties of this system. The onset of p,b

at = T, +35 K shows that the high-temperature Quctua-
tions are two dimensional in character, but that the su-
perconducting transition is 3D, as has been noted else-
where. The c axis result shows that temperature-
dependent fluctuation diamagnetism extends to and quite
possibly beyond room temperature. These data are seen
in Fig. 8 to be consistent with the asymptotic form

X," ( T) ~ T ' predicted by Nagaosa and Lee, and are
similar to the predictions of Ioffe and Kalmeyer as well. '

Finally it is well to mention other work related to the
question of the existence of chiral gauge fluctuations in
these systems. Recent theoretical work by Shastry and
Shraiman points up the fact that such fluctuations give
rise to Raman scattering effects with special symmetries,
by which their presence could be convincingly estab-
lished. Perhaps the present work may stimulate further
studies along those lines.
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APPENDIX

m, =(H cosQ, )X,c;+(H —c;H cosQ, )X,b,
where

cosQ; =cose cose;+ sine sine;cos(P —P, ) .

(A2)

Equation (A2) may now be summed over i to give the to-
tal specimen magnetization. We specify the polar axis to
be that direction in space where the average & cos 8; & is
a maximum, and assume that the specimen has cylindri-
cal symmetry with respect to that axis. Thus, averages
such as & cosP; &, & sing; &, or & cosP, sing, . & are assumed
to vanish. This is our only assumption regarding the na-
ture of the particle orientations. Carrying out the sum-
mation of Eq. (A2), the total magnetization is found to
have the form M=NO[X', "H, +X',~H, b ], where the c axis
in this notation is now the polar axis of the specimen. H,
and H, b are components of H parallel and perpendicular
to that direction, respectively. The corresponding sus-
ceptibility tensor components are

x,'"=x,&.o 'e &+(1-&.o 'o &)x

X.'", =-,'X, (1—&cos'O &)+-'X.,(1+&cos'e &) .

(A3a)

(A3b)

For perfect alignment Eqs. (A3) reduce to the values for a
single crystallite. For random orientations
( & cos 8; & ~—,

' ), the average tensor components both ap-
proach the value (X, +2X,b )/3 as they must.

The controlling parameter in Eqs. (3A) is the polariza-
tion p —= & cos 8; &, where 0 ~p ~ l. It is clearly possible
to express y, b and y, in terms of the measured tensor
components and p:

Xab

x,'"(I+~)-2x'.",(I-p)
3p —1

x,'"(1 J)+2x'.a- —
3p —1

(A4a)

(A4b)

The value ofp may be evaluated at a convenient tempera-

In this appendix we derive certain relations concerning
the magnetic response of a specimen consisting of a large
number of partially oriented crystallites. Each crystallite
is assumed to have a susceptibility tensor given by

x=('+fox.b+kkx. (Al)

We define a set of Cartesian axes, with respect to which
the field H has polar angles 8 and P and the c axis of
crystallite i is denoted by 8; and P;. A unit vector in the
latter direction is thus given by

c;=i sine; cos(t,. +j sine;sing, . +k cose;,
A
i, j, and k being the usual Cartesian unit vectors. The an-
gle between c; and H is further defined to be Q;. The
magnetization of the ith crystallite may then be written
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A (A+1)—2

(A —1)(A +2)
By substituting this expression into Eqs. (A4), we obtain

(A5)

y', "[A (A +1)—2]—2y', "b(A —A )

(A —1)(A +2)
—g,'"( A —A )+y',b( A A + A —2)

( A —1)( A +2)

(A6a)

(A6b)

ture and expressed in terms of the measured anisotropy
A =y',"/y', "b and the actual (unknown) anisotropy
A =y, /y, b. Taking the ratio of Eqs. (A3a) and (A3b),
we obtain

These equations give the actual susceptibility tensor of
the material which would correspond to anisotropy A in
terms of the measured anisotropy A and the measured
tensor components. (Note that in the text g, and y, b are
referred to as y',"and y",b', respectively). The susceptibili-
ties can refer to any desired temperature, with the obvi-
ous condition that A and A must both refer to a single
reference temperature. In the text A and A refer to
room temperature. For a perfectly ordered sample,
A ~A, and y, and y, b in Eq. (A6) then correspond to
y', " and y', "b exactly. For a random sample Eqs. (A6) are
not useful, since the numerators and denominators both
vanish.
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