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Elementary Excitations in the Metallic Cu02 Planes of High-T, Systems
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%e determine from a two-band Hubbard Hamiltonian the spin susceptibility and the self-energy for
the holes in the Cu02 planes. From this, the quasiparticle lifetime r, the spectral density, the electrical
resistivity p resulting from spin scattering, and the NMR relaxation rate 1/Ti at Cu sites are calculated.
Our results, which are expected to be valid for larger hole doping, are in reasonable agreement with ex-
periment and indicate that an interplay of narrow-band phenomena and spin fluctuations leads to the ob-
served anomalous normal-state properties. It is shown how to extend the theory to smaller hole doping
when local magnetic moment behavior should be more pronounced.
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The normal-state properties of high-T, . superconduc-
tors show puzzling deviations from conventional Fermi-
liquid behavior. The resistivity increases linearly with

temperature and is 2 orders of magnitude larger than in

conventional metals [1,2]. The quasiparticle lifetime, as
extracted from photoemission data [3], appears to be pro-
portional to co '. Furthermore, the NMR spin-lattice re-
laxation rate I/Ti is enhanced by an order of magnitude
compared with Korringa behavior [4,5]. However, photo-
emission experiments [6] also indicate the existence of a
well-defined Fermi surface, which may justify a Fermi-
liquid-like description.

In this paper we develop a model for strongly correlat-
ed itinerant holes using the two-band Hubbard Hamil-
tonian and a slave-boson-type theory to determine various
magnetic, spectroscopic, and transport data. In particu-
lar, we study elementary excitations of the spin system in

the strongly correlated Cu02 planes, by calculating the
Cu spin susceptibility and the hole self-energy due to spin

scattering. It is discussed how to extend our model to
determine eAects due to more pronounced local magnetic
moments.

We start from the two-band Hubbard Hamiltonian for
the Cu 3d, 2, 2 and 0 2p, , orbitals in the CuO~ planes:

H = P eddj~dj~+ P eppti~pt~
J, n' l, O'

+2tg yt (Ptt dt + H.c.)+Used tldjldtld, i . (1)
k, o J

Here, dt (ptt) creates a hole at a Cu (0) site I with spin

ct, and ed (ep) are the corresponding on-site energies. dt,

and pq~ are the Fourier-transformed operators. The
coherence factor yt = [sin (k,/2)+sin (k,,/2)] ' de-
scribes nearest-neighbor Cu-0 hopping processes for or-
thogonal oxygen orbitals, with k, and k, , given in units of
the Cu-Cu bond length. In the following we use the pa-
rameters h, =E'p t. d' 2 eV, U=7.6 eV, and t =1.6 eV
which appear to be reasonable for high-T, . systems.

Using the spin-rotation-invariant form [7] of the
slave-boson method proposed by Kotliar and Ruckenstein

[8], we introduce boson operators e, s„[s=(s„,s,„s-)],
and 8 which describe empty, singly occupied, and doubly
occupied copper sites. In order to obtain the correct ma-
trix elements of the resulting fermion-boson Hamiltonian
one has to impose constraints on the bosonic and fermion-
ic operators. The corresponding Lagrange multipliers

, and A. act as internal molecular fields and
have a bosonic kinematic arising from a local gauge
transformation [9]. In the saddle-point approximation,
the bosons are supposed to be real numbers, which are
obtained by a minimization of the free energy. This leads
to an eA'ective tight-binding Hamiltonian,

H etr
= g dj e [(edo +A rIj ) r van'+ Xj r aa'] dj&a'

+g eppt&pt&+ 2t g yg (pt&zt; —t «'di. '&'+ H.c.)
i,a AA', ao'

(2)

Here, r„and r are the unit matrix and the vector of the
Pauli matrices, respectively. z„~ takes the bosonic hop-

ping processes into account that accompany any fermion-
ic hopping [7,8]. In the case of a translationally invariant
paramagnetic system, which is expected to describe the
high-T, . systems for larger doping, H„p is a tight-binding
Hamiltonian with a renormalized on-site energy (ed=ed'
+A,„'-) and hopping element (t zt, where z (1), and

=0. On the other hand, for small hole doping the
presence of pronounced local moments requires us to take
into account the local exchange field 3LJ . This may be
done approximately by assuming Aj = ~ (O, O, A) and

using an alloy-analogy description.
In order to study the dynamical properties of the highly

doped system we consider Gaussian fluctuations around
the saddle point of the translationally invariant Hamil-
tonian. This corresponds to the well-known I/N expan-
sion (Ref. [10] and references therein), where N is the
spin degeneracy of a copper electron, and leads to a
Dyson equation [D ' =(D") —11] for the fluctuating
bosons as shown in Fig. 1(a). This is a matrix equation
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involving (I I x I I) matrices because of the large numbers of bosons occurring in the Hamiltonian. In particular the ma-

trix element D, , leads to the copper spin susceptibility [11],
dddd( )

gvd(a)) =4s„'D, , (q, n)) =
v I& '-."= '

I +J dddd( )+ J [ pddd( )i ddpd( )]+J2 I (~)

where the Lindhard susceptibilities g,',~~" (ia)„) are calcu-
lated from the hole Green's functions G t) (k,in)„, )
(a,PC [p,dj) of the saddle-point Hamiltonian. I v(a)) is

found to be small and will be neglected in the following.
The spin fluctuation energies Jd and Jpd are given by

J )t
(()

)I (2)+ 8(H )
(4)
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FlG. I. (a) Dyson equation for the slave bosons described by
the propagator 0„„=—(T(r )a„(q, r )a, (q, O)l, where a„,a.
E- jk",s}, and (b) the contributions to the total self-energy &

arising from the summation of all possible spin-scattering pro-
cesses caused by D„,. The Green's function 6" refers to the
paramagnetic saddle-point Hamiltonian. (c) The U dependence
of the eAective spin fluctuation energies Jd and J„q at the dop-
ing value x =0.2. z is the renormalization of I. Inset: The tem-
perature dependence of the NMR relaxation rate I/Ti at the
Cu sites according to Eq. (3) in arbitrary units. For comparison
we show the behavior of the noninteracting system (dashed
line).

and

~ (z —1)t,4t az 2

so»- sp

where the derivatives are taken at the saddle point.
In the limit U/W& I, where W is the bandwidth of
the noninteracting system, we find Jd = —U and J„d
=O((U/W) ), see Fig. 1(c). Thus, we recover the
random-phase approximation (RPA). For strong cou-

pling (U/W) I), Jd and J„d, scaled by the correspond-
ing band renormalizations, saturate and are of the same
order of magnitude. Jp is obviously an effective, screened
U, which has already been introduced phenomenological-

ly by Bulut et al. [121 in their description of the magnet-
ic properties of the high-T, . materials. In Eq. (3), the Jpd
term leads essentially to a renormalization of Jd. Thus,
Jpd represents a dressing of the Cu spin fluctuations by
the neighboring oxygen holes and becomes important if
the system tends to localize. Note, if one maps the Harn-
iltonian of Eq. (2) onto a one-band model by introducing
only an effective nearest-neighbor hopping parameter t
[t t /(ep —ed)], then the Cu-0-Cu hoPPing Processes
where the holes return to the initial Cu site are not in-

cluded, and J„d is found to be small.
Furthermore, we calculate the hole self-energy arising

from the spin excitations which are represented by the
internal magnetic molecular field k and the on-site
magnetic moment 2s„s. The total self-energy which re-
sults from these interactions with spin excitations is given

by

Z(k, to) =ut Zdd(k, ta) —2utvtZpd(k, a))+vt Zpp(k, a)) .

(6)
The various contributions to Z are shown in Fig. 1(b) and
are calculated from Z,t) „„=G,t)Dp„with p, v. E b, ,s].
The coherence factors ut and vt = I —ut ensure that we
consider the excitations at the Fermi surface in the lower
(bonding) band. Furthermore we replace G by the
Green's function 6" of the saddle-point Hamiltonian
(Born approximation) and approximate D by using the
local approximation [13]. For small U, where J„d« I

and Jd = —U, only Xdd && contributes to Z and we recover
the well-known RPA self-energy.

Results for the temperature and frequency dependence
of the imaginary part of the self-energy for a doping con-
centration x =OO2 are given in Fig. 2 and the inset of Fig.
3, respectively. Below 300 K we find the canonical T
dependence and above 500 K a linear temperature depen-
dence for ImZ(a) =O, T). A Drude analysis [2,14] of the



VOLUM E 68 N UMBER 9 PHYSICCAL REVIEW LETTERS 2 MARCH 1992

—0.05—

—0.15—

e%

xperiment
k: I' —Y: ~

~ ~
~ ~ ~

~ ~
~ I ~ ~

~ ~
~ 4

~ ~

~ a~
'la

&„..~
4

~ OO ~I~
~ ~ ~ ~ 0~ ~ ~ ~ ~ ~ ~ ~ ~

~ so
I I

.4 —0.2
ro feV]

—0.2—

—0.25
0

I

500

Tememperature [K]

I

1000

FIG. 2. TTemperature de p g

ring dia ram
energy m=

}1 F'g

T I ' A

I

e change

l

at larger
resu ts for the

oltd

iory [1] (x =0.x =0.15, dashed 1'

).
8

As the former
I th

a actor of 2.

zero-frequenc cy lifetime of the ac con a
un s yields about

h
g

e inset of Fi .
wit our re-

tll 8 1 Dsi relation p=(p e rude
or t e plasm

p

, K, a d Plakida mo el suscep-

C 0 [~] a d Tl

so ag ll ith th
dT)„«„i = 1.77tu 0 cm/K.

t e experimenental value [1,2] (d
w ich

It is also of inte

en , dp

o interest to stud t
h't

8
o io p i t [3]

i 1 If
scan b

de
be seen from th e inset of

ries linearly

d fh

Wit CO.

gy for co) 0.
e excitatioe lifetime on t

ic guarantees the e
'

co which
ents it was ded

i o „a bl itha e with our results (1/r

In addition, w, we calculate the se e spectral dens t fiy o the

0—
I I

—0.2
I

FIG. 3.

e [eV]
0

Results for the s ecp y e curves
.SI, 0.SO . , 2

,-=, throu ho t Fo
e s own in the

parison photoe
e right-hand i

oemission re-

e imaginar
inset. The left-

sp

r co ( . l eV, and ImZa-co

—0.4

TTI =Add T lim 1m[@I .(ro)/ro]

obtained by usin ty using the local a
ibili d 8 op o "yp

T
r increase of 1/T

peratures. For T =
is behavior for

„..ha...d b
Th

a

our mode
~ . n enhance

, is en anced b
h

1 dand n

e quantities w.

t81 data [1
8. . . o ( . )

'
8

, which clearl y in icate

electrons,

A ( )
1 &"(—co)[l-

—ro —
eg

—&'( —ro) '

ro)+IX (ro) is

8 o S 8

- nergy due to

ocal a r to), f( )
isri to f

a itib ti A(k
good '

a ho
d' t 'h e tal result [3].

h

c ronic structure.
ess o our treatment fess o o the

e inset of Fig. 1(c) we

1

r'
h

la
p

a u sites,
e NMR re-

1408



VOLUME 68, NUMBER 9 PH YSICAL REVIEW LETTERS 2 MARCH 1992

that (Ti T) ' =const for a wide temperature range above

T, , support our results for I/T i at larger hole doping.
The crossover temperatures T* calculated for x =0.2

appear to be larger than the experimentally determined
ones by a factor of 2. Note, if one includes the oxygen-
oxygen hopping tp~ then the Van Hove singularity is

shifted towards the Fermi energy causing a decrease of
T

The very low crossover temperatures observed for
x (0.2 may result from the localized behavior of the
copper spins which can be included in our model by as-
suming )ti( I = ~ (O, O, A) and using an alloy-analogy ap-
proximation. Within a single-site coherent potential ap-
proximation description of the fictitious alloy a pseudogap
in the density of states occurs [21]. As a result of the
temperature and doping dependence of the local exchange
field A, the pseudogap decreases with increasing ternpera-
ture and hole doping, causing an increase of the Knight
shift with T and x and of (TiT) ' with T, all observed

experimentally. This behavior may have interesting
consequences regarding the observation [22] of an in-

flection point in [mg(q, ta) in recent neutron-scattering
experiments which is interpreted as a consequence of a
gap in the spin excitation spectrum. Such a behavior re-
sults mainly from the relation yp+g „=2—

yi, which is re-
lated to the perfect nesting of the Fermi surface for x =0
and which is expected to be still fulfilled when local mo-
ments are present.

In conclusion, we derived from an electronic theory in-

volving hybridized Cu-0 states at the Fermi surface
fulfilling the Luttinger theorem, the spin susceptibility

g (q, ta), the electrical resistivity p(T), and the self-
energy X(ta, T). The theory presents a useful extension of
interesting previous studies of Bulut et al. [12] and Lu
and co-workers [23,24] and is expected to be valid for
larger hole doping where local spin effects are not dorn-
inant. Otherwise a better treatment of the interplay of
itinerant hole behavior and localized Cu spins is neces-
sary by including A.

Via 1ti. =+ (O, O, A) we obtain another temperature
scale and a general theory permitting a uniform treat-
ment of the T and x dependence of Ti, K, and the
dynamical structure factor S(q, ta) a: [mg(q, ca).
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