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Low-energy interband transitions in YBa;CusOr
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Based on a numerically highly accurate local-density-approximation (LDA) calculation, we present -

a k-p analysis of the interband optical absorption in YBa;CusOr in the infrared region (fiw < 0.1

eV). It is shown that the LDA band structure gives rise to three infrared interband transitions: A

sharp peak for the in-plane (E L ¢) polarization at about 320 cm™, a wide maximum for Elic at

about 420 cm™?, and a structureless absorption (e2 = const) for Ellc. The first feature is due to

transitions between the apical-oxygen-derived bands, the second one to that between the z-even and
+ z-0dd CuO3 plane bands, and the third one to the transitions between the chain band and the z-odd

plane band. The possibility of observing these features in experiment is discussed.

In recent years, the low-energy excitation spectra of the
high-temperature superconductors have attracted great
interest. It seems that the shape of the Fermi surfacel:?
(FS) in YBayCugOy is quite accurately described by con-
ventional ab initio band-structure calculations®® using
the local approximation to density functional formal-
ism (LDA), and that the 1-10 eV optical spectra are
also given reasonably well by such an approach.® It is
not clear, however, whether the LDA band structure,
ie., the Kohn-Sham eigenvalues, bear any resemblance
to the infrared electronic excitations, whose energy is
less than 0.1 eV. We know, for instance, that in heavy-
fermion systems, the LDA yields correct Fermi surfaces,
but much too high electron velocities. It was shown
recently” that the experimental Landau damping thresh-
old for the Raman-active phonons in YBayCuzO7 coin-
cides with the LDA prediction,® thus indicating that the
maximum Fermi velocity is essentially the one given by
the LDA. However, the question of interband excitations
with energy less than 0.1 eV (which are especially impor-
tant for the superconductivity) is still open. This ques-
tion was partially addressed before;® however, in order
to draw meaningful conclusions for such low energies one
needs to know the band structure on a level of accuracy
of a few meV. No optical calculation has been performed
up to now with the needed accuracy.

In this paper we shall use the presently most accurate
LDA calculation to clarify which features in the interband
electronic absorption the LDA predicts in the far-infrared
region, and compare these predictions with available ex-
perimental data.

I. LDA BAND STRUCTURE

Our analysis is based on the full-potential linear-

muffin-tin-orbital (LMTO) band structure? of which rel- -

evant parts are shown in Fig. 1. As regards the low-
energy details, it differs somewhat from the linearized
augmented plane-waves band structures® published prior
to 1990, but those published after® agree with it. In the
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Brillouin zone, there are three regions where two bands
near the Fermi level come sufficiently close to produce
interband transitions at far-infrared energies: The first
region is near the SR line, k =(m/a, /b, k;), where two
parabolic bands come up to the Fermi level, and the
higher one crosses it, giving rise to the so-called “stick”
sheet.® The bands near the SR line have wave functions
which are predominantly located at the apical oxygen
O(4), as has been described in detail elsewhere.® The up-
per band has O(4) p, character, with some Ba p;, Cu(1)
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FIG. 1. The LDA Fermi surface and selected parts of the
low-energy band structure of YBaaCuzOr, as calculated with
the full-potential LMTO method. The cross-hatched regions
contribute to the infrared absorption for wave numbers less
than about 500 cm™!. Of the bands shown along ASB, the
upper one is the O(4) py band and the lower one is the O(4)
ps band. Along the CD line, the steeper band is the odd
plane band, and the less steep band is chainlike near C and
even-plane-like near D. Along EF, the highest band is odd-
plane-like near E and thereafter chainlike, whereas one of the
two lower, nearly degenerate bands is chainlike near F and
odd-plane-like near F. The third band is the even plane band.
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dyz, and O(1) p, admixture, and the lower band has O(4)
Pz character, with Ba py and Cu(l) d;, admixture. Both
have negligible z dispersion. Here, and in the following, =
and y are parallel to, respectively, the a and b axis of the
crystal and the chains run in the y direction. It can be
shown that the optical matrix elements vanish by sym-
metry at the S point, but increase linearly away from it.
More specifically, the matrix element for light polarized
parallel to x is Py = nz|ky —7/b|, and P, = ny|k, —7/al,
where parameters 1 will be defined below in Sec. II. The
distance between the two bands is 40 — 45 meV, so one
expects an interband transition at 320-360 cm™! for in-
plane polarization (F L ¢). )

The second region is near the point k = (0.57/a,
0.2m/b,0) in the I'XSY plane, where the “chain” band
crosses the upper of the two “plane” bands at the Fermi
level. The wave functions of this upper plane band are
odd with respect to reflection (2 — —=2) in the yttrium
plane. Since the orbitals of the chain band are even with
respect to reflections in the plane of the chains, which
is also perpendicular to the z axis, it is obvious that for
k, = 0, the chain band does not hybridize with the odd
(upper) plane band, but only with the even (lower) plane
band. For k, = 7/c, i.e., in the ZURT plane, the situa-
tion is reversed: the chain band does not hybridize with
the even (lower), but only with the odd (higher) plane
band. This is the reason why there is no crossing between
chain and plane bands for k, # 0. It is also the reason
why the above-lying chain band near k, = 0 pushes the
lower (even) plane band down and, hence, the two plane
bands apart, whereas near k, = w/c, it pushes the up-
per (odd) plane band down and, hence, the plane bands
together. For the transitions near (0.57/a, 0.27/b,0), be-
tween the crossing chain and odd plane bands, the in-
terband optical matrix element is nonzero only for z po-
larization (E||c). Such a situation is common in transi-
tion metals and was discussed in detail in Ref. 10 where
it was shown that the interband conductivity increases
linearly with frequency, or equivalently, e3(w) — const,
as w — 0. Formally, therefore, the interband transi-
tions start at w = 0 (as long as we neglect the spin-orbit
coupling, which is justified for all transitions considered
here). - '

The third region of low-energy transitions is where
the two plane sheets of the FS come close together, i.e.,
near the point k = (0.37/a,0.37/b, 7 /c). Had there been
no hybridization between the chain band and the upper
(odd) plane band, the intersection of the latter F'S sheet
with the k, = m/c plane would be similar to its inter-
section with the k, = 0 plane where the hybridization is
forbidden by symmetry, that is, the intersection would be
close to the line EF in Fig. 1. Now, due to the hybridiza-~
tion with the chain band, the upper, odd plane band be-
comes nearly degenerate with the lower, even and non-
hybridizing plane band along EF', as seen at the bottom
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of the figure. The corresponding far-infrared transitions
are active for z polarization, because of different parity,

and may be also described as a polarization of the 2-

directed Cu(2)-O(4)-Cu(1)-O(4)-Cu(2) complexes. The
energy distance between the two bands varies as a func-
tion of k, so that the corresponding absorption spectrum
has a complicated profile, but the low-energy part of this
spectrum is dominated by the béhavior of the two bands
in the k, = m/c plane where, as we have seen, a curve
of degeneracy exists close to the line EF. Such a case
was not considered in Ref. 10, .but it was shown that in
the similar case of a degeneracy point near the Fermi sur-
face, a maximum appears in e3(w), whose energy position
and intensity depend on the distance from the degener-
acy point to the Fermi level and on how the degeneracy
is lifted away from this point. In addition, there will be
an increase of €3 above 700 cm™?!, mostly because of the
existence of a large region around ((0.3 —1.0)7/a, 0.37 /b,
w/c) where two plane bands are nearly parallel and the
energy difference is about 900 cm~!. Unfortunately, the
k-p expansion that we use in the next section to find the
optical matrix elements, is not applicable in this energy
range, so we had to limit ourselves by the energies less
than 700 cm™!.

II. DIELECTRIC FUNCTION IN THE SMALL
FREQUENCY LIMIT

The tetrahedron method, which is normally used to
perform the Brillouin zone summations in ab instio calcu-
lations for metals, is based on a piecewise linear interpo-
lation of each band, defined in the order of increasing en-
ergy. Near band crossings, this method converges poorly
and our experience for elemental transition metals'® in-
dicates that the mesh size which would be needed in or-
der to obtain a good representation of ez(w) in the far-
infrared region for YBayCu3O7 is unattainable. We have
therefore used k-p-perturbation theory to fit the ab ini-
tio band structure near the degeneracy points or lines,
and then calculated €z(w) analytically. This method has
the equally important advantage that the optical matrix
elements are readily obtained as parameters of the k-p
expansion. The fits were performed on a mesh with the
step 6k ~ 0.05 A~! around the degeneracies and the pa-
rameter values are shown in Table I. We now specify the
k-p Hamiltonians taking the zero of energy at the Fermi
level. :

The O(4) py and O(4) p, bands near the SR line are
well represented by the eigenvalues of the Hamiltonian,

HO(4)-O(4) (k)

nkz ky )

L —p1zkd — pigkZ — Ay )
—pozk2 — poyky + Ao

nkaky

TABLE I. Parameters of the k-p-perturbation Hamiltonians, atomic units,:besidesjA’vs;; which are in cm~1. L

Plane-chain Plane-plane - . O(4)-0(4)
vp Ve Lid [ve — vo| o A 7 P .M p . 7 Ar  Ap
(0.010,0.102)  0.062 0.140 3.2 460 054  0.034 (0.36,039) = (0.32,0.58) 0.63° &0 280

(0.035,0.040)
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with 1, = 1, = n. This gives a narrow peak in €§* and
in €%¥ around 330 cm~?, whose width is of no physical
meaning, since it is less than the interband relaxation
frequency. What is of physical meaning is the oscillator
strength of this transition, which appears to be about
1.5x10~* electrons. We show this peak convoluted with
a Lorentzian of width 20 cm~? in the upper part of Fig, 2.

For the chain-to-odd-plane transition near k =
(0.57/a,0.2r/b,0), the momentum matrix element P
differs from zero only for z polarization, so the k-p-
perturbation Hamiltonian is

. k-ve) (kP
7200 = (3 0.

where k = (kg, ky) and v; = (viz,vsy) with ¢ indicating
chain (c) or plane (p). This 2 X 2 problem can be easily
solved and yields the following result for e£*(w) :

€5* (W) = 2P/|(vp = ve) X (Vp + Ve)| + o(w).

With the fitted parameters (Table I), this gives €§*(w) =
21 + o(w) and is shown as the constant contribution in
the lower part of Fig. 2.

The case of the plane-to-plane transition is more com-
plicated but we were able to fit the band structure in the
region of interest by the following k-p Hamiltonian:

P~ knve — kz_A)v‘j(kzP)
HPP(k) = (( U (k.:"PE , (knvo—uk'g’—A)> ,

J

_ chain-plane (5* =21) and plane-plane transitions.
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FIG. 2. Calculated interband contributions to ez(w) in
YBa;CusOr. The upper panel (a) shows &* ~ €§¥ and is
contributed by the O(4) p,~O(4) py transitions near the SR
line. The lower panel (b) shows €3* and is contributed by the

where the £ axis is in the [110] direction, the 7
axis in the [—1,1,0] direction, and the origin is at
(0,347/a,0.347/b,w/c). Here e (0) stand for the even
(odd) bands. P is the momentum matrix element for zz
polarization, and the elements for zz and yy polarization
are neglected. The solution for ez is

280/(a+1) <w<2A/(a—1)

P 2a [ Fl2A - w)/ow], '
& (W) = m\/g % {F[(ZA —Z)))/gZ] = Fl2A +w)/aw], for { 2A0/(@—1) <w

and zero otherwise. Here, o = |v. + vo|/|ve — vo|, and
F(z) = f: VT —z/v1—2%dt. With the parameter val-
ues from Table I, we obtain the contribution shown in
Fig. 2 on top of the 21 from the chain-plane transitions.

II1. EXPERIMENTAL SITUATION

As a result of our analysis of the LDA band structure,
we predict three interband features in the electronic ab-
sorption for wave numbers less than 800 cm™!. It seems
to be difficult to observe such features, first of all because
of the strong Drude absorption, and also because of the
presence of other absorption mechanisms, such as optical
phonons, but we find it encouraging that the experimen-
talists always see a wiggle in the ez(w) curves at about
350 ¢cm~1.11716 Tp the experimental papers, this feature
is often interpreted as an infrared phonon. There are
two arguments against such an interpretation: First, this
feature seems to be too strong for an ordinary phonon.
Second, in a single-domain measurement,14 the position
of the peak is exactly the same for z and y polariza-
tion. Furthermore, recent measurements'’ on isotope-
substituted samples show no isotope shift for this peak,

while others experience considerable isotope effect.

There are nearly no measurements of the optical ab-
sorption parallel to the z axis. The only one we know
of is the above-mentioned experiment!” on the isotope-
substituted samples. In this experiment a peak of a com-
plicated shape is observed near 570 cm™!, which may
be represented as a superposition of a isotope-sensitive,
phononlike feature and an isotope-insensitive peak pre-
sumably of electronic origin. This peak is weaker and
also narrower than what calculations predict, but never-
theless could be identified with our “plane-plane” tran-
sition. Our chain-plane transition is structureless and
therefore hardly detectable.

IV. CONCLUSIONS

Based on numerically accurate LDA energy bands, we
have presented a k-p analysis of the far-infrared optical
absorption of YBayCuzOy. We have found that there
are three interband electronic transitions in the infrared
region. One is active for in-plane polarization (E L c)
and is caused by O(4) p;—O(4) py transitions near the SR
line. The two others are active for E||c and are caused by
chain-plane and plane-plane transitions. The first transi-
tion gives a sharp peak at about 320 cm™*, which seems



to be seen in several experiments. The second one gives
& constant term in the imaginary part of the dielectric

function and is probably not detectable by reflectivity

measurements. The last transition gives a broad maxi-

mum around 420 cm™! and this feature might have been

observed.
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