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DIRECT MEASUREMENT OF INTRINSIC APICAL OXYGEN POTENTIAL
IN METALLIC AND INSULATING YBa2Cu307^
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ABSTRACT

Using pulsed Raman spectroscopy, we directly examined the intrinsic apical O potential
in insulating YBa2Cu3O62J and metallic YBajQijOg 9. We selectively excited the
apical O vibration mode with ultra short laser pulses to obtain a "hot" apical O vibration
mode in a "cold" bulk phonon background. Measurements showed that the apical O
phonon frequency shift and linewidth change are much smaller in the case of selective
heating of the apical O vibration mode compared to bulk heating. The results agree well
with theoretical predictions and indicate a strong influence of surrounding lattice ions
on the apical O potential.

1. Introduction

Anharmonicity of the apical O vibration in YBCO class of materials is one of those
properties that may play an important role in the microscopic mechanism of high temperature
superconductivity in YBCO and in high-Tc materials in general. There are some experiments* that
support the above hypothesis and a number of theories exist, where lattice anharmonicity is
included as an important ingredient. However the role played by the apical 0 anharmonicity in a
mechanism of high-Tc superconductivity is far from being understood. Experiments that can help
to clarify the issue are clearly in demand.

In this paper we present results of two types of measurements that give information on the
apical O potential from two quite different perspectives. We used a picosecond pulse Raman
spectroscopy technique to examine the difference between the "intrinsic" apical O potential and the
thermal equilibrium apical O potential usually measured. Experimental results point to a striking
difference between the two potentials and indicate an important role of surrounding lattice ions
dynamics on the apical O potential.

2. Results and discussion

The experimental setup and sample preparation were discussed elsewhere^. We will start
discussion of results with experiments where temperature dependencies of apical O phonon energy
and linewidth were measured in thermal equilibrium-*. Samples were heated in a furnace and a CW
laser was used for measuring Raman spectra. A small decrease in phonon energy of 5 cm*1 is
observed when sample temperature raises from 30K to 300K (see open triangles in Fig. 1).
Subsequently a much higher decrease of more than 20 cnr1 can be seen as the temperature
increases to 600K. The large phonon energy decrease is accompanied by even bigger linewidth
increase. As temperature is raised from 30K to 600K the linewidth increases more than 40 cm'1.
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Similar temperature dependencies of phonon frequency and phonon linewidth are observed in both
insulating YBa2Cu3O625 and metallic YBajCujOg^ samples (see ref. 3 for CW and Fig. 2 for
pulsed experiments). Theoretical calculations of phonon frequency that fully take into account
thermal expansion effects and changes of the apical O position with temperature give good
agreement with experimental data.4
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Figure 1. The apical O phonon frequency (upper left) and linewidth (upper right)
as a function of effective temperature T*. A strong temperature dependence of
frequency and linewidth can be observed when sample is heated in furnace (open
triangles). In contrast, both quantities are almost temperature independent if
sample is "heated" with short laser pulses (solid circles).
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Figure 2. Temperature dependence of phonon frequency and phonon linewidth in
insulating YB2C3O6 25 (solid circles) and metallic YB2C3O6 9 (open squares) for
pulsed experiment.

The above experimental results completely change when experiments are performed at fixed
sample temperature using variable intensity picosecond pulse laser. In this case neither phonon
energy nor linewidth show any significant change with varying laser intensity (solid circles in
Fig.l). To understand these results three important points that influence the results of pulsed
experiments must be considered: bulk temperature of samples, photo doping and effective phonon
temperature. As to bulk temperature, both measurements and calculations showed that temperature
increases by no more than 15K under experimental conditions we used. The issue of the photo-
doping effect on the apical O phonon frequency and linewidth in YBCO is more complex since
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both charge carrier concentration and different apical O surrounding contribute to observed
changes when the material is chemically doped. However, measurements on 11-1:2:1:2 material
which is structurally very similar to YBCO showed that the frequency increase is between 5 and 10
cm*1 due to change in hole concentration across the oxygen doping ranged Since the apical O
surrounding in Tl-1:2:1:2 does not change as the sample is doped, one can estimate the net effect of
charge carrier concentration on the apical O phonon frequency to be less than 10 cm*1 across the
whole doping range. Assuming the photo doping is the only relevant effect and that its magnitude in
YBCO is the same as in Tl-1:2:1:2 one can not explain the experimentally observed small decrease
in phonon frequency.

To make a further progress in understanding of the experimental results, we must briefly
discuss what processes are involved in the energy transfer from absorbed photons to phonons and
what are the relevant time scales. In particular the ratio between the energy relaxation time and the
duration of laser excitation pulses is the key parameter determining whether intrinsic or thermal
equilibrium apical O ion potential is measured. Absorption of photons with energy of 2.33 eV in
YBCO is reasonably well understood.^ The energy bands involved were determined from resonant
Raman experiments and depend on the orientation of the crystal with respect to laser beam
direction and polarization. In the geometry we used in our experiments, electrons are excited from
CuO plain states to chain states creating a spatially separated electron-hole pair. The hot electron
plasma thermalizes within a few tens of fs eventually transferring energy to vibration modes. This
energy transfer is much slower and takes as much as a few hundreds fs. Electron energy is
transferred to higher energy vibration modes that are most strongly coupled to electrons. Chain
states in YBCO have a large admixture of apical O orbitals making the apical O phonon strongly
coupled to excited electron plasma. Experiments confirmed that significant amount of energy of the
hot electron plasma is given to the apical 0 phonons, increasing phonon occupation number well
above thermal equilibrium value7 At this time other phonons are not excited yet i.e. the lattice is
out of thermal equilibrium. Hot apical 0 phonons start to thermalize in approximately one phonon
lifetime which is of the order of a picosecond. & During the phonon thermalization period, the
amplitude of motion of apical 0 ions is much bigger compared to amplitudes of other ions. If bulk
temperature is low enough, the apical O moves in a potential of frozen surrounding ions. This
potential is referred to as intrinsic potential. From the above discussion one can see that a very fast
probe is needed if the intrinsic apical 0 ion potential is to be observed. Experiments with a time
resolution significantly longer than one picosecond can not see the intrinsic apical O ion potential
and can only measure a thermal equilibrium potential where the motion of surrounding ions
strongly influences the apical 0 ion potential as was shown by experiments.

A useful quantity that helps comparing CW and pulsed experiments is effective vibration
mode temperature 7**. Effective temperature can be calculated from the measured ratio of Stokes
and anti-Stokes Raman intensities using equation (1)

( }

where Is, IA and a> are Stokes intensity, anti-Stokes intensity and phonon frequency respectively. In
CW experiments T* is equal for all vibration modes and is equivalent to the sample temperature. In
pulsed experiments T* for different modes is different on time scales shorter than phonon lifetimes
when the phonon system is out of thermal equilibrium. The magnitudes of displacements of ions
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participating to a given vibration mode are determined by bulk temperature for equilibrium and by
effective temperature for non equilibrium case. Displacements are equal in both cases if
temperatures are equal.

We can summarize the experimental results and the above ideas on non-equilibrium heating
as follows. When apical O phonon energy is measured using picosecond laser pulses a highly non-
equilibrium apical O phonon population is generated while other phonons are not excited yet. If the
bulk temperature is low enough so that thermal motion of the lattice has no effect on the apical 0
potential the ion moves in an intrinsic apical 0 potential.

LAPW calculations of apical O potential in a frozen phonon approximation agree very well
with the non-equilibrium heating experimental results. ̂  Calculations predict a softening of a few
cm'1 as temperature is increased for a few hundred K. Calculated energy softening is not observed
experimentally since it is compensated with an energy increase due to photo doping which is of
almost the same magnitude giving virtually no net change in phonon energy. The self-energy of the
apical O vibration in CW experiments on the other hand involves significant lattice strain and
hence the difference between the two experiments.

3. Conclusion

Experimental measurements and theoretical calculations^ of intrinsic apical O phonon
potential showed that the apical 0 potential is strongly influenced by movement of surrounding
ions. The phonon energy shift due to anharmonicity of intrinsic apical O potential is estimated to be
less than 10 cm*1 and is much smaller compared to the shift which results when the surrounding
ions also expand with temperature. The anharmonicity of the intrinsic apical O potential was found
to be similar in both insulating YB2C3O6 25 and metallic YB2C3O6 9 materials.
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