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ABSTRACT

We investigate the changes of the total energy, the electronic bands, and the diel-
ectric function with the displacement of the apical oxygen position in YBa2Cii3O7
by LAPW-calculations. From these data we calculate the corresponding vibronic
Ram an-spectrum. Anharmonic terms of the vibrational potential and higher order
derivatives of the dielectric function are taken into account. We find excellent agree-
ment with experimental data for the phonon frequency as well as for the intensities
of fundamental and overtone spectra within a wide temperature range.

1. Introduction

In high temperature superconductors structural instabilities and anharmonic ato-
mic displacements are very common features. However, the relationship between
superconductivity and electron-phonon interaction is still unclear. Especially the
apex oxygen position 0(4) in YBa2Cu3O7_x seems to play a special role concerning
anharmonic effects. Among them, there are the extraordinary temperature depen-
dence of the phonon frequency of the 500cm"1 mode1 which is mostly due to the 0(4)
motion with some components of the plane oxygen atoms in the normal-coordinate.
The related Raman spectrum shows pronounced overtones of first (and even higher)
order. Furthermore, not only the phonon frequency decreases with increasing tem-
perature, but also fundamental and overtone intensity are very sensitive: At 500K
the overtone nearly vanishes and the fundamental mode has roughly half of its value
compared to very low temperatures.2

These anomalous features of the Raman-spectra are the motivation for this work.
The lattice-dynamical potential related to the 0(4) vibration has already been publis-
hed elsewhere.3'4 In this paper, we investigate how electronic and optical properties
depend on the motion of the apical oxygen. We have determined the band-structure
and the dielectric function for difFerent displacements of 0(4) employing the full-
potential linearized augmented plane-wave (LAPW) method. From these data we
have evaluated the derivatives of the dielectric function with respect to the displace-
ment. These derivatives are used to determine the corresponding Raman-spectrum.
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The temperature dependence is introduced by an effective potential.5 We also take
into account the thermal expansion and the significant changes of the 0(4) position
with increasing temperature.

2. Methods

2.1. LAPW Calculations

The calculations were performed by the full-potential LAPW method using the
optimized version WIEN93 of the Wien code.6 We refer to this work for a descrip-
tion of the method and to previous papers for the computational details.4'7 Here we
only note some data essential for the calculation of the optical properties. For the
selfconsistency-cycle the Brillouin zone integrations were carried out by a tetrahedron

—*
method with 192 special fc-points in the irreducible wedge of the Brillouin zone (IBZ),
whereas for the determination of the dielectric tensor the eigenvalues and transition
matrix elements were calculated on a grid of 1944 ^-points of the IBZ.

2.2. Raman-Spectra

The Raman-efficiency dS per solid angle dfi is given in terms of the scattered
and incident light frequencies (u>s and c<̂ , respectively) and a Lorentzian broadening

V ' ' u (4TT)2C4 E t e -

The volume V represents the part of the sample where coherent scattering takes place.
It can be expressed as N times the unit cell volume. In the case of weak dispersion of a
phonon branch, a suitable approximation is to neglect the momentum dependence of
the phononic potentials and one obtains the matrix elements expressed as a function
of the atomic displacement u\

•• (2)

Note, that anharmonic effects occur not only due to the transitions |z) to |/) of
an anharmonic potential, but also by the higher order derivatives of the dielectric
function. A more detailed description of the procedure is given by Knoll et al.5
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Fig. 1. Band-structure of YBa2Cu3O7 for different displacements of the apex oxygen.

3. Results

3.1. Total Energy as a Function of the 0(4) Position

The total energy increase per unit cell as a function of the 0(4) displacement u (in A)
has been found to be3'4

AE [Ry] = 0.76 u2 - 1.376 u3 + 1.31 u4
(3)

The displacement u is positive for the movement towards the plane and negative for
the movement towards the chain. This total-energy curve represents the potential
for the vibrational Hamiltonian. The quadratic term of our polynomial fit leads to
the vibrational frequency of 419 cm~l. Note that contributions of 0(2) and 0(3)
would enhance this u2-term increasing the frequency as derived by calculations with
the same method.8 However, in the following analysis concerning the band structure
and the dielectric function we only take into account the effects arising from the bare
0(4) motion. This can be done since the resonant Raman-profile for this mode has
turned out to be nearly the same for the true normal-coordinate and the bare 0(4)
motion, respectively.9

3.2. Dependence of the Electronic Bands on the Apical Oxygen Position

The band-structure along the symmetry lines S — Y and Y — F is depicted in
Fig. 1 for the displacements u = -0.004c (-0.0467 A), u = 0, and u = +0.004c
(0.0467 A). Since we are interested in Raman-scattering with excitation energies in
the 2-3 eV regime we focus on transitions in that energy range. Thus we concentrate
at the single band, with its maximum at the K-point, which is mostly affected by
the 0(4) motion. It arises from the copper-oxygen-chains and has also contributions
from 0(4). Going from u = —0.004c to u = +0.004c its bandwidth is lowered by
half an eV, whereas the two parallel plane-bands which cross the Fermi level near Y
remain nearly unchanged.
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Fig. 2. C-component of the imaginary part of the dielectric tensor for 0(4) displacements u of
-0.004c (dashed line), 0 (solid line), and -f 0.004c (dash-dotted line).

3.3. Variation of the Dielectric Function with the Displacement of 0(4)

The imaginary part of the i-th diagonal component of the frequency-dependent
complex dielectric tensor e(w) is given by

I m

where pi is the z'-th component of the momentum operator, En% the energy of the
Bloch function \nk) of band n with occupation number fn£. Since the space group of
YBa2Cu3O7 is orthorhombic, the dielectric tensor is diagonal. The real part of the
dielectric tensor is obtained applying the Kramers-Kronig relations.

The changes in the c-component of the dielectric function with respect to the
variation of the 0(4) position are shown in Fig. 2. Going from u = —0.004c to
u = -f0.004c the magnitude is nearly doubled, and the position of the dominant
peak is shifted to lower energies. The reason for this shift can be explained by the
corresponding decrease of the bandwidth discussed in the previous section. The 1/w2-
behavior of Ime leads to an increase of the magnitude as the peak is shifted to lower
energies.

3-4- Calculated and Experimental Raman-Spectra of the Apex-Oxygen-Vibration

Now we want to apply the findings of the last sections to Raman-scattering.
The inelastic scattering of light induced by positional fluctuations of atoms is a sui-
table tool to check electronic properties as well as vibronic behavior. It has been
demonstrated that the complex dielectric function calculated from first-principles
band-structure methods is in good quantitative agreement with experiments.10'11'12

The good agreement between measured and calculated absolute Raman-scattering
efficiencies of the zone-center phonons9 shows that not only the dielectric function,
but also its first derivative with respect to the displacement u is reliably given by
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Fig. 3. Calculated phonon frequencies of the 0(4) mode as a function of temperature compared to
measured data. The open squares are experimental data from Knoll et al. (a), the open triangles
are taken from Mihailovic (b).

LDA calculations. Furthermore, the calculated phonon frequencies8'13 are in very
good agreement with Raman-data. So far, however, only the harmonic part of the
vibrations has been considered.

The temperature dependence of the phonon-frequency is calculated according to
the method described by Knoll et al.5 The small anharmonicity of the potential does
not lead to visible changes in the vibrational frequency (Fig. 3, dashed line). However,
there are dramatic temperature effects in the structural data which have to be taken
into account.

Figure 4 shows the distances between Cu(l) and 0(4) and between Cu(l) and
Cu(2), respectively, as measured for different temperatures by several authors.14'15'16'17

It is clearly seen that with increasing temperature the 0(4) position comes closer
to the Cu-0 chains, although the lattice constant c and the Cu(l)-Cu(2) distance
increase considerably.

We first take into account only the lattice expansion by stretching the c-axis
according to the experimental findings. This causes a flattening of the potential
leading to a decrease in the phonon frequency with increasing temperature (Fig. 3,
dash-dotted line).

However, we also have to consider the changes in the 0(4) position. Since the
LAPW-potential has been calculated only for T=0, we have to introduce a model for
that purpose. We assume that the vibrational behavior of an oxygen atom bound to a
copper neighbor can be described by a repulsive potential of the form A-\-B(z — zo)~

m.
Since O(4) has two copper neighbors we construct our model-potential for the 0(4)
vibration as a superposition of two repulsive potentials with the same parameters
A, B, and m as depicted in Fig. 6. These parameters are calculated by fitting the
model-potential for T=0 to the LAPW-data (Fig. 7, solid line). The strength of
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Fig. 4. Cu(l)-Cu(2) distance and O(4)-Cu(l) distance as a function of temperature from different
experiments.14 '15 '16 '17
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Fig. 5. Intensity of fundamental mode and overtone divided by (n + 1) and (fl -f- 1) , respectively
as a function of temperature compared to experimental data from Knoll et al.

the two constituents is varied by a factor r which is determined by choosing the
minimum of the model-potential according to the experimental position of 0(4). The
model-potentials for different temperatures are plotted in Fig. 7 (dashed lines). This
very simple procedure leads to an excellent agreement with experimental vibrational
frequencies over a wide temperature range as shown in Fig. 3 (full line).

Now we turn to the intensities of the Raman-spectrum. The (cc)-polarized
Raman-spectrum has been measured on YBa2Cu306.9 single crystals for the laser
excitation of 514.5 nm.2 As already mentioned, a rather unconventional decrease of
the fundamental-mode and the overtone intensities is observed. Our calculations give
not only a qualitative, but even a quantitative explanation for this unusual behavior:
For a harmonic phonon potential, Equ.2 can even be simplified. In that case, the
phononic part (i\Qo\f) of the matrix element M\j, which is mainly responsible for
the intensity of the fundamental mode, is proportional to \/n + 1, where n is the pho-
nonic occupation number. As the temperature dependent effective potentials become
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Fig. 6. Repulsive potentials as a function of the C-coordinate for the copper-oxygen pairs Cu(l)-
0(4) (dashed line) and Cu(2)-O(4) (dash-dotted line), respectively. The origin is located at the 0(4)
position.
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Fig. 7. Lattice dynamical potential (in K) (full line), and model-potentials (broken lines) for different
temperatures versus displacement u of the C-coordinate of 0(4) (in A).

harmonic in the solid state limit,5 we can assume the harmonic approximation to be
•good enough in order to estimate the behavior of the intensities. Since n increases
with the temperature the lowering of the intensity can only come from the electronic
part, i. e. the derivative of the dielectric function. In the same way, the first overtone
is dominated by the second derivative of the dielectric function. Indeed, a shift of the
0(4) position towards the chain is accompanied by a decrease of the first derivative
of the dielectric function and an even stronger decrease of the second derivative. In
Fig. 5 the experimental intensities of fundamental mode (overtone) divided by n -f 1
((n +1)2) are shown for temperatures up to 600K. For comparison the calculated tem-
perature dependence of the absolute values of first and second order derivative of ec

(solid line and dotted line, respectively) are depicted taking into account the change
of the 0(4) position. The good agreement between theory and experiment indicates
that the essential anharmonic effects of the 0(4) movement are mainly caused by the
changing derivatives of the dielectric function with the variation of the 0(4) position,
whereas the anharmonicity of the potential does not play a dominant role.
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In summary, the complete temperature dependence of the experimental Raman-
spectra related to the 0(4) vibration can be understood by taking into account the
unconventional thermal expansion of the lattice. So far, it is not understood what
is the driving force for these thermal expansion effects. This should be the topic of
further investigations.
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