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Fermi-surface and low -energy excitation spectrum of YBa2Cus07.
Role of the Ba-0 plane
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We present evidence for the existence of two close-lying, nearly parallel energy bands in the
vicinity of the Fermi level in YBaqCu30~. The electrons in these bands are located in the Ba-0
planes and have nearly no Cu-0 chain or plane components. The higher band is partially unoccupied
and the corresponding Fermi surface was recently measured by the de Haas —van Alphen effect. We
have calculated the extremal Fermi-surface areas and the results are in excellent agreement with
experiment, when spin splitting in high magnetic Beld is taken into account. We show furthermore
that interband transitions for in-plane polarizations are allowed between these two bands and that
they result in a sharp peak at about 350 cm in our calculated optical conductivity.

The electronic structure of the high-temperature su-

perconductors, and in particular of YBazCus07 has
been studied intensively both experimentally and the-
oretically, and a better understanding of the normal-
state electronic structure seems to emerge. On the ex-
perimental side there has been considerable progress in
angular-resolved photoemission spectroscopy (ARPES),
positron annihilation, infrared optical spectroscopy,
and even de Haas —van Alphen (dHvA) measurements
have now appeared. s On the theoretical side, more accu-
rate local-density-approximation (LDA) electronic struc-
tures have been published, s which have clarified the
details of the LDA band structure close to the Fermi
level. Besides an impressive overall agreement between
the measured and the calculated main Fermi-surface (FS)
parts, i.e. , the three sheets derived from the plane and
the chain bands, we shall point out in this paper that
there are strong experimental indications for the exis-
tence of the theoretically predicted small hole pocket of
the FS around the SR line ( / z7ra/b, k, ) in the Bril-
louin zone, shown in Fig. 1. In contrast to the other
FS sheets, this sheet has nearly only O(4)(p) character,
where O(4) is the oxygen atom bridging plane and chain
(often called the "apex oxygen"). Since the apex oxy-
gen has attracted much attention, especially in connec-
tion with nonadiabatic mechanisms for superconductivity
(see, e.g. , Ref. 8), it is of interest to study the electronic
excitations from this part of the FS. In this paper we

describe in detail two bands near the Fermi level, which
are formed neither by plane nor by chain electrons. We
shall show below that the characteristic energy scale of
these excitations is of the same order of magnitude as the
phonon frequencies ( 400 cm ) and the corresponding
interband transitions can therefore be quite important
in the superconducting regime. We show that the dHvA
cross sections clearly indicate the existence of one of these

bands, when the spin splitting due to the strong magnetic
field is taken into account. Then we present calculations
of the contribution to the interband optical conductivity
in the infrared region from these bands, and suggest that
it can and probably has been observed in experiment.

We shall first describe these two bands, which are lo-
cated near the S point ( /san/b, 0) in the Brillouin zone
and are shown in the inset of Fig. 1. They were cal-
culated recently using the LDA and the full-potential
linear-muffin-tin-orbital (LMTO) method. As shown in

Fig. 1, there are two bands in the vicinity of the Fermi
energy: the upper one has mainly O(4)(py) character
and the lower one mainly O(4)(pe) character. We shall
denote them as the y band (the y axis is along the
chains) and the z band, respectively. The O(pe) and

O(py) states are hybridized with the Ba(p„) and Ba(p )

FIG. 1. The Fermi surface of YBaqCu307 in the k = 0

plane. The inset shows the band structure near the S point
and close to the Fermi level, according to Ref. 6.
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states, respectively. Exactly at the S point they be-
long to different irreducible representations and there-
fore cannot interact. In a tetragonal structure these
bands would be degenerate, but due to a small chain
oxygen admixture into the y band they split apart. The
simplest tight-binding model with only p states yields
isotropic parabolic hole bands. However, hybridization
with Ba(d „) states, which is allowed away from the S
point, makes the mass of the z band in the z direction
larger than in the y direction and vice versa for the y
band. The last factor determining the dispersion is the
interaction between the two bands, which is forbidden
along the SX and the SY lines, but allowed otherwise.
This explaines why the y band is less dispersive and the z
band is more dispersive in the S-I' direction (not shown)
than in the directions shown in the figure (see Ref. 6).
In the nearest-neighbor approximation the band struc-
ture is determined by three effective hopping integrals:

t(po(4) pBa po(~)
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FIG. 2. Areas and masses of the de Haas —van Alphen ex-
tremal orbits for the Fermi-surface pocket near the S point
as a function of the Fermi energy. Broken lines indicate the
positions of the Fermi level for a magnetic field of 8 = +100
T.

E = E o+t&cos gcos y —t2cos zsiIl y

t3 sin z sin y,

E„= E„0+t& cos2ycos z —t~cos ysin x

+t3 sin z sin y,

where z = k a/2 and y = kgb/2 and the origin is at the S
point. There is no dispersion in the z direction. We have
discussed this model in such detail because the square
oxygen lattice with metal ions in the center of the squares
is a structural element of essentially all superconducting
cuprates. In YBa2CusO& because of the orthorhombicity
the parameters ti and t2 are not exactly the same for the
z and the y band. Only the upper band crosses the Fermi
level, while the lower, separated by about 3 mRy from it,
is occupied.

We shall now indicate some experimental evidences for
these bands. First of all, the occupied part of the y band
seems to have been seen at least along the S—X (Y) di-

rection in ARPES. i Secondly, the dHvA measurements5
show two small extremal orbits perpendicular to the c
axis with areas A 0.014 and 0.021 a.u. and masses
m (7.0 6 2.5)mo and (7.2 + 2.5)mo. It was suggesteds
that these orbits correspond to the cross sections of the
y-band FS sheet by the k, = 0 and k, = n/c planes. .

However, since the band-structure calculations predict
negligible z dispersion for this band, it is dif5cult to ex-
plain the existence of two considerably different extremal
orbits.

%e suggest that this contradiction can be resolved by
taking into account the spin splitting of the bands due
to the extremely strong magnetic field (80—100 T). In
Fig. 2 we show our calculated extremal areas and the
corresponding masses as function of the position of the
Fermi level. The broken lines correspond to the spin-up
and spin-down bands at a field of 100 T. The two ex-
tremal areas are 0.013 and 0.020 a.u. in excellent agree-
ment with experiment and the corresponding masses are

2.6mo and 3.0rno. This gives the mass renormalization
parameters A 1.7 + 1.0 and 1.4 6 0.8, respectively. An-
other interesting point is that the dHvA measurements
were performed at temperatures T (( T„and it has
been argued that in a field of 80—100 T, which is prob-
ably less than H, 2 for the Cu-0 planes, the samples are
superconducting and the outcome of the dHvA measure-
ments is unclear. However, since the electronic states of
the y band have no component in the Cu-0 planes, it is
possible that at 80—100 T they are not superconducting.
In this case the dHvA measurements would have their
usual interpretation for this part of the FS.

We shall now present some predictions following from
the band structure in Fig. 1. An obvious consequence
of this band structure is the existence of interband
electronic transitions with extremely small energies (
40 mev). The simplest property in which such transi-
tions can manifest themselves is the optical conductivity,
whose interband part is given by

0'
g (4l): (7I/304J) ) ~p f(k) ~ b(Ef (k) E (k') fi4l)'

x [e(E,(k)) —e(E,(k))]. (1)
Here i and f refer to the initial (z-band) and the final
(y-band) states, p;y(k) are optical matrix elements, and
0 is the cell volume. Different susceptibilities are de-
fined by analogous expressions with different matrix ele-
ments. For constant matrix elements, p;y

——1, the sum
in Eq. (1) is called the joint density of states (JDOS).
We have calculatedii the JDOS with the band struc-
ture from Ref. 6, and found a sharp very narrow peak
at about 350 cm . From the description of the tight-
binding band structure it may be seen that nonzero op-
tical matrix elements exist, due to the Ba states, namely
(Ba' (p~(Ba~~v) and (Ba~&~pv(Ba~~), and (p;y) oc y and

(p;y5v oc z. The corresponding proportionality factors
can be obtained from standard LMTO calculations, and
the k dependence of the matrix elements can be calcu-
lated analytically. The optical conductivity obtained in
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this way is shown in Fig. 3, after convolution with a
Iorenzian of width 80 cm to account for interband re-
laxation. It is extremely difficult to observe this feature
in an experiment because it is superposed on the strong
intraband component. The situation below T, is even
more complicated because the superconducting gap may
well be in the same energy region. However, a feature in
the optical conductivity has been observed at about 350
cm for T )T, . In Fig. 3 we also show the interband
conductivity extracted from the measured reflectivity by
Kamaras et al. z It is noteworthy that there is a clear
feature exactly at the position of the calculated peak,
which even has nearly the same intensity. One should of
course be cautious of this interpretation because of the
difBculties in separating the interband and the intraband
conductivity, and the contribution from optical phonons.

Another physical effect in which such interband tran-
sitions may show up is the interband electronic Raman
scattering. This is described by the same sum as the
optical absorption, s except that the momentum matrix
elements now have to be summed over available inter-
mediate states. Some Raman experimentsio show that
besides the constant background, there is a relatively
smooth maximum centered at 300—400 cm ' and with
a width of several hundred cm i. One possible interpre-
tation of this maximum is that it is due to the interband
scattering of electrons in the two apex oxygen bands. It
could also explain the extraordinary strong interaction
of the Ba phonon with the electronic background. It
is also interesting that, according to the calculated band
structure, available intermediate states are missing be-
tween 1.9 and 2.8 eV below the Fermi level. Most Ra-
man experiments use the laser energy h~ 2.4 eV, and
it would therefore be interesting to look for this effect
using smaller or larger laser energy, for which it should
show up more clearly.

It should be mentioned that there are other low-energy
transitions possible, namely for k points close the k, =
tr/c plane where the two plane bands nearly touch, and
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FIG. 3. Experimental optical conductivity (without the
Drude part) from Ref. 2 (broken line), compared with the
calculated interband optical conductivity (full line).

close to the k, = 0 plane, where the chain and the up-
per plane band cross at the Fermi level. In both cases
broad features are expected in the optical conductivity in
z polarization. These are, however, even more difficult
to observe than the sharp feature we have focused on.

In summary, we have presented theoretical and pointed
out experimental evidence for the existence of two close-

lying and nearly parallel energy bands in YBaqCu307,
one of which crosses the Fermi level. Both bands have
mostly apex oxygen character. These nonplane nonchain
electronic states near the Fermi level should be taken into
account in the discussions of the electronic properties of
the normal and superconducting state of YBaqCu307.
Furthermore, the fact that there are interband electronic
transitions with energies comparable to the supercon-
ducting gap should be taken into account as well.

Two of us (I.I.M. and A.I.L.) acknowledge partial sup-
port from the A. v. Humboldt Foundation during their
stay at the MPI.

'On leave from the P.N. Lebedev Physical Institute, Moscow,
U.S.S.R.

lOn leave from the Institute of Chemistry, Ekaterinburg,
U.S.S.R.
J.C. Campuzano, L.C. Smedskjaer, R. Benedeck, G. Jen-
nings, and A. Bansil, Phys. Rev. 8 43, 2778 (1991); J.C.
Campuzano et al , J. Electron .Spectrosc 52, 363 (.1990).
K. Kamaras, S.L. Herr, C.D. Porter, N. Tache, D.B.Tanner,
S. Etemad, T. Venkatesan, E. Chase, A. Inam, X.D. Wu,
M.S. Hegde, and B. Dutta, Phys. Rev. Lett. 64, 84 (1990).
Z. Schlesinger, R.T. Collins, F. Holtzberg, C. Field, S.H.
Blanton, U. Welp, G.W. Crabtree, Y. Fang, and J.Z. Liu,
Phys. Rev. Lett. 65, 801 (1990); R.T. Collins, Z. Schlesin-
ger, F. Holtzberg, C. Field, U. Welp, G.W. Crabtree, J.Z.
Liu, and Y. Fang, Phys. Rev. 8 43, 8701 (1991);D. van der
Marel, H.-U. Habermeier, D. Heitmann, W. Konig, and A.
Wittlin, Physica C 176, 1 (1991).
F. Gao, G.L. Carr, C.D. Porter, D.B.Tanner, S. Etemad, T.

Venkatesan, A. Inam, B. Dutta, X.D. Wu, G.P. Williams,
and C.J. Hirschmulg, Phys. Rev. 8 43, 10383 (1991).
F.M. Mueller, C.M. Fowler, B.L. Freeman, W.L. Hults, J.C.
King, and J.L. Smith, Physica 8 172, 253 (1991);we use the
later data of the same group: C.M. Fowler, B.L. Freeman,
W.L. Hults, J.C. King, F.M. Mueller, and J.L. Smith, Phys.
Rev. Lett. (to be published).
C.O. Rodriguez, A.I. Liechtenstein, I.I. Mazin, O. Jepsen,
O.K. Andersen, and M. Methfessel, Phys. Rev. B 42, 2692
(1990); O.K. Andersen, A.I. Liechtenstein, O. Rodriguez,
I.I. Mazin, O. Jepsen, V.P. Antropov, O. Gunnarsson, and
S. Gopalan, Proceedings of the 3rd M S-HTSC Confer-
enece, Kanazawa, 1991 [Physica C 185-189, 147 (1991)].
W.E. Pickett, R.E. Cohen, and H. Krakauer, Phys. Rev. 8
42, 8764 (1990).
M. Frick, I. Morgenstern, and W. von der Linden, Z. Phys.
8 82, 239 (1991).
M.V. Klein, in Light Scattering in Solids III, edited by M.



5106 I. I. MAZIN et al. 45

Cardona and G. Gnntherodt (Springer, Berlin, 1982).
F. Slakey, M.V. Klein, J.P. Rice, and D.M. Ginsberg, Phys.
Rev. B 43, 3764 (1991).

"The integration was done by the full-zone tetrahedron tech-
nique with 845 inequivalent ab initio k points in 8 Brillouin

zone.
C. Thomsen and M. Cardona, in Physical Properties
of High Te-mperature Superconductors, edited by D.M. Gins-
berg (World Scientific, Singapore, 1989).


