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NMR experiments on the YBa,Cu3Oq¢;

material provide an

important test of the

antiferromagnetic-Fermi-liquid model for the spin-spin correlation function proposed by Millis,
Monien, and Pines. We show that their theory provides a quantitative fit, with parameters deter-
mined from experiment, to the NMR experiments of Takigawa et al. on the Cu(2),0(2,3) nuclei, and
of Alloul et al. on the Y nuclei in the YBa,Cu;0q ; material. We find that the hyperfine couplings
do not change in going from the YBa,Cu;0; to the YBa,Cu3;0¢ ¢; material, whereas the antiferro-
magnetic correlation length is increased. We present results for the changes in relevant magnetic
parameters brought about by reducing the oxygen content from YBa,Cu;0; to YBa,Cu;0¢ 4; and
discuss the implications of a small energy scale fiosg < k3 T, emerging from the analysis of the NMR
experiments. Our results support the proposal by Pines that the excitations in the normal state of
superconducting Y-Ba-Cu-O are best described as those of an antiferromagnetic Fermi liquid and
suggest that this description is equally applicable to other cuprate oxide superconductors.

I. INTRODUCTION

The nature of the normal state of the cuprate oxide su-
perconductors has remained a key issue since their
discovery over three years ago. Models that have been
proposed and discussed in varying detail, including the
resonating-valence-bond model, normal Fermi liquids,
spin liquids, and more recently “Luttinger” liquids, mar-
ginal Fermi liquids, and nearly antiferromagnetic Fermi
liquids, as well as both one-component and two-
component descriptions.! Experiments must play the key
role in deciding this question, but the question remains as
to what experiment or experiments will prove to be the
Rosetta stone. During the past eighteen months, NMR
measurements on YBa,Cu;0,, which provide strong con-
straints on the description of the low-frequency spin exci-
tations, have emerged as a promising candidate.?”’
These show that antiferromagnetic spin correlations are
important; the Cu spin-lattice relation rate is enhanced
by antiferromagnetic spin correlations,® while the
markedly different temperature dependence of the 'O
spin relaxation rate from that measured for %*Cu nuclei,
in a one-component description, can only be explained as
resulting from strong antiferromagnetic (AF) correlations
in cgn;nbination with the form factors of the different nu-
clei.”

A quantitative account of the role played by antiferro-
magnetic correlations in the spin-lattice relaxation of Cu,
O, and Y nuclei in YBa,Cu;0, has been developed by
Millis, Monien, and Pines,’ hereafter referred to as
MMP. They proposed a phenomenological model in
which the leading role played by antiferromagnetic corre-
lations is explicitly recognized by describing the system
as nearly antiferromagnetic Fermi liquid (AFL), in which
the dominant contribution to the short-wavelength part

43

of the spin-spin correlations comes from antiferromagnet-
ic paramagnons, whose characteristic energies are small
compared to those that characterize the longer-
wavelength more nearly quasiparticle behavior. Around
the same time Bulut ef al.'” were able to show using
random-phase approximation (RPA) for the Hubbard
model that very close to the antiferromagnetic instability
the antiferromagnetic correlations due to nesting give
qualitatively the right behavior for the Cu and O relaxa-
tion rates. These results left open the question whether a
one-component description was necessary, or simply
sufficient,!! and of the doping dependence of the spin-spin
correlations. In principal, doping might affect the matrix
elements of the hyperfine coupling as well as the spin-spin
correlations. It is important to find out which changes in
the NMR experiments with doping reflect a change in the
properties of the fundamental excitations and which
reflect a change in the hyperfine Hamiltonian.

The recent NMR measurements on the oxygen-
deficient Y-Ba-Cu-O materials by Warren et al.,'? Al-
loul, Ohno, and Mendels,'® Shimizu et al.,'* Yasuoka,
Imai, and Shimizu,!> Walstedt et al.,!® Takigawa,!” and
Takigawa et al.,'® not only provide an answer to the
above questions, but offer a significant test of the applica-
bility of antiferromagnetic-Fermi-liquid theory to the cu-
prate superconductors. The experiments of Shimizu
et al.'* and Walstedt et al.'® on the %*Cu Knight shift
show that the planar static susceptibility of the Cu?*
spins is strongly temperature dependent and that the tem-
perature dependence of the ®Cu relaxation rate is
markedly different from that found for the YBa,Cu;0,
material. As we shall see, both of these results are a nat-
ural consequence of the MMP antiferromagnetic-Fermi-
liquid theory. Takigawa et al.'® have measured not only
the ©Cu Knight shift and relaxation rate (with results
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which are quite similar to those of Walstedt et al.), but
the corresponding quantities for the 'O nuclei. They
find that while the Knight shift of the Cu and O nuclei
have the same temperature dependence, the spin-lattice
relaxation rates of these nuclei display a quite different
temperature dependence. Moreover, for a suitable choice
of the chemical shift of the 8Y nuclei (which agrees with
that suggested by Walstedt and Warren), the temperature
dependence of the ¥Y Knight shift may be shown to be
identical to that found by Takigawa et al. for the Cu and
O nuclei. We conclude from the similarity in the temper-
ature dependence of the Knight shift of the Cu, O, and Y
nuclei that the measurements of Takigawa et al.'® and
Alloul, Ohno, and Mendels!? provide direct and decisive
evidence for a one-component description of the planar
spin excitations, and we use these results to demonstrate
that the hyperfine couplings, within experimental accura-
cy, do not change in going from YBa,Cu;O; to
YBa,Cu;04 ¢; and to obtain the planar spin susceptibili-
ty.

Since there is only one spin degree of freedom, one is
forced to the conclusion that in the YBa,Cu;0q 4; materi-
al, as in the YBa,Cu;0, material, the dynamics of the Cu,
O, and Y nuclear spins differ because the form factors
lead the spin to sample different parts of the same spin-
spin correlation function. The question remains, can one
understand gquantitatively the different temperature
dependence of the relaxation rates of the Cu, O, and Y
nuclei. We show in this paper that antiferromagnetic-
Fermi-liquid theory provides such a quantitative account,
and that the relaxation rates of the Cu, O, and Y nuclei
serve uniquely to determine the temperature-dependent
phenomenological parameters of the theory. Our fit to
experiment enables us to demonstrate that the antiferro-
magnetic correlations are maximum at the zone corner
(/a,m/a), in YBa,Cu;O¢4;, as is the case for the
YBa,Cu;0; material, and provides a number of instruc-
tive comparisons between the phenomenological parame-
ters that characterize the low-frequency spin excitation
spectra of the two materials.

The paper is organized as follows. In Sec. II we discuss
the hyperfine Hamiltonian, which is essential for the un-
derstanding of the anisotropy and magnitude of the
Knight shifts and relaxation rates, and introduce our
phenomenological model for the spin-spin correlation
function x(q,w). In Sec. III we discuss the Knight-shift
experiments on Cu and O nuclei and the determination of
the hyperfine couplings from the Knight-shift experi-
ments and the resonance frequency of the Cu in the anti-
ferromagnetic state. In Sec. IV we present the results of
the MMP model for the relaxation rates and show how it
provides a quantitative determination of the role played
by antiferromagnetic correlations in determining the re-
laxation rates. In the following section we calculate the
8Cu and 'O relaxation rates and compare our results
with measurements by Takigawa et al.!® We then show
how the experimental results of Alloul, Ohno, and Men-
dels!? on the *Y Knight shift and relaxation rate may be
combined with those of Takigawa et al. to determine
uniquely the temperature dependence of the parameters
that enter antiferromagnetic-Fermi-liquid theory. In Sec.

VI we discuss antiferromagnetic-Fermi-liquid theory, and
the physical origin of the measured changes in the basic
parameters of the theory with temperature and oxygen
content. We discuss related work in Sec. VII and present
our conclusions in Sec. VIII.

II. THE SPIN-SPIN CORRELATION FUNCTION
AND THE HYPERFINE HAMILTONIAN

We assume that there is only one electron spin S per
unit cell composed of the planar Cu and O spins. This
spin may interact with the nucleus at the same site (direct
hyperfine coupling) or with a nucleus at a different site
(transferred hyperfine coupling). We will assume, follow-
ing Mila and Rice!® and MMP, that the Cu nuclear spin I
has a direct as well as a transferred hyperfine coupling,
while the other nuclei, oxygen and yttrium, couple to the
electron spin only via a transferred hyperfine coupling.
With these assumptions we can write down the hyperfine
Hamiltonian for the planar Cu and O atoms and the
interplanar yttrium:

th:263li,aAaaSi,a+ > GSIi,aBSj,a
ia (ij),a

+ > "1,,C8,,+ 3 ¥I,,DS;,,
(ij),a (ij),a

(2.1)

where A4 ,, is the Cu direct hyperfine tensor with the two
components A4, and A4, and B is the transferred
hyperfine coupling of the Cu nucleus. C denotes the oxy-
gen and D the yttrium hyperfine coupling. I, , is the ath
component of the nuclear spin at the site i, and {ij) is
the sum over the nearest neighbors j. We would like to
emphasize that the hyperfine couplings are material con-
stants and not parameters.

The electron spins S are assumed to be at the Cu sites,
and to interact antiferromagnetically with a finite
temperature-dependent correlation length £(7) which in-
creases with decreasing temperature. MMP model the
spin correlation function by two separate parts. One de-
scribes the more normal Fermi-liquid-like or quasiparti-
cle part Yqp and the other more important part, X o, de-
scribes the short-wavelength antiferromagnetic correla-
tions; thus

X(q,Cl))=XQp(q,CO)+XAF(q,CO) . 2.2)

We denote the real part of the quasiparticle-like contribu-
tion to the susceptibility, xop, as Xo=Xqpr(4d=0, @=0).
We will assume that the imaginary part of xqgp is related
to the real part for small energies, w, by

Im(xqp) = 171;“1)70 , 2.3)
independent of the wave vector q. Here I is the charac-
teristic spin fluctuation energy for the quasiparticle part.
The antiferromagnetic part of the spin-spin correlation
function can be modeled around the antiferromagnetic
wave vector Q=(1/a,/a) by (see, e.g., Ref. 9):

- Xo .
1+£2(Q—q)—i(w/wg)

X ar( é, ) (2.4)
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here x is the static spin susceptibility at the antiferro-
magnetic wave vector Q, which is related to the static
susceptibility at q=0 by x o, =Xo(£/ &,)?, € is the antifer-
romagnetic correlation length, and 1/£; is the wave vec-
tor at which the antiferromagnetic part of the correlation
function, X g, starts to dominate the quasiparticle contri-
bution. We can relate the size of the quasiparticle contri-
bution to the measured static susceptibility Y, with the
aid of Eq. (2.2):

1 2

xo=xQP(o,0)+XAF(o,0)=yo‘1+— a

o
For a typical value of (a/&,)*~3 we find that the quasi-
particle bit contributes 87% of the static susceptibility,
whereas the antiferromagnetic part contributes some
13% at the wave vector q=0.

fiogy is a typical energy scale for the antiferromagnetic
paramagnons that describe the AF spin dynamics. It can

be very small, since it is related to the energy scale of the
spin dynamics of the noninteracting system, I', by

& 2
§

If we identify the expression (2.4) with the spin-spin
correlation function of a Fermi gas we can identity '
with '~vzQ ~¢p. For details we refer the reader to
MMP. As we shall see, over a considerable temperature
range the temperature dependence of the antiferromag-
netic correlation length is described by the following ex-
pression:

- (2.5)
T

=L
SF—

(2.6)

2
3 T
D]-|& L . 2.7
a a|,_oT+T

with temperature scale T, for the variations of the anti-
ferromagnetic correlation length, which is small com-
pared to T,. Under these circumstances the energy scale
of the spin-spin correlation function is proportional to
the temperature

2
T

S |'r .
7]

£(0)

which implies that in the low-energy regime the imagi-
nary part of the average paramagnon contribution to the
spin-spin correlation function goes like w/7T. Varma
et al.® proposed such behavior for the imaginary part of
the charge (density-density) correlation function for low
energies but did not allow for the substantial differences
in magnitude between the charge and spin-correlation
function at low energies that emerges in
antiferromagnetic-Fermi-liquid theory.

r

Ogp=—
SF T

(2.8)

III. THE KNIGHT-SHIFT EXPERIMENTS

In a one-band picture the Knight shifts of all nuclei
scale the same way. With the hyperfine Hamiltonian
equation (2.1) the Knight shifts are given by

A,+4B

63 —
K XO ’
Sy ¥ I

= (3.1a)

Y (3.1b)
. aXo> .
By v H
2C
17Kiso= 17')/,1'}’6‘%2)(0 ’ (3.1¢)
8D
YK = ———Xo » (3.1d)
iso 89y"y9ﬁ2 XO

where the y, are the various nuclear magnetic moments
and y, the electron magnetic moment. There is no way
of checking the one-band picture for the YBa,Cu;0; ma-
terial, since the Knight shifts, Cu as well as O, are all
temperature independent, a result that is consistent with
a one-component picture but does not prove it. However,
in the YBa,Cu;Oq ¢; material, the Knight shifts, mea-
sured by Takigawa et al.,'® are all temperature depen-
dent with the same temperature dependence as shown in
Fig. 1. Takigawa et al.'® find that for T > 60 K, the tem-
perature dependence of the total frequency shifts can be
expressed in terms of K (T) as

8K, (T)=1.522VK (T)+0.32% , (3.2a)
VK. (T)=1.057VK_ (T)+0.039% , (3.2b)
VK (T)=0.189 K (T)+0.015% . (3.2¢)

After subtracting the temperature-independent chemi-
cal shift all Knight shifts are proportional to each other
with a temperature-independent proportionality constant
that is given by the ratio of the hyperfine couplings.
Thus the Knight-shift experiments of Takigawa et al.'®
demonstrate unambiguously that there is only one spin
degree of freedom determining the response for al/ nuclei
in the long-wavelength limit (q—0).

The Cu Knight shift in the ¢ direction does not vary
with temperature within experimental accuracy. Thus it
can only consist of the chemical shift. This proves that
the delicate cancellation of the direct and transferred
hyperfine coupling strength of the planar Cu(2) nucleus,
found for YBa,Cu,0,,° persists in the YBa,Cu;04 ¢; ma-
terial. Therefore we will assume that 4,~—4B. Re-
peating a similar analysis to that in Ref. 9 we find, on
comparing the Cu and O Knight shift, that the oxygen
hyperfine coupling C in the YBa,Cu;0g ; material is

C=0.18(4,+4B), (3.3)

which has to be compared to the result previously ob-
tained by MMP for the YBa,Cu;0, material:

C =(0.18+0.01)( A4, +4B) . (3.4

The value of the transferred hyperfine coupling B can be
obtained from the Cu nuclear resonance frequency in the
antiferromagnetic state (see, e.g., Ref. 21) if we assume
that the transferred hyperfine coupling does not change
substantially with doping. From the experimental data of

Yasuoka et al.?? we obtain
Uegl A —4B| =80 (3.5)

in kOe. If we accept the effective magnetic moment
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FIG. 1. The experimental Cu and O Knight shifts are plotted vs the temperature 7. The values for the static planar susceptibility
Xol T)/u% are given on the right-hand scale. Note that the Knight shifts have exactly the same common temperature dependence.

ter=0.6210.02up obtained by Manousakis? in his re-
view of theoretical and experimental work on the antifer-
romagnetic insulator, LaCu,0,, we can determine the
transferred hyperfine coupling B to the extent that we
know the ratio of the transferred to the direct hyperfine
coupling from the anisotropy of the Cu relaxation rate.
If we take the ratio A4,/4B =0.21 determined for
YBa,Cu;0,,° we can determine the absolute value of
B =41 kOe/ug. This value of the transferred hyperfine
coupling B gives for the isotropic oxygen hyperfine cou-
pling C =69 kOe/ug, which is in good agreement with
the value proposed by Butaud et al.?* and Imai.?> In the
Appendix, we present the corresponding results for
slightly different choices of 4, /4B. We see that within

experimental error the hyperfine couplings for the
YBa,Cu;0q ¢; are identical to those for YBa,Cu;0; ma-
terial, as was already suggested by Shimizu et al.!* from
plots of the Knight shift versus the total bulk susceptibili-
ty (see Table I).

We use the values derived from A4,/4B =0.84 to
determine the temperature-dependent planar static long-
wavelength susceptibility Y,, with the results indicated by
the scale on the right-hand side of Fig. 1. We find at
T =280 K, xo(T)/uz=1.87 states/eV Cu(2), a value that
is slightly reduced from the temperature-independent
value yo/u%=2.62 states/eV Cu(2) of the YBa,Cu;0,
material and is to be compared with the predicted band-
structure value for YBa,Cu;0, of 1.8 states/eV Cu(2);

TABLE 1. (a) Hyperfine couplings measured in kOe/u g, with p4Cu(2)]=0.62up. (b) Values for
the Cu(2) long-wavelength static susceptibility at 280 K.

A, /4B B A I A, C D
0.2 40.3 —161 32.3 67.2 —3.0
0.21 40.8 —163 34.3 68.6 —3.0
0.225 41 ~ —167 37.5 70.8 —3.0

YBa,Cu;0, YBa,Cu;04 63
A, /4B Xo/Mb Xo/Bh
0.2 2.67 states/eV Cu(2) 1.91 states/eV Cu(2)
0.21 2.62 states/eV Cu(2) 1.87 states/eV Cu(2)

0.225

2.53 states/eV Cu(2)

1.81 states/eV Cu(2)
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see, e.g., Ref. 26. Here we do not explain the temperature
dependence of the static susceptibility. We will come
back to this problem later on.

IV. SPIN-LATTICE RELAXATION

In a one-component model for the spin-spin correlation
function the nuclear-spin-lattice relaxation rates depend
on a product of the form factors, which differ from one
nucleus to the other, and the dynamical structure factor
S(q,). The latter is related to the imaginary part of the
spin-spin correlation function by

|
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S(q’w)z—j_m/—kB_TX”(q’w) . 4.1)
e

In the small frequency regime w << T in which the NMR
experiments are done Eq. (4.1) simplifies to

(4.2)

S(q,0)= x'(q o) .

The relaxation rates are determined by a q average over
the Brillouin zone of the structure factor multiplied with
the appropriate form factors. MMP have obtained the
following explicit expressions for the relaxation rates:

l=—; hm 2 L —2B][cos(g,a)+cos(g,a)]}’S (q,0) , (4.3a)
Swy=2 zlﬁ lim, 3 ([ 4, =28 [cos(g0a)+ cos(a,)]| 7+ [ 4, ~2B [cos(gya) +eoslg, )} IS (@0 (4.3b)
a3 1
W=- lim 2 {2C*[1—cos(g,a)]}S(q,0) , (4.3¢)
4 :uBh o0
OW =2 —— lim S (16D*[1-cos(q,a)][1-cos(q,a)]}S(q,0) . 4.3d)
4 pph o q
[
Here q is measured from the antiferromagnetic wave vec- _ mXokgT B | .
tor Q=(w/a, w/a). Whereas the Cu relaxation rate 1" A H_;E Eln 'i_ +0.1703 ’ (4.5b)
picks up all the antiferromagnetic correlations, the O re-
laxation rate is not strongly enhanced by the AF correla- _
tions since the hyperfine field of the Cu spins cancels at - mXokp T 1+ B 0.2522 (4.5¢)
the oxygen site. It is useful to introduce the following 2 #l w2 ’ )
moments of the structure factor S(q,w); see, e.g., Ref. 9:
2 _ mXoksT B
So= 2 fdqu(q,w) , (4.4a) 3= Al I+ m? 0-1986 1 4.5d)
27
where B3 is defined as B=(a/£,)*. Since these moments
S, = . fd q{1—1[cos(g,a)+cos(g,a)]}S(q,0) , depend on the detailed form of the spin-spin correlation
2m function, the numerical coefficients might change a little
(4.4b) bit if one does not have perfect commensurability.
) One word of caution has to be said to avoid confusion.
2 For a Cu®’", 2 nuclear spin the relaxation rates are
S,= @ deq%{ 1— L[cos(g,a) W (0,2,2,4) where W is the fundamental rate. In a nu-
2m clear magnetic-resonance experiment in a strong field the
2 (44 energy levels of the nuclear spin are dominated by the
X +eoslgya)l}S(q@),  (4do) Zeeman energy; therefore the rate is (1| T )y\yg =2W. In
_|la 2 1 _ a nuclear quadrupolar resonance experiment the *1 and
S3= 2 fd q[1—cos(g,a)][1—cos(g,a)}S(q,0) . the =3 levels are degenerate, so that the rate is given by

(4.4d)

For the MMP model the integrals can be evaluated
quite easily, see, e.g., Ref. 8, and one finds

(4.5a)

. mXokp T

1 1
= _..+__
0 #

87 472

£

B
i)

(1|T})nor=2W. Since the actual relaxation times T'; de-
pend on the experimental condition, namely, on the ap-
plied field, we prefer to work with the basic rate W.

We see on inspection of Egs. (4.5) that the zeroth mo-
ment S, is dominated by the correlation length £/a for
large correlation lengths. The first moment .S, depends
only logarithmically on the correlation length, while the
moments S, and S; are independent of the correlation
length. Now we can express the different spin-lattice re-
laxation times in terms of the explicit moments:
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63W”=——~—32 [(4,—4B)*S,+8B (A4, —4B)S,+20B°S,], (4.6a)
4upti
3
Sw, = " {[(A,—4B)+(A,—4B)*]S,+8B(A4,+ A,—8B)S, +40B’S,} , (4.6b)
y=_32_c,, (4.60)
2ugpt
89W=—26—1)ZS3 : (4.6d)
uph

The copper relaxation is dominated by the moment S, and is therefore proportional to £2, whereas the oxygen relaxa-
tion rate depends on the antiferromagnetic correlations only through In(£). In the MMP model the basic difference be-
tween the two relaxation rates arises from the temperature dependence of the antiferromagnetic correlation length £( 7).

We turn next to a quantitative determination of the role played by antiferromagnetic correlations in determining re-
laxation rates. Since, as we have seen, the hyperfine couplings, 4, and B, change by less than 5% on going from
YBa,Cu;04 to YBa,Cu;0,, we may use the result’ for the YBa,Cu;0, material, 4,=0.84B, in determining W, and

W ,. On combining Egs. (4.3) and (4.5) we then obtain

Sw ()= ;;ZZB%BT % 0.294+% 0.49
63W|,(T)——%’;szBT )ff((;) [o.772+% {1.83
Tw(T) 3%;2 C%kyT fj’((;)) 1+£; 0.391n

89W(T)=#?:;2D2kBT );(f((;) ] {1+—f—2—0.2 .

In this form we can easily separate out the contribution
made by antiferromagnetic paramagnons to the spin-
lattice relaxation rate; the “‘quasiparticle” result is ob-
tained if one takes S=0 in Egs. (4.7), while the impor-
tance of antiferromagnetic paramagnons is measured by
defining the quantity

Sw,(B)

B(Rpp) =
AF /| 63W”(0)

) (4.8)

with corresponding expressions for (®*R ,g),, "R . and

%R or- On making use of the result, B~?%° we thereby
obtain

2
(PR \p)(T)=0.914+1.44 f] —1.82In lg’ ,  (4.92)
R Ar(T)=1.01+0.336In b:—] , (4.9b)
YR Ap(T)=1.04 . (4.9¢)

The relative importance of antiferromagnetic correla-
tions, as one goes from W to W, is seen clearly in Eqgs.
(4.9). As MMP have emphasized, for £2/a%>>1 antifer-
romagnetic correlations play a dominant role in deter-
mining W (T), with the leading term being proportional
to §2, and a logarithmic contribution of antiferromagnet-

(T)
a

&(T)

a

2
—0.62In (aT) +0.0175 ’, (4.7a)
? T
—1.10In (a) —0.297 ], (4.7b)
+0.17 ], (4.7¢)
(4.7d)

ic origin (which is of opposite sign from the Fermi-liquid
contribution), playing a more significant role than the
latter for (£/a)>1.5. For YW antiferromagnetic
paramagnons continue to enhance the relaxation rate; for
example with (§/a)~4, the antiferromagnetic enhance-
ment ratio is "R ,p=1.5, while for (£/a)~2.5 it is 1.31.
For W, on the other hand, antiferromagnetic paramag-
nons contribute only 4% of the total relaxation rate, in-
dependent of the temperature.

V. DETERMINATION
OF THE TEMPERATURE-DEPENDENT
AF CORRELATION LENGTH AND FIT
TO THE EXPERIMENTAL DATA

We consider first the copper relaxation rate. Accord-
ing to MMP, if the energy I', which defines the spin dy-
namics of the noninteracting spin system (and is approxi-
mately £ for a normal Fermi liquid), is independent of
temperature, the temperature dependence of W (T)/T
reflects the temperature dependence of both the static
susceptibility X, and the antiferromagnetic correlation
length £, as may be seen in Eq. (4.7a). Moreover, in the
limit (§/a)>>1, in which the antiferromagnetic correla-
tions are quite strong, to the extent that £(T) displays the
mean-field behavior, Eq. (2.5), the product, T, Tx(T)
should display a linear temperature dependence. To see
whether this is the case, we combine the results of Sec.
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III for xo(7T) with the experimental results of Takigawa
et al.'® to determine this product, with the result shown
in Fig. 2. We see that T, Tx,(T) is indeed linear in tem-
perature above 100 K. That the product T, Tx(T)
displays such simple behavior, when no such simplicity is
evident in W or (53W /T), provides strong support for
the application of the MMP phenomenological theory to
materials in which y, varies with temperature and for
their assumption that I is nearly independent of 7.

We next consider the oxygen relaxation rate. Accord-
ing to Egs. (4.5b) and (4.5¢) the product T, Tx(T), be-
ing only logarithmically dependent on £(7T), should vary
only weakly with temperature. We combine our result
for xo(T) with the experimental results of Takigawa
et al.'® for "W to determine this product and find, as
may be seen in Fig. 3, that this is likewise the case. How-
ever, the weak temperature dependence displayed there
does not reflect the predicted logarithmic dependence on
&(T), which would reduce T, Txo(T) at low tempera-
tures in contrast to the observation. What is the physical
origin of this behavior? One possibility is a departure of
Q from (w7 /a, w/a). Since, however, any departure from
commensurability introduces a term ~(&/a)? in W,
which with even very small incommensurability would
easily dominate the logarithmic term, this would make
T, Txo(T) decrease still more rapidly with increasing
temperature and so exacerbate the problem. A more

promising explanation is a weakly temperature-
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FIG. 2. The experimentally determined product T, Ty(T)
is plotted vs the temperature. The value of y,(T) is determined
from the Knight-shift experiments [see Fig. 1, especially
VKST)].

dependent I'(T). To explore this alternative, we first as-
sume the trial value, B=772, and determine &(T)/a from
the ratio, © W (T)/ W (T), which is independent of
I'(T); we then use this result, shown in Fig. 4, to calcu-
late I(7) from the product 7T, Tx(T)[1.17
+0.39In(£/a)]. Our result for I'(T) is shown in Fig. 5.
We see that a 20% increase in I'(T) between 280 and 60
K suffices to explain the measured increase of
T, Txo(T).

To check whether this variation is real, we analyze the
NMR experiments on *Y in YBa,Cu;O4,, by Alloul,
Ohno, and Mendels.!* We note first that our finding that
"W is proportional to the static spin susceptibility (and
hence I is nearly independent of temperature) is in con-
tradiction with the conclusion reached by Alloul, Ohno,
and Mendels.!*> They found, on taking the *Y chemical
shift, 3K L, equal to 300 ppm, that 1/7T, T at the *Y site
is proportional to the square of the ¥Y Knight shift,
8K S(T), and hence to x3(T), whereas according to the
MMP theory it should be nearly proportional to (7).
(The hyperfine form factor at the Y sites is zero at q=Q,
so that, as is the case for the O nuclei, the AF correla-
tions should contribute only minimally to the %Y relaxa-
tion rate.)

This apparent contradiction is resolved if, in fact, the
Y chemical shift, which is difficult to measure directly, is
not 300 ppm but is close to 200 ppm, as a number of au-
thors (Walstedt et al.,!® Butaud et al.,** and Imai®®)
have recently proposed. With this latter value, one finds
on plotting the measurements by Alloul, Ohno, and Men-

(T Txg) (s K ev™)
H
T

o 1 1 L ] ]
(0] 50 100 150 200 250 300
Temperature (K)

FIG. 3. The experimentally determined product "7, T'xo( T)
is plotted vs the temperature.
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FIG. 4. (a) The correlation length £(T)/a as determined from
the ratio of the relaxation rates W, /!7W plotted vs the tem-
perature for YBa,Cu;Oq ¢; (circles) and YBa,Cu;0; (squares).
(b) The inverse correlation length squared [a /£(T)]? plotted as
a function of temperature for YBa,Cu;O; (squares) and
YBa,Cu;0q ¢; (circles). The temperature dependence is close to
a straight line, which is the behavior for a three-dimensional
mean-field theory.

dels of ¥(T, T), against their measured Knight shift, that
within experimental accuracy the two are proportional.
Since, moreover, the overall temperature dependence of
the Y Knight shift measured by Alloul, Ohno, and Men-
dels for their samples ranging from YBa,Cu;0q g5 to
YBa,Cu;0q¢ 43 is quite similar to that found here for
Xo(T), it would seem plausible that the values of I'(T)
would likewise be similar. If we make this assumption,
and take I pj0u(7)=T¢ ¢3(T) (the value given in Fig. 5),
we can use our expression, Eq. (4.7d), for ¥*W(T), to
deduce, from the Alloul data for a given hole concentra-
tion x, the hyperfine coupling D (which we expect to be
independent of x), the Y chemical shift, and the planar
susceptibility for the Alloul samples with x =~0.63, which
we write as

(X atoul( T 164 x =8Xo(T) , (5.1)

where Yo(T) is the spin susceptibility we have determined
in Sec. III using the experimental data of Takigawa et al.
In Fig. 6 we plot the total Knight shift 8K (T) measured
by Alloul, Ohno, and Mendels for their YBa,Cu;Oq ¢;

sample against Xo(7). From the slope we find
(5.2a)
(5.2b)

¥K'=—198 ppm
D5=—0.011B.
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FIG. 5. The spin-fluctuation energy of the noninteracting
system A’ as determined from the oxygen relaxation rate,
(T, T)xo( T), corrected for the logarithmic dependence of the
relaxation rate on the correlation length, 1.17+0.39In[&(T) /a],
plotted vs the temperature in units of eV. The dashed line is a
linear interpolation for I'(T), which was used to calculate the
relaxation rates.
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We next use our result, Eq. (4.7d) for 3°W (T), to obtain
from the experimental results of Alloul, Ohno, and Men-
dels for 3 W ¢ (T), the product

D=1.4X10"* B?. (5.3)
On combining (5.2b) and (5.3), we find §=0.86, so that

D =—3.0kOe/up , (5.4a)

[X Atiou( 1) ]6.63=0.86xo(T) . (5.4b)

A measure of the accuracy of these results is obtained by
comparing our calculated value of I'(7) determined from
the product T,T8xo(T) with the result for I'(T), Fig. 5,
obtained from the 'O experiments; as may be seen in Fig.
7(a), the agreement is quite good. Our deduced values of
Xo(T) for the Los Alamos YBa,Cu;0g ;3 sample are com-
pared with those for the Orsay YBa,Cu;Oq ¢; sample, as
well as those for the nearby oxygen concentrations, in
Fig. 7(b). We believe the difference between the
“YBa,Cu;30q¢ 43" samples reflects a difference in oxygen
content for the two samples. Indeed the similarity be-
tween the results we have obtained for x,(7T) for the

100 ;

80
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| | 1
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xo(TWE (eV)

FIG. 6. The yttrium Knight shift, ¥K(T), as measured by
Alloul, Ohno, and Mendels (Ref. 13) in the YBa,Cu;04 ¢; ma-
terial plotted vs the temperature-dependent static planar suscep-
tibility as measured by Takigawa et al. (Ref. 18) in the
YBa,Cu;0q ¢3 material. If [xol T)]anou=8X0(7), the tempera-
ture dependence of the Knight shift should be proportional
Xo(T). This is indeed the case. From the intercept we deter-
mine the yttrium chemical shift to be ~200 ppm and the yttri-
um hyperfine coupling D = — (2.6 kOe/up) /8. The solid line is
a guide to the eye.
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FIG. 7. (a) The energy #I" for the YBa,Cu;Oq ¢; sample of
Alloul, Ohno, and Mendels as determined from the product
(T Txo{ T)lanow]} is plotted vs the temperature. We have
used the measurements of the spin-lattice relaxation rate and
the Knight shift of Alloul, Ohno, and Mendels (Ref. 13), as de-
scribed in the text. The yttrium hyperfine coupling was taken to
be D = —3.0 kOe/up. The dashed line is a linear interpolation
for I'(T), which was used to calculate the relaxation rates (com-
pare Fig. 5). (b) The values of the spin susceptibility,
[xXo(T) Janou» We have deduced from the experiments of Alloul,
Ohno, and Mendels (Ref. 13), using a chemical shift of 200 ppm
and D = —3.0 kOe/up are compared with (7). The oxygen
concentration given represents the sample designation by Al-
loul, Ohno, and Mendels. The dashed line is the yo(7T) deter-
mined from the experimental data of Takigawa et al. (Ref. 18).
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FIG. 9. (a) The calculated values of xo(T) are plotted as a function of temperature for YBa,Cu;0g ¢; (circles) and YBa,Cu;0,
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YBa,Cu;0, (squares). (d) The calculated values of ®[R Ar(T)]; are plotted as a function of temperature for YBa,Cu3Oq 63 (circles)
and YBa,Cu;0; (squares).
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YBa,Cu;0q 35 sample of Alloul, Ohno, and Mendels, and
the susceptibility obtained for the YBa,Cu;04 ¢; sample
of Takigawa et al. suggests that the two samples are
quite similar.

We next present our calculated results for a number of
quantities of physical interest; our theoretical results are
obtained using the values of xy(T), §&(T)/a, and I'(T) de-
picted in Figs. 1, 4(a), and 5, and using B =41 kOe/ug,
C =69 kOe/uy, D =—3.0 kOe/up, and B=m>. Our re-
sults for the relaxation rates, *(1/7,T), 7(1/T,T), and
8(1/T,T), are compared with experiment in Figs. 8(a),
8(b), and 8(c). In Figs. 9(a), 9(b), 9(c), and 9(d) we present
our calculated results for xo(T), xo(T)/x(T), and
(R sp),(T), respectively, and compare these with the
corresponding quantities calculated by MMP for
YBa,Cu;0,. The corresponding results for the spin fluc-
tuation energy, fiwgp(T), are given in Fig. 10, while in
Fig. 11, we show our predicted value of the anisotropy
ratio [® W (T) /8w, (T)].

The fit between theory and experiment for the relaxa-
tion rates is obviously quite good. Does it, however, con-
stitute a real test of the antiferromagnetic Fermi-liquid
theory of Millis, Monien, and Pines? We believe that it
does, for the following reason. Once X(7) and the
hyperfine coupling parameters have been fixed by
Knight-shift experiments on the YBa,Cu;O44; and
YBa,Cu;0; material, and by the choice of B =41
kOe/up from the fit to the antiferromagnetic resonance
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FIG. 10. The spin fluctuation temperature wsg plotted as
function of temperature for the YBa,Cu;0q ¢; (circles) and the
YBa,Cu;0; (squares) material. The lines are guides to the eye.

results for the YBa,Cu;0¢4 material, one has three param-
eters to determine: £(T)/a, T(T), and (&,/a)=p" '
At a specific temperature 7, one has, in principle, three
experimental results—SW(T), "W (T), and ¥W(T)—
available on the same compound to fix three parameters,
although at present, as we have seen, ¥ W (T) is known
only for a closely related compound. Once, however,
these three parameters are determined at that tempera-
ture, since &, is taken to be independent of temperature,
at all remaining temperatures there are only two free pa-
rameters: I'(T) and &(T)/a; hence at all other tempera-
tures, one is fitting three independent experimental results
with two free parameters. Put another way, given arbi-
trarily accurate results for ¥ W (T), one could use these to
fix the temperature dependence of I'(T), since ®w is in-
dependent of £/a. One could then fix 3, the magnitude of
I' and &£/a, uniquely at a specific temperature T, from a
knowledge of Tw, 8¥w, and W at that temperature, and
then determine the behavior of £/a at other temperatures
by using, say, % W,. Using these results for £(7)/a, the
agreement between theory and experiment for "W (T) (at
a temperature other than T), then constitutes a test of
the accuracy of the MMP antiferromagnetic-Fermi-liquid
theory, a test that it would seem to meet with ease.

A related question is how accurately we know the four
parameters, Xo(T), I'(T), &(T), and &, that enter the
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FIG. 11. The predicted value for the anisotropy of the

copper spin-lattice relaxation rate W (T)/®W(T) is shown
as a function of temperature for YBa,Cu;Og¢ ;. A typical range
of measured anisotropies is indicated by the error bar. The
measured anisotropy does not change very much with tempera-
ture.
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theory. Given present experimental accuracies of ~10%
for the Knight shift and the relaxation rate experiments,
we believe that the long-wavelength susceptibility xo(7),
is known to that accuracy, as is the product
BE/aY=(E/a) a /&), since for long AF correlation
lengths the latter quantity may be determined quite accu-
rately from & W, (T). On the basis of our examination of
choices of 3 that lie within 20% of our best fit value
B~ %, we conclude that our deduced values of B and
&/a, and of T, which depends on our choice of 3, are reli-
able to within 20%.

We comment briefly on the influence of oxygen content
on the antiferromagnetic-Fermi-liquid parameters. The
most dramatic changes come in £(7), or 6R Aar(T), and
XolT). We see that in the reduced oxygen material the
antiferromagnetic correlations at any given temperature
are much stronger than in YBa,Cu;0, and that x,(7T) is
not only reduced somewhat at 280 K, but develops a
dramatic temperature dependence, while I'(7T) possesses
a much weaker temperature dependence.

The alert reader will note the strong similarity between
the plots of [ R ,g(T)]; and X (T)/Xo(T). The similarity
is no accident; inspection of Eq. (4.7a) shows that for all
temperatures of interest W (T) is dominated by the
leading term in (£/a )2,

= 2
6 XM e | Xe(T)
w (B, T) D) B 2 o) B, (5.5a)
while
XolT)
63WH(0, T)E(‘”WH )op ~ )I(,O( 7 (5.5b)

so that for a fixed value of 3,
[RAp(D)]j~xo(T)/Xo(T) .

An interesting feature of our results for y,(7), [Fig.
9(a)], is the presence of a maximum at ~100 K. The
physical origin of this feature is the leveling off of &(T)
for T <120 K, depicted in Fig. 4. Below 100 K, x(T)
falls off far more rapidly than £(T) increases; as a result
Xo(T), and hence, according to Eq. (5.1a), *W(T) both
display a maximum followed by a comparatively rapid
decrease.

We call attention to the fact that the tendency toward
antiferromagnetism in the YBa,Cu,O¢¢; material is so
strong that above T~ 130 K, say, &£(7) follows approxi-
mately the temperature dependence

(1)
a

1060 K

= m . (5.6)

In other words, as the temperature is lowered from 300
K, the system appears to be on its way toward becoming
an antiferromagnet with a Néel temperature of 30 K.
What stops it? Here we can only speculate, but a natural
speculation is that as the temperature is lowered below
~ 130 K the system begins to be aware of the fact that it
is going to become a superconductor at 60 K rather than
an antiferromagnet at 30 K. We know that for T<7T,, in

the superconducting state, the antiferromagnetic correla-
tion length is a constant, since W (T) /"W (T)=const.
It follows that the behavior, Eq. (5.6), must stop some-
where. It would seem that for the YBa,Cu;0q ¢; materi-
al, the transition from Eq. (5.6) to £=const, which may
be thought of as a precursor effect, begins at a tempera-
ture ~2T,. A corollary of this remark is that there likely
is an intrinsic connection between failed antiferromagnet-
ic behavior and the appearance of superconductivity; we
refer the interested reader to Pines?’ for a discussion of

this possibility.
Finally, we note that as a consequence of the much
stronger antiferromagnetic correlations present in

YBa,Cu;0¢ 43, fiwgr is very much reduced compared to
its value for the YBa,Cu;0, material. We discuss the
physical consequences of this quite low energy scale in
the following section.

VI. ANTIFERROMAGNETIC-FERMI-LIQUID THEORY

We have seen that antiferromagnetic-Fermi-liquid
theory provides a detailed quantitative description of
NMR experiments, not simply a useful qualitative
description. It contains four basic parameters, each of
which can be determined experimentally. Two relate to
the short-wavelength behavior of the spin-spin correla-
tion function: the temperature-dependent antiferromag-
netic correlation length £, and the quasiparticle correla-
tion length &;, which marks the transition from antiferro-
magnetic paramagnon to quasiparticle behavior. Two re-
late to the long-wavelength (g&, < 1) quasiparticle behav-
ior: the (usually) temperature-dependent static spin sus-
ceptibility Y, and the (weakly) temperature-dependent
quasiparticle spin fluctuation energy I'. One significant
measure of the applicability of the theory is when one
takes out the g-independent scaling factor, x(7T), the
spin-lattice relaxation rates behave in the same way in the
YBa,Cu;04 43 and YBa,Cu;0; material. This tells that in
addition to the temperature-dependent coherence length
& the spin-spin correlation function has an overall tem-
perature dependence that is the same at each wave vec-
tor.

As one of us has proposed,?® the properties of a nearly
antiferromagnetic Fermi liquid are genuinely novel and
may be expected to be quite different from those of a nor-
mal Fermi liquid. For the latter, Landau theory provides
an exact description of long-wavelength, low-frequency
properties in terms of a minimal number of phenomeno-
logical macroscopic parameters; the short-wavelength
high-frequency properties must be calculated microscopi-
cally. On the other hand, for an antiferromagnetic Fermi
liquid, MMP theory provides an exact description of the
short-wavelength, low-frequency part of the spin-spin
correlation function in terms of a minimal number of
phenomenological macroscopic parameters; it is the
longer-wavelength quasiparticle properties that must be
calculated microscopically. Moreover, in general, the
latter cannot be described in terms of the usual Landau
Fermi liquid, for which both ¥, and I" would be tempera-
ture independent.

From this perspective, it is the antiferromagnetic
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Fermi-liquid part, Y,r(q,®), of the spin-spin response
function, y(q,»), Eq. (2.4), that we can determine quite
accurately from experiment, while in the absence of an
accurate microscopic theory we must content ourselves
with a phenomenological expression for the quasiparticle
part, Xop(q,@) [as given for instance in Eq. (2.3)], rather
than being able to use normal Fermi-liquid theory. In
fact, there are not fwo independent parts of x(q,w); there
is a single function y(q,w), which for strong antiferro-
magnetic correlations and wave vectors |Q—q|&,< 1 will
be given by xar(q,®), while for |Q—q|&,>1 it will go
over to a function that is close to x¥qp(q,®). In our calcu-
lation we have permitted both functions to run over all
wave vectors, and have minimized the double counting
problem by introducing the &,- (or 3-) dependent parame-
ter ¥o- Our final results may always be expressed in terms
of X, by making use of the relation Eq. (2.5),
X=Xo(1+VB/272).

It is instructive to try to link the short-wavelength and
long-wavelength behavior of x(q,w). To the extent that
the long-wavelength portion is Fermi liquid like, albeit
with a temperature-dependent X(7), we can identity T’
with an inverse density of states, T=<[N(0)]!. To see
this we note that for a Fermi liquid, in the long-
wavelength limit, I ~qup; however, we are interested in a
wave-vector-independent value of I' that will yield the
usual noninteracting quasiparticle relaxation rate. That
value is I' =g, the Fermi energy, from which the above
result follows. Continuing the normal Fermi-liquid anal-
ogy, we would write, for the long-wavelength static sus-
ceptibility,

HRN(0) _ pj/T
1+FT) 1+FUT)

Xol (6.1)

In this expression, we would argue that the tempera-
ture variation of Yo(7T) would primarily arise from the
change of F§, since I'(T) varies by some 20% in the tem-
perature range (from 100 to 300 K), over which the ex-
perimental x,(7) varies by a factor of 3. A further indi-
cation that the density of states does not change appreci-
ably with temperature is given by the interpretation of
optical experiments.?’ Moreover, if the primary effect is
a density of states that is temperature dependent, the
spin-lattice relaxation rate would again be proportional
to the Knight-shift squared, and not to the Knight shift
as seen in experiment.

What is the physical origin of the temperature varia-
tion of xo(T) [or FG(T)]? It does not appear to be caused
by a pseudogap,® since a pseudogap would mainly dimin-
ish the density of states at the Fermi surface, in disagree-
ment with the optical experiments. A second possibility
is that it is a natural consequence of the much stronger
short-wavelength antiferromagnetic correlations found in
YBa,Cu;0q 43, since a system of spins that are strongly
correlated at short distances respond less easily to a uni-
form magnetic field [hence the positive sign of
F3(T)].2"?% In this view, the stronger the antiferromag-
netic correlations [as measured by Xo(T)/x(T)], the
more Xo(7T) will be reduced. To examine the extent to

which this idea might be correct, we plot in Fig. 9(c),
Xo \(T) versus Xo(T)/xo(T) and note that if there is a
threshold, ¥, /Xo=~ 12, for the influence of the AF corre-
lations, one can understand in this way both the
temperature-dependent X(7) found in the YBa,Cu;0 ¢;
material and the temperature-independent Y, found in
the YBa,Cu;0, material. On this interpretation of
“temperature-independent” offset between (1/x,) for
T >280 K for the YBa,Cu;0q 4; material and 1/, (300
K) for the YBa,Cu;0, material would not be associated
with antiferromagnetic correlations but would reflect the
direct influence of doping. It is natural to ascribe the
comparatively small temperature dependence measured
for I'(T) to a similar physical origin: a feedback of the
strong and temperature-dependent antiferromagnetic
correlations on the “long-wavelength” quasiparticle spin
fluctuation energy I'(T).

The physical origin of the failure of Landau theory for
antiferromagnetic Fermi liquids is the role played by the
antiferromagnetic paramagnons, whose characteristic en-
ergy scale, fiwgg, we find to be less than k3T, and, hence,
less than kz7.?® In an antiferromagnetic Fermi liquid
the strong scattering of quasiparticles by these paramag-
nons, reduces the energy region near the Fermi surface in
which the lifetime of the quasiparticles 7 goes like ~ T2,
as in a normal Fermi liquid, to a very small energy, while
above this energy the lifetime behaves as 7~ T in a very
large energy range around the Fermi surface. Support
for this point of view comes from the present analysis, in
which we find that over a substantial temperature region,
wgg~ T, which indicates that g-averaged imaginary part
of the spin-spin correlation function is proportional to
o /T for small energies w. This behavior is also observed
in Raman-scattering experiments®! that measure the
imaginary part of the density-density correlations. The
latter result led Varma et al.?° to propose a phenomeno-
logical theory based on the assumption that the imagi-
nary part of the self-energy is proportional to the energy
for low energies and constant at energies larger than the
temperature, so that the only energy scale present in this
problem is the temperature 7. In several theoretical
model calculations®”33 a similar behavior has been ob-
tained on a more microscopic basis.

It is not a priori clear how antiferromagnetic-Fermi-
liquid theory, which provides an exact description of the
spin-spin correlation function, x(q,w), for small deriva-
tions from the antiferromagnetic wave vector,
Q=(m/a, w/a) and not too large energies, say #iw < fiogg
or fiw<kyT, should be extended to larger energy
transfers. There are experimental indications mainly
from the Raman-scattering experiments®' as well as
theoretical indications (e.g., Refs. 32 and 33) that the
imaginary part of the spin-spin correlation function
Im[x(q,w)] saturates at energies somewhat larger than
the spin-fluctuation energy wgr and does not decay at
large w like

Im[x(q,0)]~ (wgp/®)?

as predicted by the simple expression Eq. (2.3). Apart
from wgr and T, the only other energy scale that might
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give a cutoff at very large energies is the bandwidth.
Neutron-scattering experiments that measure the dynam-
ical structure factor S (q,w) at energies much larger than
the NMR experiments do not necessarily see the same q
dependence as the NMR experiments, since the spin fluc-
tuation energy wgp is quite small. Even for w~7, the
structure in q space of the MMP model spin-spin correla-
tion function Y(q,) will tend to be obscured for those
materials for which wgp << T, since the damping term
i (w/wgg) would be large. Still one should be able to ob-
tain from neutron-scattering experiments performed in
the YBa,Cu;Oq4 ¢; or YBa,Cu;0, samples at sufficiently
low energies (e.g., 3—6 meV) information on the departure
(for energies large compared to fiwgg) of the spin-spin
correlation function from the AFL form, Eq. (2.3).

Another interesting experimental quantity, which is, in
principle, measurable in a neutron-scattering experiment,
is the static susceptibility, Yo, for wave vectors in the
neighborhood of Q. As we have seen, for T~100 K, x,
reaches its maximum value of some 38 eV !, represent-
ing an antiferromagnetic enhancement of a factor of ~22
over the room-temperature long-wavelength susceptibili-
ty ~1.7 eV~ A measurement of Xo would then pro-
vide a direct measurement of (£/£,), and hence of &,
since £ is determined by the ratio, 63 W” /w. Moreover,
should the angular resolution of the experiment be
sufficiently good, one could, in principle, not only obtain
an independent measure of & (from the half width of the
peak at Q) but, in principle, of &, [from the wave vector
at which Y(Q—q)=Y,]. The latter measurement is, how-
ever, likely ruled out by background problems.

VII. RELATED WORK

The importance of antiferromagnetic correlations for
the Cu nuclear magnetic resonance experiments was
pointed out rather early by Walstedt er al.? and Imai
et al.> Hammel et al.” were the first to propose that the
difference between the Cu and O relaxation rates could be
understood in terms of an interplay between gq-dependent
form factors and strong antiferromagnetic correlations.

Mila and Rice!® analyzed the experiments of Takigawa
et al.® and pointed out that in a one-component picture a
transferred hyperfine interaction was necessary to under-
stand the difference between the Cu Knight-shift and
spin-lattice relaxation time anisotropies. Shastry® extend-
ed their analysis to include the oxygen sites. He pointed
out that if the oxygen nuclear spin interacts with the elec-
tron spins only via a hyperfine coupling, the hyperfine
fields of the antiferromagnetically coupled electron spins
residing on the Cu sites nearly cancel, in accord with the
picture of Hammel et al.”

Earlier attempts to explain the difference between the
Cu and the O spin-lattice relaxation rates using a two-
component model include the work of Monien, Pines,
and Slichter?! and Cox and Tree.>* In the view of the
Knight-shift experiments in the YBa,Cu;Og ¢; material,
we now believe that these attempts fail because they lead
to results that are inconsistent with the fact that the
Knight shifts have the same temperature dependence.

A somewhat different version of the two-component

model has recently been put forward by Anderson and
Ren,'! who wish to avoid strong antiferromagnetic corre-
lations by invoking an orbital relaxation mechanism, not
associated with a measurable Knight shift, to explain the
differences between the "W and $*W relaxation rates.
While such an approach could, in principle, explain these
differences for, say, the YBa,Cu;0, material, it cannot
provide either a qualitative or a quantitative explanation
for the basic similarities one finds between relaxation
rates for the YBa,Cu;0,; and YBa,Cu;0¢4; materials,
once one takes into account the measured temperature
dependence of x,(T) for the latter material.

Closest in spirit to the antiferromagnetic theory of
Millis, Monien, and Pines is the work by Bulut er al.!°
who used the random-phase approximation to calculate
the spin-spin correlation function for a three- and a two-
band Hamiltonian. In their theory, the antiferromagnetic
correlations arise from the nesting in the tight-binding
Fermi surface. The doping they introduce is a parameter
describing how strong the antiferromagnetic correlations
are. It is in some sense related to our parameter 3, which
measures the strength of the antiferromagnetic correla-
tions in the MMP theory. (Their “doping” parameter
does not necessarily reflect the hole concentration.) It
turns out that many of the physical features they ob-
tained in their model calculation can be related to MMP
theory if one is only looking at the YBa,Cu;0, com-
pound, for which both theories describe the quantitative
behavior of the copper and the oxygen relaxation rate
successfully. Unfortunately their model cannot be ex-
tended to describe the YBa,Cu;0Oq 4; material, since this
approach does not contain the interaction effects that
lead to a temperature dependence of F§. On the other
hand, their model gives some insight into how the MMP
theory could be extended for energies large compared to
the spin-fluctuation temperature.

The phenomenological approach by Varma et al.? is
mainly motivated by the Raman scattering experiments,>!
and is therefore an attempt to describe the density-
density correlations. In their approach the correlation
functions are assumed to be nearly q independent. In the
region of the NMR experiments, w very small, their
theory proposes that the correlation function goes like
/T as a function of frequency w and temperature T,
which is in agreement with our findings from the NMR
experiments for the spin-spin correlation function.
Virosztek and Ruvalds®’ substantiated the proposal of
Varma et al. by a more microscopic self-consistent
theory, which, however, neglects the q dependence of the
correlation functions.

We have recently received unpublished work by Imai?’
in which he used a much simplified version of the MMP
model to analyze NMR experiments in different CuO
high-temperature superconductors. In agreement with
our conclusions, he finds that antiferromagnetic correla-
tion plays a crucial role in understanding the NMR ex-
periments.

We should also like to mention a very recent preprint
of Moriya et al.,>® who arrive at qualitative conclusions
quite similar to our own on the basis of an interesting mi-
croscopic model calculation. As is the case with the
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RPA calculation of Bulut et al., it is not clear how their
theory will yield the temperature-dependent Y (7T) re-
quired for all cuprate superconductors other than
YBa,Cu;0,. We note that if one makes use of their ex-
pression for the contribution to the resistivity, R (T') from
quasiparticle-paramagnon scattering, one finds that
R(T)~T is a quite general consequence of the linear
spectrum wgg~ T that we have deduced here from our
analysis of the NMR experiments.

VIII. CONCLUSIONS

There are a number of important conclusions that we
can draw from our analysis. The first is that the one-
component hyperfine Hamiltonian, which describes the
YBa,Cu;0, material quite well, does not change in going
from the YBa,Cu;0; to the YBa,Cu;O¢ 4; material. It
seems as if the Wannier orbitals of the Cu ions are not
markedly disturbed by the presence of the oxygen holes,
and the ionic picture for the Cu orbitals applies all the
way from the YBa,Cu;O; to the YBa,Cu;O4 It is,
moreover, possible to describe the nuclear-magnetic-
resonance experiments in the LaCu,0, materials with the
same hyperfine Hamiltonian.3¢

Second, as we have emphasized, the success of
antiferromagnetic-Fermi-liquid theory in providing a
quantitative explanation of the quite different measured
low-frequency magnetic properties of YBa,Cu;0q¢ 43 and
YBa,Cu;0, leaves little doubt that it will provide the
correct explanation for the magnetic properties of the en-
tire range of superconducting Y-Ba-Cu-O samples. Two
questions naturally arise. Will the theory work equally
well for the magnetic properties of the other cuprate su-
perconductors? Can one use it to explain as well the
charge or density response of the cuprate oxides?

The answer to the first question is almost certainly
‘““yes.” Monien, Monthoux, and Pines?® have used
antiferromagnetic-Fermi-liquid theory to analyze the
Knight-shift and relaxation rate experiments on
La, 45Sr; ;sCuOy, and they find that the values they calcu-
late for yo(T), & W (T), and &(T) fit naturally into the Y-
Ba-Cu-O family. A similar conclusion has been reached
by Hammel et al.’” and Reyes from their analysis of cor-
responding experiments on Y,Pr,_,Ba,Cu;O;, and
La,Cu0y, o3, samples.

The answer to the second question is “quite possibly.”
As we have noted, there is a good reason to expect that
because of quasiparticle antiferromagnon scattering the
transport properties, density-density response function,
and quasiparticle energy near the Fermi surface for an
antiferromagnetic Fermi liquid will differ from those of a
normal Fermi liquid. It remains to be seen which of the
nonmagnetic properties of the normal state of the cuprate
oxide superconductors can be attributed to their being
antiferromagnetic Fermi liquids and which have their
physical origin elsewhere. From an antiferromagnetic-
Fermi-liquid perspective, the results that Bulut and co-
workers!®3? have obtained using their RPA model for
YBa,Cu;0, are encouraging, as are the results of naive
calculations that yield a linear resistivity result close, but
further work is clearly required.

Quite generally we expect that the phenomenological
parameters that determine the low-frequency magnetic
behavior, and which we have extracted from our analysis
of NMR experiments, may be viewed both as a proper
goal for, and useful constraint on, microscopic calcula-
tions. In this connection we cannot emphasize too
strongly how useful it is to have experimental results
available for all three nuclei, Cu, O, and Y, in the Y-Ba-
Cu-O series, as well the importance of having these re-
sults available for the same sample, or having an indepen-
dent check on whether the samples at two different la-
boratories are sufficiently close in oxygen content to
make possible meaningful comparison of experimental
data. The virtue of antiferromagnetic-Fermi-liquid
theory is that it constitutes an accurate description of
nearly antiferromagnetic behavior, regardless of the
physical origin of that behavior. That is also its defect, in
a sense, since in and of itself it does not enable one to de-
cide whether the physical origin of the near antifer-
romagnetism is Fermi surface nesting (as would be ex-
pected for a weakly localized spin system) or a
temperature-dependent interaction between quasiparti-
cles (as would be the case for an almost localized set of
spins). It is clear that a comparison of the results for the
YBa,Cu;0,; and YBa,Cu,;Og ; materials, obtained with
these rather different approaches, will help provide an
answer to this question.

In conclusion, we note that even though both the
charge and spin elementary excitations that characterize
the normal state of the cuprate oxides may turn out to be
those of an antiferromangetic Fermi liquid, this result, in
itself, does not settle the question of the physical origin of
their superconductivity. Antiferromagnetic paramag-
nons are certainly an attractive candidate for that super-
conductivity,?”»3> but further work will be required to
demonstrate that these provide a unique explanation.
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