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We show that recent angle-resolved photoemission and inverse photoemission spectra of
Bi;Sr,CaCu,0s agree well with a numerical theory with no adjustable parameters based on the
heavy-fermion normal state. The band structure deduced from the angle-resolved photoemission
is in essential accord with the calculation. The three most obvious features of the inverse photo-
emission spectrum, the Fermi edge, the large width of the empty portion of the band, and the sa-
tellite at 2-3 eV, are in agreement with the calculation. These agreements support the heavy-

fermion state as the normal state of this material.

The apparently anomalous properties (e.g., resistivity
linear with T and Hall coefficient scaling with doping) of
the normal state of the high-temperature superconductors
have led to many proposals’? as to the non-Fermi-liquid
nature of these systems. On the contrary, the present pa-
per argues that evidence from one-electron spectroscopies
favors the Fermi-liquid picture. A realistic assessment of
the pairing mechanism is impossible until a consensus on
the nature of the normal state is achieved.

When the Fermi-liquid picture takes account of the
large Coulomb interaction U of 6-8 eV within the Cu d
orbitals, and of the significant “oxide gap” of 1-2 eV be-
tween the d°2p® and d'°2p3 configurations, it becomes
more specifically the “heavy-fermion” state.> > In this
state the mass enhancement is ~7, consistent with the
measured specific heat and susceptibility, > while the dd
charge susceptibility is ~ 35 of the spin susceptibility
(i.e., it is deenhanced). The last result is consistent with
the fact that in p-type high T.’s the added holes go into
the O 2p orbitals.**> The recently discovered n-type su-
perconductors can readily be fitted into the heavy-fermion
picture, in which the role of doping x is merely to break up
the Mott insulating state, and the heavy-fermion Fermi
surface contains 1+x holes in p-type, and 1 —x holes in
n-type, high T’s.

Undoubtably the most direct experimental test of the
normal state is the one-particle Green’s function. The
spectral density of this Green’s function can be sampled in
photoemission and inverse photoemission spectroscopies,
with resolutions approaching 20 meV, less than the energy
scale of the superconductivity (2A~60 meV). Three
features of the data seem to show obvious evidence of
Fermi-liquid behavior: the sharp Fermi edge,®’ the ex-
istence of dispersing quasiparticle bands,® and the large
width of the empty band seen in inverse photoemission.’
The width of the empty part of the band (1.5 eV) is such
that, except in the improbable case of mass enhancement
less than unity, it signals the presence of (1+doping)
itinerant holes, i.e., the Cu spins are itinerant. A trivial
estimate demonstrates this. Taking a free hole gas in two
dimensions (2D) with the free-electron mass, and assum-
ing a doping of 21%, if its concentration is the doping, the
empty band width is 0.3 eV; if it is (1 +doping), the width
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is 1.5 eV. The itinerant behavior of the Cu spins, which
this result demonstrates, is characteristic of the Fermi-
liquid picture.

In this paper, we discuss another feature of the inverse
photoemission spectrum, a satellite at 2.8 eV, for which
there is evidence that it is intrinsic to the planes.® We cal-
culate this satellite and show that it is an interband satel-
lite characteristic of the heavy-fermion state. It is in-
teresting to start with a comparison of the calculated?®
heavy-fermion bands with the data of Ref. 6, providing
additional evidence for the Fermi-liquid state.

Let us start from the Anderson lattice model of Ref. 4,
which gives an approximate description of the CuO; pla-
nar subsystem which is believed to be the essential active
component in the high-temperature superconductors,
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Here the c, are fermion operators for holes of spin o in
the O band of Bloch wave vector k in the first Brillouin
zone, and the D;, are fermion operators for spin-o holes in
the dx2-,2 orbital on lattice site i, located at r;. Also,
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Now since the gap to the d®-d° level is of order 5-7 eV,
much larger than the oxide gap, a good approximation for
the purposes of this paper is to take this gap as infinite,
i.e., take the U =00 approximation. A rather systematic
approach to the U =eo limit of (1) starts from the slave-
boson representation D,'(,=b,-"d,-6 of the D-hole operators,
where b; is a boson operator representing the d '° state on
site i, and d,, is a fermion representing the d° state of spin
o on site i. In terms of the slave-boson operators the
U =co Hamiltonian becomes
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where
N -Zditrdia*-zczocko
i ko

is the global number operator.
It is intrinsic to the slave-boson formulation that the
two fields on site i be connected by the local constraint

0 =Y dtdis+bbi=1, 3)

which, since [Qi,ﬂ] =0, conserves probabilities over the
boson and fermion subspaces on site i. Remarkably, it is
found to be sufficient to impose the constraint of Eq. (3)
via a global term involving a Lagrange multiplier A in Eq.
(2). This can be checked by calculating the correlation
function of the constraint operator (7Q;(0)Q;(7)), which
turns out to be zero®'? to the order we are working, as it
should be since the constraint commutes with #. To
achieve a more in depth understanding of this, one must
reformulate the problem in the radial gauge.'"'?

The large-N expansion is generated by extending the
SU(2) symmetry of spin-3 to SU(V), and assigning the
order of a diagram as a power of 1/N. Each diagram is
given a factor NV for each Fermi loop, and a factor N -2
for each factor Vy. The leading N level is achieved by cal-
culating the self-energy in the tadpole diagram approxi-
mation. This is equivalent to breaking the local U(1)
symmetry of the potential-like gauge field b;, due to the
constraint (3), by introducing the expectation value
(b;)=b. Then b and the renormalized d level ¢; =A+E,
are solved self-consistently, leading to a mean-field Ham-
iltonian
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In Fig. 1 we illustrate a renormalized band structure
calculated with the extended version of Egs. (1)-(5) de-
tailed in Ref. 5. This extended model is the same as that
just described, but the model is parametrized quantita-
tively for the entire structure of La,;—,Sr,CuQy,, and ac-
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FIG. 1. Dispersion of quasiparticle bands (a) according to
present calculation (solid, dotted, and dashed-dotted curves)
and (b) according to the angle-resolved photoemission data of
Ref. 6 (solid and open squares).

curately includes all O 2p, Cu 34, 4s, and 4p, and La 54
states in the lattice. This model should apply to the Bi
2:2:1:2 planes more accurately than the minimal model of
Eq. (1), though less perfectly than a model parametrized
for the 2:2:1:2 structure (this parametrization is not yet
available). The renormalized band structure is seen to be
in broad agreement with the mean-field calculations, in
support of our assumption of a heavy-fermion normal
state.

We now turn to the main task of this paper, a calcula-
tion of the inverse photoemission spectrum, working to or-
der 1/N in order to describe the satellite structures which
are absent in the leading order calculation. For this pur-
pose here we use the simplified ALM® ~ !4 of Egs. (1)-(5).
The calculations with the full model of Ref. 5 do not differ
in principle, but are exceedingly complex, and we hope
eventually to report on them elsewhere. The simplified
model has been optimized to be as realistic as possible, but
inevitable deviations occur, most noticeably in that the
mass renormalization is rather energy dependent in the
simple model, while the band containing the Fermi level
has a rather energy-independent mass renormalization in
the full model.

The angle-integrated inverse photoemission spectrum is
approximated by the spectral density of the one particle
D-electron Green’s function

I'(z) = —(T56;(0)D;(0)b;(r) D! (z)) .
I (iv,) is calculated from the expression
T (iva) =(b)3/IG s ' (ive) — (ivy — €4) Xb)g 2S (iv,)] . (5)

Here (b) is the expectation value of b to leading order in
1/N (mean-field approximation), G, is the mean-field d-
propagator (defined below), and S is a self-energy given
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FIG. 2. (a)-(c) Diagrams for the self-energy S (iv,) in (5) to
order 1/N. Open circle, {(b)o, circle with cross, order 1//V correc-
tion to {b). Full line, GJ, double-dashed line, Gx, wavy line,
complete b-propagator defined in (6). (d) Self-energies of b bo-
son to leading order in 1/N.
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by the graphs in Figs. 2(a)-2(c), which are systematic to
order 1/N. Graphs (c), taken together, are infrared regu-
lar. Graphs (a) involve the O(1/N) correction to {b),'°
which is such as to cancel the infrared singularity in graph
(b).'"° In a simplification appropriate in calculating
angle-averaged spectra, we have defined S as the k sum of
the graphs in Figs. 2(a)-2(c), and G, also as a k sum (see
below). To set this work in context, extensive calculations
of photoemission and inverse photoemission spectra for
single impurities exist, though mostly by other tech-
niques;'* ~!7 however, for a single impurity a calculation
along the present lines has been done by Coleman'® (al-
though in radial gauge).

The key in&redient is the b-boson propagator D;;(t)
= —(Tb;(0)b; (1)), for which extensive approximate ana-
lytic calculations are available.® !> A Feynman pertur-
bation expansion in powers of ¥ may be developed start-
ing from Eq. (2). Summing all tadpole graphs replaces
the bare fermion propagators by propagators belonging to

-0.5 0 0.5 1.0 1.5
W (eV)

FIG. 3. Top panel, inverse photoemission spectrum of 2:2:1:2
material from Ref. 7. Bottom panel, spectral density of D
Green’s function to O(1/N) as calculated in this paper (ordi-
nates in arbitrary units). x =0.1.

the mean-field Hamiltonian (4),
GiGivy) =liv, — ex —zVEGIGiv,)1 71,
Gra(iva) =bViGJ(ivn)Gi(iva) ,

and

Galivy) -; [GOGivy) + 2V G (iva)GIGivy) 2,

where
GIGvy) =(iva—e€q) 1.

Starting from Eq. (2), which generates results in the
Cartesian gauge,''""!* we get the bare boson propagator

DY =(Giw,+is—2) 7",

DY =(—iw,—is—2) ",

DY, =D% =0.
The expressions for the self-energies of the b boson to
leading order in 1/N, derived from the diagrams of Fig.
2(d), lead after some manipulation (and confining our-

selves to the isotropic model® Vi =V), to the formulas for
the b-boson propagator '°

D\ (g iw,) ={—iw,[1 —P,(q, —iw,)] — P4(q,iw,)}/A,

(6a)
D2(q,iw,) ={iw,[1 — P1(q,iw,)] — P4(q,iw,)}/A, (6b)
D2(q,iw,) =Dy (q,iw,) =P4(q,iw,)/A, (6¢)
where
A=—(iw,)*{[1 =P\ (0)][1 =P (—iw,)]
—P4P4/b*VY . (6d)

Here the polarizabilities are (notation similar to Ref. 10)

P4(q,iw,) =NV’T Y, Gy (k+q,iw,+ivy)
k,m

XGa (k,ivm) , (7a)
Pi(g,iw,) =(=NVT/b) Y, Gaa(k+q,iw,+ivy)
k,m

X G (k,ivm) , (7b)
Pi(q,iw,) =NVT Y, Gaalk +q,iwn,+ivn)
k,m

XGag(k,ivm) . (7¢c)

We calculated the polarizabilities in Eq. (7) by the
analytical triangle method. Numerous checks have been
carried out, indicating no error greater than 0.5%. An ex-
ample is the dynamic charge susceptibility xS(r)
= —(Tny;(0)ng (7)), which to leading N is

15(g,iw,) =V "2w}Pi/A .

In the limit ¢ — 0, iw,— O, xc must reduce to the stat-
ic charge susceptibility y=8(n,)/8E, at constant u,
which is 0.198 eV ! with the parameters ¥V =2 eV, D
=2.2¢V,and E; = —3.8 eV of Fig. 5 of Ref. 4.

Using numerical calculations of (7), the spectral densi-
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ty of the D Green’s function is illustrated in Fig. 3, with
recent experimental data’ for comparison. The compar-
ison involves no fitting parameters and is seen to be good
as regards the shape of the spectrum, considering that the
calculation lacks the experimental lifetime broadening, al-
though the energy of the satellite is too low. That the
discrepancy in the energy of the satellite is attributable to
the difference between the oxide gap E, in the isotropic
and the realistic models needed to get the same effective
mass is seen by scaling the position of the satellite peak by
a shift equal to the difference between the values of
E | —&r in the two-band model of Ref. 4 and the 32-band
model of Ref. 5. Then the peak position (vertical arrow in
lower panel of Fig. 3) would appear at an energy close to
the experimental peak (arrow in upper panel of Fig. 3).
With this adjustment the parameter-free calculation pre-

dicts the inverse photoemission spectrum rather well.

In conclusion, we see that four features of the photo-
emission and inverse photoemission data on Bi,Sr,Ca-
Cu,Os favor a heavy-fermion picture of the normal state:
the Fermi edge, the quasiparticle band structure, the
width of the empty part of the conduction band, and the
inverse-photoemission satellite.

Note added in proof. Recently, we received a copy of
an unpublished work by C. Melo and S. Doniach describ-
ing a somewhat similar calculation of the angle-averaged
photoemission and inverse-photoemission spectra. The
chief differences from the present work are (i) these au-
thors do not employ our self-energy summation technique,
(ii) their parameter choice yields a heavy quasiparticle
mass, going to infinity at half filling, a choice we believe to
be unphysical.
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