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Application of antiferromagnetic-Fermi-liquid theory to NMR experiments in La, ssSr0, 5Cup4
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NMR experiments on Lal »Sro»Cu04 by Kitaoka et al. and Imai et al. are analyzed using the
phenomenological antiferromagnetic (AF) Fermi liquid theory of Millis, Monien, and Pines, and the
results are compared with those previously obtained for YBa2Cu307 and YBa&Cu30663. A one-
component model, with hyperfine couplings that are unchanged from those found previously for
YBa2Cu307 and YBa2Cu306 63 and parameters obtained from experiment, provide a quantitative fit
to the data. At all temperatures the antiferromagnetic correlations found in Lal »Sro»Cu04 are
stronger than those found for the Y-Ba-Cu-0 samples with the result that the characteristic energy
for the antiferromagnetic paramagnons that describe the AF spin dynamics is quite low ( & kT and
-20 K at T, ). We use the deduced paramagnon energies to calculate the contribution to the elec-
trical resistivity from quasiparticle-antiferromagnetic paramagnon scattering for Lal »Sro l5Cu04,
YBa2Cu307, and YBa2Cu30663 and find that it displays a linear temperature dependence for all
three materials. Our results support the proposal that the properties of a nearly antiferromagnetic
Fermi liquid are genuinely novel, and suggest that both the spin and charge aspects of the normal-
state properties of the cuprate oxide superconductors can be quantitatively explained in terms of
quasiparticles coupled to ahtiferromagnetic paramagnons whose characteristic energy scale is & kT.

I. INTRODUCTION

The phenomenological antiferromagnetic-Fermi-liquid
theory developed by Millis, Monien, and Pines, ' hereafter
MMP, has been shown to provide a quantitative account
of nuclear magnetic resonance relaxation rates for Cu(2),
O(2), O(3), and Y nuclei in both YBa2Cu307 (Ref. l) and
YBa2Cu30663 (Ref. 2). It is natural to inquire whether
this one-component theory is equally capable of describ-
ing the results of NMR experiments on other cuprate ox-
ide superconductors. In this paper we use the theory to
analyze the NMR experiments of Kitaoka et al. and
Imai et al. on one member of the La-Sr-Cu-0 family,
La, 85Srp, 5Cu04. We find that a one-component model
with hyperfine couplings of the Cu(2) nuclei and ' O(2)
nuclei that are unchanged from those found previously
for (l) YBa2Cu307 and (2) YBa2Cu306 63 provides a quan-
titative fit to the experimental data. As is the case for
YBa2Cu306{j3 the temperature dependence of the Cu
relaxation rate reAects in part strong temperature-
dependent antiferromagnetic correlations between the
Cu + spins, and in part a temperature-dependent long-
wavelength static spin susceptibility. We determine the
latter from the measurement of the ' 0 Knight shift.
When this temperature dependence is taken into account,
at all temperatures the antiferromagnetic correlations
found in La& 85Srp &5Cu04 are stronger than those found
for the Y-Ba-Cu-0 samples; moreover, over much of the
measured temperature range the antiferromagnetic corre-
lation length is found to be of the mean-field form estab-
lished earlier for YBa2Cu, O, and YBa2Cu306 63.

In La& 85Srp &5Cu04 the tendency toward antifer-
romagnetism is, in fact, so strong that for temperatures

above 130 K the system behaves as though it were an
itinerant antiferromagnet with a Neel temperature -25
K. Below that temperature, however, the correlation
length ceases its rapid increase, and levels off toward a
constant value -3 times the interparticle spacing.

A consequence of the stronger antiferromagnetic corre-
lations is that the characteristic energy scale for the anti-
ferromagnetic paramagnons that describe the antiferro-
magnetic (AF) spin dynamics is quite low. It is always
less than kT, being -20 K for temperatures in the vicini-
ty of T, and varying linearly with temperature for tem-
peratures above 130 K. Low-energy paramagnons pro-
vide an effective scattering mechanism for quasiparticles;
we calculate the

spin-fluctuation

resistivity for
La, ~5Srp, 5Cu04 and compare it with our calculated re-
sults for YBa2Cu307 and YBa2Cu30{) 63 We find that for
all three materials the temperature dependence of the
resistivity is linear and that if one assumes that the ma-
trix elements for quasiparticle-paramagnon scattering are
similar for the three materials, the increasing tendency
toward antiferromagnetic behavior as one goes from
YBa2Cu307 to YBa2Cu306 63 to La, 85Srp i5Cu04 leads to
a comparable progression in the magnitude of the resis-
tivity. These results suggest that a resistivity that varies
linearly with temperature is a natural attribute of an al-
most antiferromagnetic Fermi liquid and they provide
support for the view that the anomalous charge and spin
properties of the normal state of the cuprate oxide super-
conductors possess a common physical origin.

The plan of the paper is the following. In Sec. II, we
introduce the hyperfine Hamiltonian for the planar nuclei
and use it to determine the temperature-dependent spin
susceptibility from measurements of the ' 0 Knight
shift. As is the case for the Y-Ba-Cu-0 samples, the
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transferred hyperfine coupling between the Cu + spins
and the Cu and 0 nuclei plays a major role in determin-
ing the Knight shift of these nuclei. In Sec. III we review
the MMP model for spin-lattice relaxation and use it to
determine the antiferro magnetic enhancement factor
from experiment in Sec. IV.

We use the above results to analyze two candidate
models for antiferromagnetic behavior in Sec. V: a
temperature-dependent interaction between almost local-
ized spins and Fermi surface nesting of weakly localized
itinerant quasiparticles. A comparison of our results for
the antiferromagnetic behavior of La, 8~Sro, 5Cu04 with
those obtained for the Y-Ba-Cu-0 family leads us to con-
clude that only the nearly localized moment model is
consistent with the NMR experiments on these systems.
We present our results for spin-Auctuation resistivity in
Sec. VI, and discuss the nature of the normal state of cu-
prate oxide superconductors, the possible connection be-
tween antiferromagnetic behavior and superconductivity,
and give our conclusions in Sec. VII.

II. THK HYPKRFINE HAMII. TONIAN
AND KNIGHT-SHIFT EXPERIMENTS

( 2 ii+4B)yo63~S
63 g2ynye

(A~+4B)yo
K~=

63 g2

(2.2a)

(2.2b)

17~5
1SO ]7y.y, R

7 (2.2c)

~here the y„are the various nuclear gyromagnetic ra-

In analying the experimental results for the Knight
shift and spin-lattice relaxation rates, we use the
hyperfine Hamiltonian for the planar Cu and O nuclei
adopted by Mila and Rice and Millis, Monien, and
Pines' to describe NMR experiments in YBa2Cu307

Hhf=g I; A S; +g I; BS
i a &ij)

+ g 'I;,CS (2.1)
(ij),~

in which the Cu nuclear spins, I;, are assumed cou-
pled to an electron spin S; (one spin per unit cell com-
posed out of planar Cu and 0 spins) at the same site, by
the direct hyperfine coupling tensor A and to electron
spins S;, at the four nearest-neighbor sites, by the
transferred hyperfine coupling constant 8. In this one-
component model, the ' 0 nuclear spins ' I;, are assumed
to couple only by the transferred hyperfine coupling con-
stant C to the two nearest-neighbor electron spins S..
The spin contribution to the Knight shifts of the planar
nuclei are then given by

tios, y, is the electron gyromagnetic ratio, and subscripts
refer to shifts for magnetic fields applied parallel and per-
pendicular to the crystalline c axis, with corresponding
values for the hyperfine couplings.

Monien, Pines, and Takigawa (hereafter MPT) have
shown that in YBazCu307 & the hyperfine couplings 3,
8, and C are, to within a few percent, independent of the
oxygen doping level 5, as one goes from the antiferromag-
netic insulator to the 60-K superconductor to the 90-K
superconductor. From their fit to the NMR experimen-
tal results for YBa2Cu307, and the antiferromagnetic res-
onance results for YBazCu306, MMP have determined

A~, 8, and C; their results are shown in Table I.
Given the insensitivity of these hyperfine couplings to the
degree of oxygenation of the YBa2Cu307 & compounds it
appears reasonable to assume that, to within a few per-
cent, the planar hyperfine couplings for the Cu and 0 nu-
clei in the La2 and Sr Cu04 compounds will likewise
be independent of the Sr doping level x, and that to the
same degree of accuracy there will be no change in these
couplings from those found in the Y compounds. Two
sets of experimental results support this hypothesis.
First, Tsuda et a/. find that the antiferromagnetic reso-
nance frequency for the antiferromagnetic insulator
La2Cu04 lies within a few percent of that measured for
YBa2Cu306 by Yasuoka et al. Thus the quantity

p, ,$4B —A ~ ) =HAF =—80 kOe (2.3)

is essentially unchanged. If, therefore, as seems plausible,
p, tr=(0. 62+0.02)pz (Ref. 8) is changed by at most a few
percent on going from YBa2Cu306 to La2Cu04, it follows
that A~ and 8 do not vary. Second, the total Cu
Knight shift, K~~, found by Kitaoka et al. for a field
applied in the c direction is independent of temperature
and is given by

E)(——- 1.3% . (2.4)

It is therefore identical, within experimental error, to the
temperature-independent value found for K~~ in
YBa2Cu307 (Ref. 9) and YBazCu30663 (Ref. 10); the
latter results reAect the fact that A~~

————48, so that the
measured total shift is of purely orbital origin. Since one
finds the same temperature-independent magnitude shift
for La, 8gSlo ]5Cu04, it follows that for the latter material
one also has 3

~~

= —48, and K~~
= K ~~' .

If we now assume that C is likewise unchanged from
the Y compounds, and take the orbital oxygen Knight
shift '

IC~~~" to be —0.0136%, the value it possesses for
YBa2CU306 63 and subtract this value from the experi-
mental results of Kitaoka et al. , for the temperature-
dependent total shift '

K~~, we obtain the result shown in
Fig. 1 for the temperature-dependent spin component of
the Knight shift ' K, ( T) and the planar spin susceptibili-
ty yo( T). A good fit to yo( T) is obtained with the expres-
sion

TABLE I. Hyperfine couplings {in kOe/p& ) for planar Cu and 0 nuclei.

Hyperfine couplings
Deduced values

II—163+3
Aq

34+1
B

40. 8+1
C

69+2
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independent of the wave vector q. Here I is the charac-
teristic spin-fluctuation energy for the quasiparticle part,
and po is the quasiparticle long-wavelength contribution
to the measured long-wavelength static susceptibility yo.

The antiferromagnetic part of the spin-spin correlation
function is modeled around the antiferromagnetic wave
vector Q=(vr/a, vr/a) by

0.08—

0.06—
—10

XQ

1+/ (Q —q) —i (ro/rosF)
(3.4)

Xo( T) = [1.01+0.41( T/100)] states/eV Cu +

Pa
(2.5)

As may be seen in Fig. 1, this result is quite similar to
that found by MPT for YBa2Cu306 63 We discuss its
physical origin in Sec. IV and, in the Appendix, compare
it with results obtained from an analysis of the experi-
ments on YBa2Cu306+z of Alloul, Ohno, and Mendels. "
Note that the measured temperature independence of

K~~ over a temperature range (60 K T 120 K) (Ref.
3) in which 17ICf~ and Xo change by some 40%%uo can only
come about if XII is of purely orbital origin, as we have
argued.

III. SPIN-LATTICE RELAXATION RATES

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 di6'er from one
nucleus to the other, and the dynamical structure factor
S(q, ro). In the low-frequency regime ro« T, in which
NMR experiments are done, S(q, ro) is related to the
imaginary part of the spin-spin correlation function
x"(q ~) by

I I I I I I

0 50 100 150 200 250 300
T(K)

FICx. 1. The spin component, ' K,{T)of the planar oxygen. x

Knight shift and the planar spin susceptibility, go{T).

here g& is the static spin susceptibility at the antiferro-
magnetic wave vector Q, which is related to xo by

xg =xo(kCo)' (3.5)

where g is the antiferromagnetic correlation length and
1/go is the wave vector at which the antiferromagnetic
part of the correlation function, gA„, starts to dominant
the quasiparticle contribution. We can relate yo to the
measured static susceptibility xo using Eqs. (3.2) and
(3.4),

1 a
Xo=Xo 1+

2rr o

'2

(3.6)

on introducing the parameter
4

p= (3.7)
ko

which measures, inter alia, the relative strength of the an-
tiferromagnetic paramagnon contribution to the static
spin susceptibility. For a typical value of (a/go) =rr we
find that the quasiparticle part contributes 84% of the
static susceptibility, whereas the antiferromagnetic part
contributes some 16%.

A'cos„ is a typical energy scale for the antiferromagnetic
paramagnons, which 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 quasiparticle sys-
tem I by

2

I=—XSF
7T

S(q, ro) = —x"(q, ro) . (3.1)

The MMP model for spin-lattice coupling may be
thought of as an antiferromagnetic-Fermi-liquid model in
which the dominant (low-frequency) elementary spin ex-
citations are antiferromagnetic paramagnons at wave vec-
tors near the antiferromagnetic wave vector
Q =(vr/a, ~/a). Thus one assumes that the system is al-
most, but not quite, antiferromagnetic. In their
antiferromagnetic-Fermi-liquid theory, MMP model the
spin-correlation function using two separate parts. One
describes a quasiparticle part p&p, and the other, more
important, part, yA„, describes the short-wavelength anti-

r Xo r Xo 1
ix2~ Xg ~ Xg 1+13' /2~

On comparing the spin-lattice relaxation rate for a nonin-
teracting Fermi gas with that calculated from Eq. (3.3),
one can easily show that

rr=z, , (3.9)
the quasiparticle Fermi energy. Thus when one has ap-
preciable AF correlations (and we shall see that xg/xo
can be as large as 130 for La& s~Sro &5Cu04), the paramag-
non energy scale can be as low as 20 K.

The relaxation rates are determined by a q average
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3 l
lim

8 p+$ m~O

I XII
—2 [cos q„a +cos q a ]I

q

(3.10a)

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:

63 3 18' =—
II 2

lim
4 p~Q M~o

X g I A~ —28 [cos(q„a)+cos(q a)]] S(q, co),

(1/T»NMR= —', W (3.1 la)

or a nuclear-quadrupolar-resonance experiment, for
which

tor Q=(rr/a, ~/a). Whereas the Cu relaxation rate
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
the oxygen site. We remind the reader that the connec-
tion between the above-defined Cu relaxation rates and
the measured Cu relaxation times, T„depends on wheth-
er one is considering a nuclear magnetic resonance exper-
iment, for which one has

+ I A ~ 28 [ c—os(q„a)
( I/Ti )z&&=2W =3(1/T& )NM (3.11b)

+cos(q~a)]I )S(q, co),
(3.10b)

' W= —
2

lim g I2C [1—cos(q, a)]]S(q,co) .
4 p+g co~0

(3.1oc)

Here q is measured from the antiferromagnetic wave vec-

Since we have seen that the hyperfine couplings for
La, &5Sro &5Cu04 are within some 5% of those measured
for YBa2Cu307 and YBa2Cu3O6 63 we use the Y-Ba-Cu-
0 result, A ~ =0.848 (Refs. 1 and 2) in determining

W(T) and ' W(T). We further assume that the AF
correlations peak at Q =(~/a, vr/a) and, hence, find, on
making use of the MMP results for the integrals over q in
Eqs. (3.10),

yo( T)W(T)= 8 k T
p2 g2 & r( T)[1+Pl/2/2~2]

r

0.294+ 0.49
~2 a

2

—0.6211n +0.0175(T)
a

(3.12a)

yo( T)W(T}= 8 k T
p~h' I (T)[1+P' /2' ]

Xo( T)' W(T)= C k~T
r( T)[1+(P'"/2~') ]

2

.O. 772+ P, l. g3 ~( ' —1.1O1
7T' a a

. 1+ 0.391n +0.17
rr

—0.297 (3.12b)

(3.12c)

—2. 11n +0.059 . (1+P' /2' ) .
a

As MPT have noted, the above expressions make it easy to separate out the contribution made by antiferromagnetic
paramagnons to the spin-lattice relaxation rate; the "quasiparticle" result is obtained if one takes p=o in Eqs. (3.12),
while the importance of antiferromagnetic correlations is measured by defining the quantity

6(R.„)= II =.1+ P 5 k(T)"W (P)
(3.13)"W (0)

The relative importance of antiferromagnetic correla-
tions, as one goes from 8'to ' 8'is seen clearly in Eqs.
(3.12). As MMP have emphasized, for g /a )) 1 antifer-
romagnetic correlations play a dominant role in deter-
mining W(T}, with the leading term being proportional
to g, and a logarithmic contribution of antiferromagnet-
ic origin (which is of opposite sign from the quasiparticle
contribution) playing a more significant role than the
latter for (g/a) ) 1.5.

Given a knowledge of go(T), and with the assumption
that 1 is only weakly dependent on T, it is straightfor-
ward to use Eq. (3.12a) to obtain the temperature depen-
dence of g(T) from experiment, provided one is in the
limit, [g(T)/a] ))1. Indeed, to the extent that g(T)
takes the mean-field form,

PT) Po)
a a T+T~ (3.14)

and I is only weakly temperature dependent, the quanti-
ty [ W'II(T)/Tyo(T)] ' should display a temperature
dependence of the form

[ WII(T)/Tg (T)0] ' —T& Tgo(T) =a +bT, (3.15)

where a and b are constants. Hence a plot of T&T&0(T)
as a function of T provides a test of the applicability of
the MMP model with g /a displaying the temperature
dependence, Eq. (3.14). In Fig. 2 we give the results of
Imai et al. and Kitaoka et al. for the relaxation rate

[1/T, ( T) ], while in Fig. 3 we use our result for yo( T),



43 APPLICATION OF ANTIFERROMAGNETIC-FERMI-LIQUID. . . 279

0 ~

0
0
0

0
0

0 ~

(3.14), become significant. To take into account the pres-
ence of the nonleading terms in 8'11 it is necessary to
know, separately, I, P, and g /a, and we consider next the
extent to which reliable estimates for these basic parame-
ters of antiferromagnetic-Fermi-liquid theory may be ob-
tained from experiment.

IV. DETERMINATION OF
ANTIFERROMAGNETIC-FERMI-LIQUID PARAMETERS

C3
z'. 4—

0
0 50 100 150 200 250 500

T(K)

FIG. 2. The Cu nuclear-spin-relaxation rate as measured by
two different experimental groups: () Imai et al. (Ref. 4); and
( ) Kitaoka et al. (Ref. 3).

Eq. (2.5), to plot [T, Tya(T)] as a function of tempera-
ture for the two sets of experimental measurements.

We see that over the temperature range (100
K ~ T ~ 200 K) in which the results of the two groups are
in good agreement; the form Eq. (3.14) is well obeyed.
There are, however, significant departures at both lower
and higher temperatures. At the high temperatures, the
"nonleading terms" [i.e., those other than g /a in Eq.
(3.12a)] begin to play a significant role, while at lower
temperatures, departures from the mean-field form, Eq.

We begin by considering the oxygen relation rate,
which has recently been measured by Reven et a/. ' Ac-
cording to Eq. (3.12c), since (' T, )

' depends only loga-
rithmically on g(T), to the extent that I is independent
of T, one would expect the product '

[ T, Tya( T)] to be
weakly temperature dependent, decreasing logarithmical-
ly with decreasing temperature. Moreover, since the
values of g0( T) we have deduced here for
La& 85Sr0 &5Cu04 are somewhat greater than those de-
duced by Monien, Pines, and Takigawa for
YBa2Cu306 63 (see Fig. 11), we would expect the values of
' [T,Ty0(T)] for the latter system to lie above those
measured for La, ~~Sr0, 5Cu04. Inspection of Fig. 4
shows that the latter expectation is, within the scatter of
the experimental results, borne out, but that the antici-
pated logarithmic decrease with decreasing temperature
is not found. As was the case for the O{,63 compound,
this last result then suggests that I" is an increasing func-
tion of T, in such a way that its temperature dependence
outweighs the logarithmic temperature dependence of
g(T).

To determine I ( T), we note that for a given choice of
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e x x
~ 0

~ ~ ~
~ ~ ~ ~ ~

x

50—
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2—
0
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FICr. 3. The experimentally determined product
(T& )N«Tg0(T) from the experimental measurements of Imai
et al. (Ref. 4 ) (~ ) and Kitaoka et al. (Ref. 3) ( ) plotted vs the
temperature.

FIG. 4. The product, ' Tl Tyo(T), determined from the mea-
surements of Reven et al. (Ref. 10) and Kitaoka et al. (Ref. 3)
plotted vs the temperature ( X ). Also shown is the correspond-
ing quality (~ ) determined by MPT for YBa2Cu306 {j3 from the
experiments of Takigawa et al. (Ref. 10).
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I (T)=(0.5 —(T/2500) eV, (4.1)

a result that is not far from that found for 06 63,

P, the ratio of the copper and oxygen relaxation rates will
determine g(T), while either rate can then be used to
determine I (T). We find that with P=m. , the value it
takes on for YBa2Cu307 and YBa2Cu306{j3 we can ob-
tain good fits to both the copper and oxygen relaxation
rates with

I (T)=(0.45 —T/3300) eV . (4.2)

For a given value of P and I'(T), since the other quanti-
ties that enter our expression, Eq. (3.12a) for the Cu re-
laxation rate, have been determined, it is straightforward
to obtain [g(T)/a] from an experimental measurements
of (T, '). Our results are given in Figs. 5(a) —5(c).
There we see that g/a is considerably larger than the
values deduced for 07 and 06 63 while the temperature
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FIG. 5. (a) The antiferromagnetic correlation length as a function of temperature for La&»Sro»Cu04 ( X ), YBa~Cu306 63 (4), and
YBazcu, 07 ( ). Inset: comparison of the result for g/a using the experimental results of Kitaoka et al. ( ) and Imai (~ ). (b) The
inverse correlation length squared (a /g ), determined from the experiments of Kitaoka et al. ( ~ ) and Imai et al. (4). (c) The in-
verse correlation length squared (a /g ), determined for P=n. from the experiments of Imai et al. (Ref. 4) ( X ) compared with the
corresponding values calculated by MPT for YBa2Cu307 ( ) and YBa2Cu306 63 (~). The dashed lines represent the best linear fits to
the data above 130 K.
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dependence of (a /g' ) is quite similar to that found in
06 63 [Fig. S(c)]. In La, s5Sro»Cu04 above 1 30 K, the
tendency toward antiferromagnetism is so strong that
g( T) follows the approximate temperature dependence

g(T) S8
38

a T —38
(T ~130 K) . (4.3)

Thus as the temperature is lowered from 250 K, and the
system appears to be on its way toward becoming an
itinerant antiferromagnet with a Neel temperature -31
K, but at T-130 K this behavior begins to change, as
though the system starts to become aware, even at this
elevated temperature, of the fact that it is going to be-
come a superconductor, not an antiferromagnet. As
shown in Fig. S(c), quite similar behavior is seen in
YBa2Cu306 63 where MPT note that, since g/a is a con-
stant below T„ the transition, which begins at 130 K, of
g/a from Neel behavior to superconducting behavior
may perhaps be a precursor e6'ect. It is perhaps not an
accident that this change in character of g/a is more
striking in those materials that resemble incipient
itinerant antiferromagnets for T) 130 K than it is for
YBa2Cu307, which shows much less in the way of antifer-
romagnetic tendencies ( T being —113 K rather than be-
ing negative and g/a being considerably smaller at all
temperatures).

In Fig. 6 we give a fit to the ' (T, '
) measurements of

Reven et al. ' based on taking a somewhat smaller value
of the oxygen hyperfine coupling constant ( C =64. 2
kOe/p~) than that used by MPT for 0663 (6 =68.6
kOe/pz). The agreement between theory and experi-
ment is seen to be satisfactory, whether one uses values of
(g/a) deduced from the experiments of Kitaoka et al.

or those of Imai et al.
In our calculation of ' W(T) for La& s~Sro»Cu04 we

have assumed that the antiferromagnetic correlations
peak at the commensurate wave vector, Q =(m./a, ir/a).
Since a departure from commensurability introduces a
term -/3(g /a ) in '

W, which would dominate the loga-
rithmic term for even quite small departures from com-
mensurability, it is evident that the measurements of
' 8'( T) for this system by Reven et a/. ' rule out any ap-
preciable departure from commensurability.

Our results for the quantities that provide a direct
measure of the strength of the antiferromagnetic correla-
tions in Lai. ssSro. i5Cu04, R~„, y&, and y~/go
given in Figs. 7 and 8, where they are compared with the
corresponding quantities for the Y-Ba-Cu-0 compounds.
%'e see that at all temperatures the antiferromagnetic
correlations found in La& 85Srp &5Cu04 are considerably
stronger than those encountered in YBa2Cu 307 and
YBa2Cu306 63.

Our results for the paramagnon energy, cusF, are given
in Fig. 9, where they are compared with values previously
obtained by MMP for 0, and by MPT for 0«, . Again
one sees a consistent progression; the more antiferromag-
netic the system is, the lower the paramagnon energy.
For all three systems, the paramagnon energy increases
linearly with T over a wide range of temperature as is to
be expected from the proportionality of cus„and a /g .
These results demonstrate that ficus„(T) ~k~T~kiiT,
for all three materials, and that %hosp is dramatically
smaller than k~ T in the case of La, 85Srp, 5Cu04.

Given the fact that the relaxation rates are known to
some 10/o for copper and somewhat less accurately for
' 0, that our estimate of the magnitude and variation in
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FICs. 6. Our theoretical results for the oxygen spin-lattice re-
laxation rate (o ) are compared to the measurements of Reven
et al. () for "T&T, to the experimental results of Kitaoka
et al. ( ) and to the experimental results of Imai et al. (0).
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FIG. 7. The calculated values of antiferromagnetic enhance-
ment factor, ( RAP)I~ are plotted as a function of temperature
for three cuprate oxide superconductors: La&»Sro»Cu04 ( X ),
YBa2Cu30663 (0), Yaa2Cu307 {G). The data of Imai et al.
(Ref. 4) has been used for La&»Sro»Cu04, very nearly the same
result is obtained from the data of Kitaoka et al. (Ref. 3).



282 H. MONIEN, P. MONTHOUX, AND D. PINES 43

I (T) between 250 and 40 K may not be more accurate
than 20%, that go(T) is likely not known to be much
better than 20%, and that our heuristic choice of P may
not be more accurate than, say, 20%, it seems reasonable
to assign an uncertainty of some +30% to all the values
we have deduced here.

160—
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V. THE PHYSICAL QRIGIN
QF ANTIFERROMAGNETIC BEHAVIOR

We now consider briefly the information that our
analysis of the NMR experiments on La, 85Sro, 5CuO4
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FIG. 9. The spin-fluctuation temperature, co», is plotted as a
function of temperature for La& 85Sro»Cu04 (X), and com-
pared to results obtained previously by MPT for YBa2Cu306 63

{), and YBa2Cu307 (U).
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provides on the physical origin of the measured very
strong antiferromagnetic correlations. For an almost lo-
calized set of spins, the correlations arise as a conse-
quence of a temperature-dependent interaction between
the (barely) itinerant quasiparticles, while for a weekly lo-
calized spin system, these would arise from Fermi-surface
nesting of the (quite) itinerant quasiparticles. The MMP
description of antiferromagnetic correlations makes no
distinction between these alternatives, since it only as-
sumes that the static susceptibility in the vicinity of Q
may be written as

100— Xg Xo(k'Co)
XAF Q 'q (5.1)
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FIG. 8. (a) The calculated values of y&(T) are plotted as a
function of temperature for La& 85Sro»Cu04 ( & ), YBa2Cu306 63

{), and YBa2Cu307 ( Q ). (b) The calculated values of
gg ( &)/go( T) plotted as a function of temperature for
Lai. ssSro»Cu0& ( X ), YBa2Cu306 63 (), and YBazCu307 (H).

without inquiring as to the physical origin of go or g(T).
If, however, we consider the mean-Geld expression,

XQ —
q

XAF(Q —
q o) =

1 —F)~
(5.2)

is a dimensionless measure of the degree by which g&
is enhanced by the interaction, while J(Q —q) measures
the strength of the interaction between the quasiparticles
(or local moments), then we can consider separably the
role played by y and by J in determining the antiferro-
magnetic enhancement. Thus we may write

+0
+Q —e (a=+1),

ag+ agqq
(5.4a)

where g& is the static susceptibility of noninteracting
quasiparticles or local moments, and

(5.3)
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Fg ,—=Fg e—YF

Jg Jg g gJ

(5.4b)

(5.4c)

and then combine the above expressions with Eq. (3.5) to
obtain

2

=ag[1 Fg—] (5.5)

and

ko=agkF+ /[1 Fg]—=a@+/ goJ. (5.6)

We thus see that go is determined by the interplay be-
tween the wave-vector dependence of g in the vicinity of
Q and that of J . The sign of a, and hence of the contri-
bution made by of gr to go rellects clearly the difference
between fermi surface nesting behavior and barely
itinerant local moments, since to the extent that nesting
is significant, we expect that g& )yo, with y maximum
at Q, so that, according to Eq. (5.4a)

(ag)„„,(1,
(a)„„,=+1,

(5.7a)

(5.7b)

(ag))„)1,
(a)„,= —1,

so that
2 = — 2 2

(koh...i=Lob —4, .

(5.8a)

(5.8b)

(5.9)

It follows that for nearly localized local moments
significantly smaller values of go are to be expected than
would be the case for nearly nested Fermi liquids. From
this perspective the comparatively small value,
(go/a) =0.56, found by MMP for the Y-Ba-Cu-0 family,
and found here is a physically reasonable one. On the
other hand, it is difficult, if not impossible, to explain the
insensitivity of go to oxygen concentration for Y-Ba-Cu-0
samples from a nesting perspective, and equally difficult
to understand the quite small magnitude of g found for

and the consequences of the wave-vector dependence of
gq and J in the vicinity of Q are additive. For local mo-
ment behavior, on the other hand, we have

both the Y-Ba-Cu-0 samples and La, 85Sro»Cu04.
Our conclusion that the antiferromagnetic behavior is

primarily associated with barely itinerant local-moment
interaction is consistent with the physical picture put
forth by Monien, Pines, and Slichter' for YBa2Cu307
and the results of MPT for YBa2Cu306 63 since it is only
in such a picture that one would find that not only is the
transferred hyperfine interaction 8 between a Cu nu-
cleus and its nearest-neighbor Cu + spins unchanged by
doping, but also that the dynamical consequences of this
interaction are unaffected.

VI. SPIN-FLUCTUATION RESISTIVITY

p = 10 aP( T),
where

a oo coe
"~

p(T) X f d~ „/ xAF(e ~)T (ego/T 1)2

(6.1)

(6.2)

and a is a constant ( ( 1) that depends on the matrix ele-
ment for quasiparticle-paramagnon scattering, the densi-
ty of quasiparticles, etc. On carrying out the sum over q,
one then obtains

We have seen that the anomalous magnetic behavior of
the normal state of the cuprate oxide superconductors
can be simply explained if these are nearly antiferromag-
netic Fermi liquids in which the dominant excitations are
very-low-frequency antiferromagnetic paramagnons. In
this section we explore the possibility that a major aspect
of the anomalous normal state charge behavior of these
systems, a resistivity that varies linearly with tempera-
tures for electric fields applied in the planes, is likewise a
property of a nearly antiferromagnetic Fermi liquid. We
do so by using our results for the temperature-dependent
antiferromagnetic paramagnon energy to compute the
contribution to the electrical resistivity from quasi-
particle-paramagnon scattering. Moriya, Takahashi,
and Ueda' have given an expression for the resistivity
produced by quasiparticle —spin-fluctuation scattering,
which is well-suited to this purpose. When one makes
the translation from their notation to our own, one ob-
tains a resistivity that can be written as

~sF

1/2

p(T) = Tf dx tan ' —tan
2I o (e"—1)~

xT
(~,„+4r/p'") (6.3)

In this form, we see that as long as cps&-T, one is
guaranteed a linear resistivity, no matter what the magni-
tude of cost;. [Moriya et al. reached a similar conclusion
using the linearity with temperature of (a /g ) as their
criterion. ]

This condition is a sufficient but not a necessary one, as
an evaluation of the integral in (6.3) reveals. In Fig. 10(a)
we give our results for p(T) for several choices of P for
La, 85Sro»CuO4, and for YBa2Cu307 and YBa2Cu306 63.

We see that the temperature dependence of the resistivity
is remarkably linear for all three materials, despite the
fact that the form for tos„(T) at low temperature is far
from linear in the case of both 06 63 and La, 85Sro»Cu04.
These results suggest that the resistivity linearity results
in part from the fact that the significant low-frequency
spin excitations, the paramagnons, have energies that are
less than kT.

We have examined this possibility by calculating P(T)
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for Debye paramagnons, taking two examples in which
sos„ is independent of temperature; Amos„=30 K and
Rcos„=60 K. Our results, using P=m. to facilitate com-
parison with those we obtained for the O6 63 sample, are
given in Fig. 10(b). We see there that at low tempera-
tures one finds a quadratic temperature dependence
which, however, for k T )2Acos„(in the case of the Debye

paramagnons) switches over to a linear temperature
dependence. Comparison of the 30-K Debye paramag-
non result with our results for YBa2Cu306 63 shows that
the calculated resistivities begin to differ for T 100 K,
where the O6 63 paramagnon energy begins to increase
linearly with temperature. Because the latter energy is
larger than 30 K, the resistivity curve falls below the De-
bye paramagnon result; moreover, because (ficosF)6 63 in-
creases linearly with temperatures for T ~ 120 K, we find
p(T)=bT„rather than an "apparent" high-temperature
resistivity of the form P(T)=b'T —a. Put another way,
for T (120 K, the transition to (A'ros„)06 63=const leads
to an inflection in P(T) and an apparently larger slope
b') b; however, because T, )Acus„, one does not see the
beginnings of a transition to quadratic behavior found in
the model calculations.

Two other features of these results deserve mention.
First, for a given material, as go decreases (P increases),
the slope of the linear resistivity increases. If P becomes
too large, the result is a departure from linearity at high
temperature, which may be traced to the contribution to
the integral coming from the tan '[xT/(cosF+41 /l3' ) j
term. Second, for a fixed value of P, one sees clearly the
inAuence of increased antiferromagnetic correlations on
the slope of the resistivity; for P=m, as one goes from 07
to 06{)3 to La] 85Sro»Cu04, the slope of the resistivity
curves increases. It is not, however, simply proportional
to either I3' or to (R~„)l, as a close inspection of the
results depicted in Fig. 10(a) shows.

We do not here attempt a quantitative comparison
with experiment for these materials, primarily because we
do not yet possess a method for obtaining a reliable quan-
titative estimate of the constant, a, which we expect to
vary from material to material, and which strong cou-
pling (i.e., vertex) corrections may reduce considerably
from the "weak coupling" estimate, o. =-1, given by
Moriya et al. '

VII. DISCUSSION AND CONCI. USION

0.2

0. 1

0
0 50 100 150 200 250 300

T(K)

FIG. 10. (a) The reduced resistivity due to quasiparticle-
antiferromagnetic scattering calculated using the formula of
Moriya, Takahashi, and Veda (Ref. 14}for La, 85Sro»Cu04, us-

ing the value, P=n ( ). Also shown are comparable results
for YBa2Cu307 (+ ) and YBa2Cu3O6 63 (). (b) The temperature
dependence of the reduced resistivity calculated using P=~,
co»=30 K (denoted by a dashed line) and sos„=60 K (denoted
by a solid line). Shown for comparison is the result obtained for
Q6 63 for which ~sF —=35 K for T ~ 100 K, and =- ( T/3 )K for
T~ 130 K.

Because the experimental data presently available for
La& 85Sro»Cu04 is considerably more limited than that
available, for YBazCu307 and YBa2Cu306 63 [for which
E' and (T&

'
) have also been measured], it is not pos-

sible to arrive at as complete a consistency check for the
value, 13=vr, we have adopted for La, s~Sro, ~Cu04.
Thus while there can be no question that (R~„)l for
La& 85Sro»Cu04 is greater at all temperatures than the
corresponding quantity for YBa2Cu30663, the specific
values we have deduced for g'/a and I ( T) are not known
to within -20 K.

Our results support the proposal' that the properties
of a nearly antiferromagnetic Fermi liquid are genuinely
nouel, and suggest that both the spin and charge aspects
of the normal state properties of the cuprate oxide super-
conductors can be quantitatively explained in terms of
quasiparticles coupled to antiferromagnetic paramagnons
whose characteristic energy scale is ~kT. The low-
frequency magnetic properties of a nearly antiferromag-
netic liquid differ markedly from those of the usual Lan-
dau Fermi liquid, in that the dominant low-frequency ex-
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citations are not found at long wavelengths, but rather
for wave vectors in the vicinity of Q; these paramagnons
in turn give rise to a quasiparticle lifetime which, for
T)T„we expect to be given by (cf. MPT)

rather than the usual Landau result, (A'/r) —T . In simi-
lar fashion, for T T„ the contribution to the resistivity
from quasiparticle-quasiparticle interaction (once Um-
klapp processes are taken into account) will not be —T,
as is the case for a normal Fermi liquid, but rather —T,
as we have shown above.

The precise form of the resistivity depends on the tem-
perature dependence of cps„, and hence on (a /g ). As
we have seen NMR experiments provide direct informa-
tion on a /g ( T), and show that the mean-field form, Eq.
(3.14), is well obeyed above T) 130 K for all three cu-
prate oxide superconductors thus far studied in detail.
The results of the preceding section show that once one
gets the mean-field form for the correlation lengths, one
obtains a resistivity that varies linearly with temperature.

A quite unexpected feature of nearly antiferromagnetic
cuprate oxide superconductors is the strongly-
temperature-dependent static magnetic susceptibility
found for YBa2Cu306 63 (Ref. 10) and here for
La, 85Sr0, 5Cu04. It is natural to attribute this behavior
in part to the increasingly important role of antiferro-
magnetic correlations as the temperature decreases, ' '
however, there does not appear to be a "universal" corre-
lation between the "reduced" long-wavelength static sus-
ceptibility, [y0(T)/y0(300 K)] and the "enhanced" anti-
ferromagnetic static susceptibility, [y& ( T)/ya( T) ], which
applies to all cuprate oxide systems. This explanation for
g0(T) will, however, remain only a plausible conjecture,
until born out by microscopic model calculations, which
show that the presence of low-frequency antiferromagnet-
ic paramagnons can lead to a depressed value for y0(T).
[In passing, we note an appealing candidate for the
"dangerous" diagrams responsible for this anomaly are
vertex corrections to the local-field Fermi-liquid parame-
ters, I'0, which might yield F0(T). Calculations are un-

derway to verify this conjecture. ]
It is likewise reasonable to expect that the antiferro-

magnetic paramagnons will give rise to a temperature-
dependent quasiparticle effective mass, and the recent
work of Moriya, Takahashi, and Ueda' supports this
idea.

For systems which display a temperature-dependent
long-wavelength static magnetic susceptibility, we do not
expect that a straightforward local mode coupling appli-

cation of Ginzburg-Landau theory to obtain, say,
a /g (T) (cf. Ref. 14) will be successful; rather a self-
consistent, "strong-coupling" version will need to be
developed and applied to obtain the results found by
MPT for YBa2Cu306 63 and by us for La&.ssSr0, 5Cu04.

The results we have obtained for the antiferromagnetic
correlation parameters for the three materials provide a
tantalizing hint of the possible connection between anti-
ferromagnetic behavior and the transition to supercon-
ductivity. As one of us noted, ' on the basis of a very
preliminary and approximate fit of MMP theory to the
NMR experiments on O{j 63 and La, 85Sra»Cu04, it is
evident that the closer the system is to becoming antifer-
romagnetic, the lower its superconducting transition tem-
perature. The hierarchy we have established for RA„
and for (g/a) is thus inverted for transition temperatures.
As may be seen in Table II, one can establish a qualita-
tive correlation between, say, T, and a/g. However, the
results presented there show that there does not exist a
simple proportionality, T, -ficus„(T, ), which the prelimi-
nary analysis' suggested. Given the fact that the quasi-
particle lifetimes are comparatively short, and that
Acus„( kT, it is clear that any calculation of superconduc-
tivity based on an attraction produced by the Coulomb
correlations responsible for the antiferromagnetic behav-
ior will have to go well beyond taking into account the
attraction between a pair of quasiparticles produced by
the exchange of a single antiferromagnetic paramagnon.
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APPENDIX

H), = g I, DS)
&~j&,a

(Al)

where I; is the ath component of the Y nuclear spin,
S~ is the ath component of the planar Cu spin, and (ij )
is the sum over nearest neighbors; the Y Knight shift is
then given by

The experimental results of Alloul, Ohno, and Men-
dels" for the Knight shift and relaxation rate for Y nu-
clei in a number of different samples of Y-Ba-Cu-0 pro-
vide valuable information of the influence of oxygen con-
tent on both yo(T) and the antiferromagnetic-Fermi-
liquid parameter, I (T). In this appendix we present an
analysis of the data of Alloul, Ohno, and Mendels based
on taking the hyperfine Hamiltonian for the interplanar
Y atoms [compare Eq. (2.1)] to be
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FIG. 12. Calculated values of I (T) for Y-Ba-Cu-0 samples
obtained from the Knight shift and relaxation rate experiments
on Y nuclei by Alloul, Ohno, and Mendels (Ref. 11).

89, 8D
1SO 89 2+0 & (A2)

which, upon carrying out the integral over q, becomes

while the corresponding relaxation rate (see MMP) is
6D mXo(T)ka T. [1+0.2(pier )]

«(T) (1+p'"n. )
(A3b)

8'= —
2

hm g 16D [1—cos(q a)]4 pgR q

X[1—cos(q a)]S(q,co), (A3a)

0.6

We first obtain yo(T) from the Y Knight shift data of
Alloul, Ohno, and Mendels by assuming, as a number of
authors (Walstedt et al. ,

' Butaud et al. ,
' and Imai' )

have previously done, that the Y chemical shift is -200
ppm, and taking the hyperfine coupling D to be that ob-
tained by MPT,

0.5—
D = —3.0 kOe/pz . (A4)
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Our results are shown in Fig. 11, where they are com-
pared with those for La, 85Srp, 5Cu04 and YBa2Cu307.
We see that the temperature-dependent susceptibility,
go(T), we have derived from the Knight-shift experi-
ments of Kitaoka et al. falls in between the results ob-
tained by MPT for 0663 and that of MMP for 07,
yp =2.62 states/eV.

We next combine our result for yo(T) with the results
of Alloul, Ohno, and Mendels for 8'(T) to plot, in Fig.

[Ti Tgo(T)] as a function of oxygen concentration.
We use for all samples, the value, p=~ found by MPT
for 0663, and normalize the expression [cf. Eq. (A3b)] so
that we obtain agreement with the results of MPT for
1 (T) for 0663. As may be seen there, for all the Alloul,
Ohno, and Mendels samples with oxygen content equal
or greater than 06 63 we find

FIG. 11. A comparison of go(T) for La& 85Sro»Cu04 with
that obtained by MPT from the data of Alloul, Ohno, and Men-
dels (Ref. 11) for the Y Knight shift in the Y-Ba-Cu-0 family.

r(T) =—0.4+0.04 eV, (A5)

a value which is not far from that found here for
La& 85Srp ]5CuO4.
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