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Phonons of laser-deposited YBa2Cu3O61x films on MgO~100! substrates are investigated in a Raman setup
as a function of laser power density. Investigations of YBa2Cu3O7 films allow us to study oxygen out-diffusion,
where the onset of out-diffusion is indicated by the appearance of disorder-induced modes in the Raman
spectra. At a pressure of 531026 mbar the temperature threshold of the out-diffusion is (490615) K. With
increasing oxygen pressure the observed temperature thresholds rise only moderately in contrast to the behav-
ior expected from thepox-T phase diagram of YBa2Cu3O61x. Even at 1 bar oxygen partial pressure out-
diffusion is observed and tetragonal sites withx50 develop. These observations can be explained by photon-
stimulated desorption of oxygen. Investigations of YBa2Cu3O6 films allow us to study oxygen in-diffusion. In
1 bar oxygen we observe competing oxygen fluxes due to thermally activated diffusion and photon-stimulated
desorption. From these measurements we determine an upper bound of the thermal activation energy of the
oxygen in-diffusion into YBa2Cu3O6 films of (0.1960.01) eV.@S0163-1829~96!02730-0#

I. INTRODUCTION

YBa2Cu3O61x ~YBCO61x) is one of the most prominent
high-temperature superconductors. In addition to the well-
known CuO2 planes, which are common for all high-Tc com-
pounds, it posesses Cu~1!-O~1! chains. These chains serve as
a doping reservoir for the CuO2 planes, where the supercon-
ducting coupling is believed to take place.1 The chain-
oxygen contentx determines the superconducting properties
of YBCO61x , where a maximum transition temperature
Tc,0591 K is observed atx50.88.2 The chain-oxygen con-
tent is a function of sample temperature and oxygen partial
pressure.3 At a given temperature, the chain oxygen O~1! has
the highest mobility of all the oxygen sites.4 Already at room
temperature surface degradations with long time scales,
which are most likely due to oxygen out-diffusion from
chain sites, have been observed under UHV conditions.5 Ad-
ditionally, it has been shown that the chain oxygen migrates
in high electric fields6 and that radiation-induced oxygen loss
at the chain site occurs when DyBCO7 samples are investi-
gated with synchrotron radiation of high intensity.7 The oxy-
gen loss in the latter experiment has been assigned to
photon-stimulated desorption of oxygen, with an energy
threshold for the desorption of about 15 eV. It is well known
that laser beams of high intensity can be used to pattern
YBCO61x films by writing or rewriting oxygen-depleted ar-
eas using low or high oxygen partial pressures, respectively.8

Whether or not photon-stimulated desorption of oxygen
plays an important role in this processes in the visible regime
as well has not been investigated so far.

Here we present laser-annealing measurements of
YBCO61x films on MgO~100! substrates using photon ener-
gies of 2.41, 2.58, and 2.71 eV and high power densities. In
these measurements the laser serves the dual role of heating
and investigating the film simultaneously as the measure-
ments are performed in a Raman setup.9 The Raman spectra
are used to determine the oxygen content and the tempera-
ture in the laser spot. We believe that these Raman spectra

give evidence that already at 2.41 eV photon-stimulated de-
sorption of oxygen in YBCO61x films occurs.

This paper is organized as follows. After the description
of experimental details in Sec. II we present a rep-
resentative laser-annealing measurement of a YBCO7 film in
Sec. III. Following the description of laser-induced heating
of YBCO7 films in Sec. IV we investigate the oxygen out-
diffusion mechanism at low residual pressures in Sec. V. In
Sec. VI we describe the results of laser-annealing measure-
ments of YBCO7 films at high residual pressures up to 1 bar
oxygen. Furthermore, we show measurements of a tetragonal
YBCO6 film in 1 bar oxygen. Micro-Raman investigations
of laser-annealed sites of the tetragonal film reveal that only
a ring of YBCO6.5 develops under these conditions while the
center remains tetragonal. In Sec. VII we discuss our obser-
vations in terms of thermally activated diffusion and photon-
stimulated desorption of oxygen.

II. EXPERIMENTAL DETAILS

We investigate c-axis-oriented YBCO7 films on
MgO~100! substrates prepared by laser deposition.10 The
films are typically more than 200 nm thick and exhibit criti-
cal temperaturesTc,0 between 83 K and 89 K. Their critical
current densitiesj c at 77 K are around 106A cm22. The films
are mounted on the cold finger of a liquid helium cryostat
which can be evacuated to residual pressuresp5531026

mbar. The cryostat temperatureT0 is measured by a silicon
diode and coincides with the film temperature in the absence
of illumination. Calibrated and straylight-corrected Raman
spectra are taken in quasibackscattering geometry in a Dilor
XY-Raman spectrometer equipped with a multichannel
diode-array detector and a Princeton Instruments CCD cam-
era, type LN 1100 PB/VISAR. Details of the calibration and
the straylight correction are given elsewhere.9 We use the
Porto notationz(x,x) z̄ to describe the spectra. Here the first
and last letters represent the directions of the incoming and
scattered photons with respect to the crystal axes of the
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sample whereas the letters in brackets denote the incoming
and scattered polarizations. As the films are heavily twinned
we cannot distinguish between thex and y polarizations of
the Raman signal. We therefore usex and y to distinguish
polarizations perpendicular and parallel to the entrance slit of
the spectrometer when they are parallel to the crystal axes of
the substrate. Given the laser power of the Gaussian spot on
the sample P, the maximum power density is
PL5P/(pr hr v). Here r h and r v are the (1/e) radii of the
laser focus in horizontal and vertical directions, respectively.
The radii are determined from the spot profile measured for
each laser line. The effective spot area is described by
pr e

2 , with r e5Ar hr v. In the following we will callPL the
‘‘power density.’’ From an analysis of spectra at low power
density we obtain the epitaxial quality and the oxygen con-
tent of the films. In these spectra the followingAg modes are
visible at 300 K ~see, e.g., the polarized spectrum at
PL524 kW cm22 in Fig. 1!: the Ba mode at 120 cm21, the
Cu~2! mode at 150 cm21, the out-of-phase plane oxygen
mode O~2!-O~3! at 340 cm21, and the apex oxygen mode
O~4! at 500 cm21.11 The spectra are fitted using Fano profiles
for the Ba and the O~2!-O~3! mode, Lorentz profiles for the
Cu~2! and the O~4! mode, and an almost constant back-
ground. Comparison of the intensities of the O~2!-O~3!
modes and the O~4! modes in polarized and depolarized
spectra allows us to determine the epitaxy parameters of the
film.12 The orthorhombic YBCO7 film investigated here has

a c-axis-oriented fraction of (9465)% and an in-plane ori-
entation of this fraction of (8965)%. The oxygen content of
the orthorhombic film turns out to bex50.9560.05 using
the frequency of the O~4! mode and the frequency to oxygen
content relation by Feileet al.13 The investigated tetragonal
YBCO6 film has an oxygen content ofx50.0560.05 using
the frequency of the Cu~2! mode and the frequency to oxy-
gen content relation by Burnset al.14 The thicknesses of both
films are 240 nm.

III. EXAMPLE OF A LASER-ANNEALING
MEASUREMENT

A laser-annealing measurement is performed in the fol-
lowing way. With increasing power density a series of po-
larized Stokes and anti-Stokes spectra are taken subsequently
at each power density. Before we record the first spectrum
we wait about 3 min in order to establish thermal equilib-
rium. Stokes spectra of a typical measurement performed on
a YBCO7 film are presented in Fig. 1. This measurement
was carried out with a green argon laser linelL5514 nm at
a low residual pressurep5531026 mbar. At the lowest
power density we observe the four expectedAg phonons of
YBCO7. When the power density is increased to values
above 96 kW cm22 new modes begin to develop at 230 cm21

and 585 cm21. Up to a power density of 150 kW cm22 the
intensity of these modes grows continuously. At still higher
power densities their intensities start to decrease until they
almost vanish at the highest power density of 293 kW cm22.
In addition to the above findings, we observe with increasing
power density that the Cu~2! and O~2!-O~3! modes rise in
intensity, the Ba and the O~4! modes diminish, and other
modes appear at 280 cm21 and 450 cm21. The mode at 230
cm21 and the modes at 280, 450, and 585 cm21 are described
using Fano and Lorentz profiles, respectively.

The modes at 230, 280, and 585 cm21 are infrared-active
modes of YBCO61x dominated by vibrations of Cu~1!, O~1!,
and O~4!, respectively.15,16 They become Raman active for
x'0.5 due to disorder in the occupancy of the chain-oxygen
site. Thus, the appearance of these modes indicates the onset
of oxygen out-diffusion. The mode at 450 cm21 is a Raman-
active plane-oxygen mode O~2!1O~3! of YBCO6.

14 The re-
maining Raman-active phonons of YBCO6 expected in the
applied polarization geometry are the Cu~2! mode at 140
cm21 and the O~2!-O~3! mode at 340 cm21.14 These two
modes are in fact observed in the spectrum recorded at the
highest power density of 293 kW cm22.

Obviously, with increasing power density oxygen out-
diffusion takes place. In a continuous oxygen-desorption
process one would expect that the O~4! as well as the Cu~2!
mode softens continuously with decreasing oxygen
content.13,14 In contrast, we observe that the frequency of the
O~4! mode at 500 cm21 remains almost constant while a
shoulder develops on its low-energy side, making it difficult
to fit the mode for power densities above 171 kW cm22. This
shoulder may result from a phonon at 485 cm21 which was
assigned to the O~4! mode of YBCO6.5.

17 Furthermore, the
line shape of the Cu~2! mode differs significantly from a
Lorentz profile at power densities above 96 kW cm22. In
fact, two or three phonons provide a better description of the
spectral range 130–160 cm21. The resulting frequencies and

FIG. 1. Polarized Stokes Raman spectra of a laser-annealing
measurement for different power densitiesPL with an effective spot
radiusr e58.4mm. Also depicted is a depolarized spectrum taken at
the lowest power densityPL524 kW cm22. The spectra are offset
as indicated and their intensities are normalized with respect to the
power density. The dashed lines correspond to theAg phonons of
YBCO7 , dotted lines to infrared-active modes of YBCO6.5, and
the dash-dotted line to the O~2!1O~3! mode of YBCO6 .
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intensities are shown in Figs. 2~a! and 2~b!. For power den-
sities above 150 kW cm22 the frequencies almost match the
frequencies of the Cu~2! mode in YBCO7 ~150 cm21! and in
YBCO6 ~140 cm21!. The slight decrease of the phonon fre-
quencies with increasing power density results from increas-
ing spot temperatures which will be discussed in Sec. IV. As
shown in Fig. 2~c! we also observe a mode at 143 cm21

which corresponds to an intermediate oxygen content of
x'0.5 in the measurement recorded at a power density of
146 kW cm22. This mode is already observed in the two-
phonon fit of the 122 kW cm22 measurement with a com-
paratively large width. With the appearance of infrared-
active modes above 96 kW cm22 the intensity of the Cu~2!-
O7 mode decreases. Concomitantly, the intensity of the 143
cm21 mode which originates from regions withx'0.5 in-
creases. At power densitites above 150 kW cm22 the 143
cm21 mode can no longer be resolved as the Cu~2!-O6 mode
becomes too strong@see Fig. 2~c!#. The large intensity of the
Cu~2!-O6 mode is correlated with its high Raman
efficiency.18 The threshold of the appearance of the Cu~2!-
O6 mode turns out to be (11164) kW cm22.

An optical micrograph of the laser-annealed site is de-
picted in Fig. 3~a!. The oxygen-depleted regions appear
brighter because of their higher reflectivities.6 Due to thermal
expansion of the cold finger during the laser-annealing mea-
surement, the spot has moved on the film from the upper
right corner to the lower center of the micrograph. We have
performed micro-Raman measurements in ambient atmo-
sphere at the sites labeled 1–5. Representative spectra are
shown in Fig. 3~b!. From the measurements we have deter-
mined the local oxygen contentx using the frequencies of
the O~4! and Cu~2! modes. It turns out that the dark and
bright areas have oxygen contents close tox51 andx50,

respectively. Only in a narrow region between both areas,
which is at most 5mm wide, is an oxygen contentx50.5
observed. This oxygen content corresponds to the second
orthorhombic phase YBCO6.5. From both the line shape
analysis in Fig. 2 which leads to separate Cu~2! modes and
the micro-Raman measurements which reveal a steep transi-
tion from x'1 to x50 we conclude that the spot area con-
sists of regions where eitherx'1 or x50 is stable, sepa-
rated by a narrow region with an intermediate oxygen
content x'0.5 which gives rise to the disorder-induced
modes. At room temperature the chain oxygen in the narrow
region rearranges into the second orthorhombic phase
YBCO6.5. Except for measurements at 98 kW cm22 we did
not observe significant changes of the spectra when we re-
corded a second Stokes spectrum after about 15 min. Thus,
the irradiated spot must have reached its equilibrium oxygen
distribution already before the first Stokes spectrum was
taken, i.e., 3 min after the power density was adjusted.

FIG. 2. Frequencies~a! and normalized intensities~b! of the
Cu~2! modes in YBCO61x for x51 ~open circles!, x'0.5
~crosses!, andx50 ~solid squares!. The solid line in~b! represents
a straight line which allows us to determine the threshold of the
appearance of the Cu~2!-O6 mode.~c! The individual phonon line
shapes. Dashed lines correspond to the Cu~2!-O7 mode, dotted lines
to the 143 cm21 mode, and solid lines to the Cu~2!-O6 mode. For
convenience the spectra are offset and shifted as indicated.

FIG. 3. ~a! Optical micrograph of a YBCO7 film after a laser-
annealing measurement. Dark and bright areas correspond tox'1
and x50, respectively. The spots are precipitates on the film sur-
face; see Ref. 19. Crosses 1 – 5 mark sites where the polarized
micro-Raman spectra~b! have been taken with a power density
PL565 kW cm22 and an effective spot radiusr e50.9mm. The
spectra are offsets as indicated. Spectra taken at sites 4 and 5 are
almost identical to the spectra of sites 3 and 2, respectively.
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IV. DESCRIPTION OF LASER HEATING

The heat flow introduced by the absorbed laser light gen-
erates temperature increases in the filmD f(r ), across the
film-substrate boundaryDb(r ), and in the substrateDs(r ).
The temperature increases in the center of the laser spot de-
fine the maximum spot temperature

Tmax5D f~0!1Db~0!1Ds~0!1T0 . ~1!

The temperature increases can be calculated according to Eq.
~4! of Ref. 9. They are proportional to the power density
PL and are mainly a function of the film thicknessh, the
penetration depthl , the effective spot radiusr e , the reflec-
tivity R, and the thermal conductivities of film and substrate,
k f andks , as well as of the thermal boundary resistance of
the film-substrate interfaceRbd. In our calculations the pen-
etration depth and the reflectivity are taken from the
literature.20While the thermal conductivity data can be taken
from the literature as well,9,21,22we have determined the ther-
mal boundary resistanceRbd5(0.560.1)31023 kW cm22

of the investigated film as described elsewhere.9

For a laser-heated crysal the lateral distribution of the
temperature increase at the surface in the limit of great at-
tenuationW5r e / l can be described by23

Dcrystal~r !5DmaxN~R,Z50,W5`!, ~2!

with

N~R,Z50,W5`!5
1

Ap
E
0

`

J0~lR!expS 2
l2

4 Ddl, ~3!

whereDmax is the maximum temperature increase of the il-
luminated crystal, N(R,Z50,W5`) is a normalized
function,23 andR5r /r e andZ5z/r e are coordinates which
are normalized with respect to the effective spot radius.
J0(lR) is the Bessel function of zero order. In order to de-
scribe the lateral temperature distribution of the film-
substrate system we replace, in Eq.~2!, Dmax by D f(0) and
Ds(0) for the film and the substrate, respectively. The lateral
temperature distribution at the film-substrate interface is de-
scribed by a Gaussian with maximumDb(0) which is a con-
sequence of the boundary conditions.9 In the following
Tmax(r ) describes the lateral temperature distribution at the
film surface. Given this temperature distribution we can cal-
culate the Stokes–anti-Stokes spot temperatureTS/AS visible
in Raman experiments by integrating the lateral intensity and
temperature distributions. We obtain the relation

TS/AS5T01
1

A2
@D f~0!1Ds~0!#1

1

2
Db~0!. ~4!

Here we have neglected the vertical temperature distribution
within the penetration depth as the temperature varies only
little there.23 The experimental spot temperature is deter-
mined from a comparison of Stokes and anti-Stokes intensi-
ties according to Eq.~10! of Ref. 9. It is worthwhile to men-
tion that the lateral temperature distribution according to Eq.
~3! falls off parabolically close to the center and as (1/r ) far
from the spot area.

V. LASER ANNEALING AT LOW RESIDUAL PRESSURES

In Fig. 4~a! we present experimental and calculated spot
temperatures for the laser-annealing measurement of Fig. 1.
Within the error bars the temperatures are in good agree-
ment. Also given are calculated maximum spot temperatures
Tmax. In Fig. 4~b! normalized intensities of three Raman-
active phonons are depicted. The intensities are normalized
with respect to the power density. We have not included the
O~4! mode because its intensity cannot be fitted with high
accuracy for power densities above 171 kW cm22. In Fig.
4~c! we show normalized intensities of the Cu~1!-ir mode
which behave similar to the intensities of the O~4!-ir mode
not shown here.

At power densities below 100 kW cm22, the normalized
intensities of the Ba and the Cu~2! modes remain constant
whereas the O~2!-O~3! mode shows a slight decrease of its
intensity. This is a consequence of the temperature depen-
dence of its Raman efficiency.24 The variations of the inten-
sities of the Raman-active modes above 100 kW cm22 are
related to the onset of oxygen out-diffusion and the change

FIG. 4. ~a! Spot temperaturesTS/AS versus power density. The
temperatures are determined from Stokes and anti-Stokes spectra of
the laser-annealing measurement partially depicted in Fig. 1. The
solid line represents the Stokes–anti-Stokes spot temperature calcu-
lated according to Eq.~4!. Also given are the maximum spot tem-
peratures calculated according to Eq.~1!. Normalized intensities of
the Raman-active modes~b! and of the Cu~1!-ir mode ~c! are also
given. The solid line in~c! represents a straight line which allows us
to determine the damage thresholdPdamage. Dashed lines are guides
to the eye.
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of Raman efficiencies with oxygen content.18,25 A straight-
line fit to the intensity of the Cu~1!-ir mode up to 150
kW cm22 allows us to determine the power density where
the mode starts to develop. We will call this value the ‘‘dam-
age threshold’’Pdamagein the following. Also we will use the
spot temperatures calculated from the heat model in the dis-
cussion of the oxygen out-diffusion.

We have carried out similar laser-annealing measure-
ments at cryostat temperaturesT05200, 250, and 275 K and
a residual pressurep5531026 mbar. Due to the weak tem-
perature dependence of the thermal conductivities and the
thermal boundary resistance,22,26the cryostat temperature has
only little influence on the temperature increases in this tem-
perature range. In Fig. 5 we depict the damage thresholds
and the concomitant maximum spot temperatures for these
measurements. Apparently, the damage thresholds increase
with decreasing cryostat temperature. However, the corre-
sponding maximum spot temperatures remain almost con-
stant. From this we conclude that the oxygen out-diffusion
mechanism is mainly temperature induced when the laser
annealing is done at a low residual pressure. The mean value
of the temperature threshold where desorption of oxygen oc-
curs isTk15(490615) K. The threshold of complete de-
sorption of the chain oxygen,Tk2 , is determined by the ap-
pearance of the Cu~2!-O6 mode as shown in Fig. 2. We find
this second threshold atTk25(580620) K. Taking also into
account the results presented in Sec. III we have developed
the following picture in order to describe the oxygen-
desorption process: Oxygen out-diffusion occurs only in ar-
eas whose temperature exceeds the temperature threshold
Tk1 . Unless the local temperature does not exceed the
threshold of complete oxygen desorption,Tk2 , these areas
can be described by an intermediate oxygen content
x'0.5. Areas whose local temperatures exceed the second
thresholdTk2 are tetragonal (x50).

As described in Sec. IV we can calculate the lateral tem-
perature profile at the surface of an illuminated YBCO7 film.
Knowledge of this temperature profile allows us to determine
the radiusr T(PL) of a given temperatureT as a function of
the power density. Results of such a calculation are presented
in Fig. 6~a! for temperatures which correspond to the tem-
perature thresholdsTk1 andTk2 of the 300-K laser-annealing

measurement depicted in Fig. 1. As we can neglect the ver-
tical temperature profile of the film within the penetration
depth, we can calculate the variation of the intensities of the
Cu~1!-ir mode and of the Cu~2!-O6 mode using the Gaussian
distribution of the power density. We obtain

ICu~1!-ir~PL!5ICu~1!,0H expF2
r Tk2
2 ~PL!

r e
2 G

2expF2
r Tk1
2 ~PL!

r e
2 G J , ~5a!

ICu~2!-O6
~PL!5ICu~2!,0H 12expF2

r Tk2
2 ~PL!

r e
2 G J , ~5b!

where ICu(1),0 and ICu(2),0 are intensities used as fit param-
eters. In the above equation we user Tk j(PL)[0 for

Tmax(PL)<Tk j , j51,2. Comparison of calculated intensities
with measured data@see Figs. 2~b! and 4~b!# are shown in
Figs. 6~b! and 6~c!. The agreement between experiment and
calculation is fairly good although we have neglected the
effect of lateral oxygen diffusion on the local oxygen con-

FIG. 5. Damage thresholds vs cryostat temperature. The corre-
sponding maximum spot temperaturesTmax are indicated. The ef-
fective spot radius isr e58.4mm.

FIG. 6. ~a! Radii of constant temperatureT5500 K and
T5580 K vs power density. The radii are normalized with respect
to the effective spot radiusr e58.4 mm. Normalized intensities of
the Cu~1!-ir mode ~b! and the Cu~2!-O6 mode ~c! are also given.
Solid symbols represent measured data and the lines correspond to
intensities calculated according to Eq.~5! with Tk15500 K and
differentTk2 as indicated.
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tent. Furthermore, it turns out that the observed inner radius
is in good agreement with the calculated one@see Fig. 3~a!#.

We have also performed laser-annealing measurements
using wavelenghtslL5488 nm andlL5458 nm. The results
of these measurements are depicted in Fig. 7. The damage
thresholds remain almost constant. These measurements and
those performed at different cryostat temperatures indicate
that neither the wavelength nor the power density but solely
the spot temperature is the critical parameter in the oxygen
out-diffusion observed at low residual pressures.

VI. LASER ANNEALING
AT HIGH RESIDUAL PRESSURES

In Fig. 8 we show damage thresholds and concomitant
maximum spot temperatures of laser-annealing measure-
ments performed atT05300 K andlL5514 nm for various
residual pressures. Although the pressures rise by eight or-
ders of magnitude, the damage threshold remains almost
constant. Especially, the temperature thresholds deduced
from the damage thresholds rise at most by 40 K, if at all.

This is in contrast to thepox-T phase diagram of YBCO61x
which describes the equilibrium chain-oxygen contentx as a
function of the oxygen partial pressurepox and the ambient
temperatureT.3 According to the phase diagram the equilib-
rium temperature for constantx rises by about 400 K within
this pressure range when the initial temperature is around
500 K. Furthermore, the Raman spectra taken at the highest
power density did not depend on the pressure; i.e., they all
indicate that the illuminated area consisits predominantly
of tetragonal sites withx50. However, even before
YBCO61x starts to melt at 1 bar oxyen partial pressure at
about 1300 K, the oxygen content expected from the phase
diagram isx50.3. At 900 K and 1 bar oxygen partial pres-
sure an equilibrium oxygen content ofx50.7 would be ex-
pected. Hence, the complete oxygen loss cannot be explained
by thermal activation. Instead of this, we believe that the
laser-anealing measurements on YBCO7 films carried out at
higher residual pressures give strong evidence for photon-
stimulated desorption of oxygen in the center of the laser
spot.

In order to investigate the oxygen in-diffusion we have
performed laser-annealing measurements of tetragonal films
in 1 bar oxygen. These measurements serve also the purpose
to gain further insight into the presumably photon-stimulated
desorption of oxygen. Stokes spectra of a typical experiment
are presented in Fig. 9. Due to the high oxygen pressure,
rotational modes of oxygen are observed in the low-
frequency region up to 150 cm21. At the two lower power
densities we observe the three expected phonons of YBCO6,

FIG. 7. Damage thresholds vs excitation wavelength. The cor-
responding maximum spot temperaturesTmax are indicated. The
effective spot radius isr e58.4mm.

FIG. 8. Damage thresholds vs residual pressure. The corre-
sponding maximum spot temperaturesTmax are indicated. The ef-
fective spot radius isr e58.4mm.

FIG. 9. Polarized Stokes Raman spectra of a laser-annealing
measurement for different power densitiesPL with an effective spot
radiusr e58.3mm. Also depicted is a depolarized spectrum taken at
the lowest power densityPL526 kW cm22. The spectra are offset
as indicated. The dotted lines correspond to infrared-active modes
of YBCO6.5. Also given are the maximum spot temperatures
Tmax.
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i.e., the Cu~2! mode at 140 cm21, the O~2!-O~3! mode at 340
cm21, and the O~2!1O~3! mode at 450 cm21.14 While the
spot remains tetragonal for power densities up to 180
kW cm22, the appearance of disorder-induced modes for
higher power densities indicates the onset of oxygen absorp-
tion. The spectrum recorded with the highest power density
is similar to the corresponding one of Fig. 1. A typical opti-
cal micrograph of an illuminated site is given in Fig. 10~a!.
In the micrograph a dark ring-shaped region with a higher
oxygen content is observed on the bright tetragonal film.
Therefore, oxygen in-diffusion takes place in regions away
from the center whereas the center itself remains tetragonal
in agreement with the results obtained on orthorhombic
films. Results of micro-Raman investigations of the ring per-
formed in ambient atmosphere are shown in Fig. 10~b!. They
reveal that within an inner radiusr i'5mm the film is tetrag-
onal, the dark ring-shaped area with an outer radius
r o'9mm has an oxygen content ofx'0.5, and the other
regions remain unaltered.

The spot temperatures for the annealing experiments car-
ried out on tetragonal films cannot be calculated accurately

from the heat model, as we cannot measure the thermal
boundary resistance of a nonsuperconducting film. The ther-
mal boundary resistance is a consequence of the fact that
phonons are refracted at the interface between two media
with different phonon band structures.27 Removing chain
oxygen from YBCO7 results in only slight variations of its
phonon band structure.28 Thus, we assume
Rbd5~160.5!31023 K cm2W21 which is a typical value of
our YBCO7 films. The same argument allows us to use the
thermal conductivity of YBCO7 along thec axis for the
tetragonal films, as this conductivity is almost entirely due to
phonons.22 With these assumptions we are able to determine
the maximum spot temperaturesTmax from Eq.~1!. They are
depicted in Fig. 9. However, the uncertainty of the thermal
boundary resistance results in considerable uncertainties of
these temperatures.

In order to investigate the time dependence of oxygen
absorption and diffusion in the laser-heated film we have
illuminated different sites of the tetragonal film with varying
exposure times. For these experiments we chose a power
density of 282 kW cm22, i.e., a maximum spot temperature
of Tmax5(880680) K where oxygen absorption is observed.
The inner and outer radii versus exposure time are given in
Fig. 11. While the outer radius grows fast for small exposure
times, the growing levels off at longer times. The latter re-
flects the fact that oxygen in-diffusion as well as lateral dif-
fusion becomes slower in regions away from the center as
the temperature is decreasing there. The inner radiusr i re-
mains constant within the error bars; i.e., within the inner
radius the photon-stimulated desorption of oxygen exceeds
the thermally activated oxygen in-diffusion for any time. The
mean value of the observed inner radii isr i55.5 mm or
r i50.66r e for this experiment.

VII. DISCUSSION

Thermally activated diffusion of oxygen in YBCO61x can
be described by Fick’s law~see, e.g., Ref. 29!

FIG. 10. ~a! Optical micrograph of a YBCO6 film after illumi-
nation with a power density ofPL5282 kW cm22 and an effective
spot radiusr e58.3 mm in 1 bar oxygen for 1 s.~b! Local oxygen
content determined from an analysis of micro-Raman spectra taken
at various sites along the line in~a!. A representative error bar is
shown for the site 7mm left from the center.

FIG. 11. Normalized inner radiusr i and outer radiusr o of an
oxidized YBCO6 film vs exposure time when illuminated with a
power density ofPL5282 kW cm22. The measurements have been
performed in 1 bar oxygen at a cryostat temperatureT05300 K and
a maximum spot temperatureTmax5(880680) K. The radii are
normalized with respect to the effective spot radiusr e58.3mm.
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jT~x!5D“c~x!, ~6!

wherejT(x) is the oxygen flux resulting from the concentra-
tion gradient“c(x) andD is the diagonal diffusion tensor.
For directionsj5x,y,z we have the diffusion coefficients

Dj5D0
j expF 2EA

j

kBT~Ax21y2,z!
G .

HereEA
j andD0

j are the activation energy and the diffusion
constant for diffusion in thej direction, respectively,kB is
the Boltzmann constant, andT(Ax21y2,z) is the tempera-
ture which depends only onr5Ax21y2 and z for circular
laser spots. In the following we describe the concentration
gradient by the difference between the equilibrium oxygen
contentxeq and the initial oxygen contentx0 of the film. The
equilibrium content is determined from thepox-T phase dia-
gram of YBCO61x .

3

In general, a diffusion process consists of bulk and inter-
face diffusion, where interfaces are, e.g., grain boundaries or
surfaces. As the process with the lowest diffusion coefficient
will determine the velocity of the reaction, the restriction to a
single activation energy as done in Eq.~6! will always give a
good description of the diffusion. The bulk diffusion of oxy-
gen in YBCO61x is highly anisotropic and takes place pre-
dominately in theab plane, especially at temperatures below
670 K.30 However,c-axis-oriented YBCO61x films consist
of various grains whose mosaic boundaries act as short cir-
cuits for oxygen diffusion.31,32 Typical activation energies
for bulk and interface diffusion of oxygen in YBCO61x are
about 1 eV.33–35 It was observed that activation energies for
oxygen out-diffusion are higher than those for oxygen
in-diffusion.36 Furthermore, it was shown that the activation
energies decrease with increasing oxygen partial pressure.37

To give an example, an activation energy of 0.2 eV was
reported for the oxygen out-diffusion at 1 bar oxygen partial
pressure.37 In the following we restrict ourself to oxygen in-
and out-diffusion from the surface described by effective
chemical diffusion coefficientsD in andDout. Then, Eq.~6!
becomes

jT
in/out~r !5D in/out

]c~r ,z!

]z U
z50

ez , ~7!

with

D in/out5D0
in/outexpF 2EA

in/out

kBTmax~r !
G

in cylindrical coordinates, whereTmax(r ) is the temperature
at the film surface~see Sec. IV!.

At low oxygen partial pressure and sufficiently high tem-
perature oxygen will desorb from a YBCO7 film. At the
surface oxygen out-diffusion has already been observed at
room temperature with time scales of several hours.5 Oxygen
from the bulk will follow the concentration gradient to the
surface if its mobility is high enough, i.e., if the local tem-
perature is high enough. According to our experiments this is
the case for temperatures above 490 K. Then oxygen will
flow in the bulk and desorb from the surface from regions
close to the spot center. The new profile of the oxygen con-
tent establishes very fast, as we did not observe variations in

subsequent spectra which were taken after an initial illumi-
nation of 3 min. Hence, the local oxygen content is already
in thermal equilibrium after that time. With increasing spot
temperature the region around the spot center in which oxy-
gen rearrangement takes place grows. This region can be
described by a mean oxygen contentx'0.5. When the spot
temperature exceeds 580 K the oxygen content within the
penetration depth has decreased tox50.

In the above-discussed experiments the oxygen desorption
seems to be temperature induced. However, several investi-
gations have shown that oxygen out-diffusion in vacuum can
be neglected for temperatures below 670 K.29,36,37The slow
out-diffusion is mainly determined by the desorption pro-
cess, as oxygen in the bulk becomes remarkably mobile al-
ready at room temperature, provided the oxygen content is
below x51.38–40 The short time scale of the desorption ob-
served in our experiments already at 490 K could be related
to photon-stimulated desorption of oxygen at the surface.

Photon-stimulated desorption~PSD! of oxygen from the
surface can be described by a flux

jPSD~r !52CvPLexpS 2
r 2

r e
2Dez , ~8!

with the power densityPL5ṅ\v. Hereṅ is the photon flux
density andCv is proportional to the cross section of the
desorption. The cross section will depend on the photon en-
ergy as well as on the energy barrier involved in the photo-
activated process. The fact that we did not observe a depen-
dence of the damage threshold on the photon energy
indicates that this energy barrier would be below 2.41 eV.
Photon-stimulated desorption has been observed in experi-
ments on DyBCO7 samples with synchrotron radiation of
high flux densities and energies down to 10 eV.7 The authors
explain their observations by core-level excitations which
lead to oxygen desorption and suggest that shallow core lev-
els of Ba(5p) at 17 eV and of O(2s) at 22 eV are involved
in these processes. Desorption occurring at lower energies is
explained in terms of second-order light. As our laser ener-
gies are far below these values this process cannot account
for the desorption in our experiments. On the other hand
photon-stimulated desorption was also observed in optical-
activated isotope exchange experiments in ZnO.41 In these
samples the maximum in the desorption efficiency has been
related to excitonic excitations. Indeed, electronic excitations
in the visible regime have been observed in luminescence
spectra of YBCO61x .

42,43 They have been related to photo-
generation of charges which play an important role in the
persistent photoconductivity.43 The latter authors suggest
that oxygen vacancies in the Cu~1!-O~1! chains act asF
centers which trap photoexcited electrons. TheseF centers
may play a similar role in the desorption of oxygen from the
surface as excitons do in ZnO. It is worthwhile to mention
that persistent photoconductivity is a bulk effect. Therefore,
it is not clear whether the oxygen vacancies at the surface
will behave in a similar way than those in the bulk. Photon-
stimulated desorption at the surface was observed when oxy-
gen monolayers adsorbed on Pt~111! were irradiated with
photons whose energy exceeded 2.7 eV.44 These authors ex-
plain the observed desorption efficiency with excitations of
the adsorbed oxygen molecules whose frontier orbitals split
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due to interactions with Ptd orbitals. Whether this orbital
splitting will also occur on YBCO61x surfaces and if so
whether the energy threshold will be below 2.41 eV have not
been investigated so far.

At an oxygen partial pressure of 1 bar thermally activated
oxygen in- and out-diffusion has already been observed at
low temperatures of 500 K.34,45The equilibrium oxygen con-
tent at this pressure is abovex50.7 when the temperature is
below 900 K.3 From this we expect that even at the highest
power density thermally activated desorption plays a minor
role in our experiments on YBCO7 films. Therefore, we ex-
plain the fact that oxygen-depleted areas withx50 are ob-
served in laser-annealing measurements by photon-
stimulated desorption of oxygen which occurs predominately
in the center of the Gaussian laser spot. Measurements per-
formed on YBCO6 films in 1 bar oxygen helped us to dis-
tinguish regions where thermally activated oxygen in-
diffusion and photon-stimulated desorption is observed,
respectively. According to Eq.~8! the desorption will have a
Gaussian profile. The observed ring-shaped oxidized region
depicted in Fig. 10 demonstrates that the lateral profile of the
thermally activated oxygen flux falls off slower than a
Gaussian function. Consequently, in regions far from the
center the thermally activated oxygen in-diffusion dominates
the photon-stimulated desorption and vice versa. At the inner
radius r i the oxygen fluxes due to both processes compen-
sate, i.e.,jT

in(r i)52 jPSD(r i). As the temperature profile de-
velops very rapidly we do not see any time dependence of
the inner radius in Fig. 11.

The lateral profile of the thermally activated oxygen flux
can be calculated according to Eq.~7!. In this calculation the
lateral temperature distribution at the film surface discussed
in Sec. IV has to be considered. For a given temperature
distribution the profile of the oxygen flux is a sensitive func-
tion of the activation energyEA

in . In Fig. 12 we show profiles
for activation energiesEA

in5 0.1, 0.2, 0.3, and 0.4 eV con-
sideringTmax5880 K as in the experiments depicted in Figs.
10 and 11. These profiles are compared to a Gaussian func-
tion. The data show that the activation energy of oxygen
in-diffusion must be below 0.3 eV in order to obtain suffi-
ciently flat profiles of the thermally activated oxygen flux at
radii higher thanr e . A detailed analysis where we have con-

sidered the experimentally observed inner radiusr i50.66r e
yields an upper bound of the activation energy
EA
in,(0.1960.01) eV. Interestingly, such low activation en-

ergies are normally observed in the case of oxygen in-
diffusion in polycrystalline specimens, whereas single crys-
tals are shown to have activation energies above 1 eV.36 This
demonstrates that grain-boundary diffusion plays an impor-
tant role in the thermally activated oxygen in-diffusion into
YBCO61x films.

VIII. CONCLUSION

In the first part of this work we investigated the behavior
of YBCO7 films when annealed with a laser beam of high
power at low residual pressures. Analysis of the spectra and
of the laser-annealed site, as well as laser-annealing mea-
surements performed at different cryostat temperatures, al-
lowed us to develop a simple picture of the process of the
oxygen out-diffusion under these conditions. According to
this picture oxygen starts to diffuse out of the film when the
maximum spot temperature reaches 490 K. With increasing
spot temperature the region around the spot center in which a
new oxygen concentration profile establishes grows. This re-
gion can be described by a mean oxygen contentx'0.5.
When the maximum spot temperature exceeds 580 K the
oxygen content within the penetration depth decreases to
x50.

In the second part we presented laser-annealing measure-
ments performed at higher residual pressures. In measure-
ments on YBCO7 films carried out in 1 bar oxygen we ob-
served tetragonal spot centers (x50) at high power
densities. This is not expected in a thermally activated pro-
cess. According to thepox-T phase diagram the minimum
oxygen content of YBCO61x is abovex50.3 even before
the material starts to melt at this pressure. Investigations of
YBCO6 films in 1 bar oxygen were used to study oxygen
in-diffusion. We observed that ring-shaped oxidized regions
appear at high power densities.

In the last part of this work we showed that oxygen out-
diffusion from YBCO7 films at low residual pressure may
well be explained by thermally activated bulk diffusion and
photon-stimulated desorption of oxygen from the surface.
Photon-stimulated desorption could also account for the ob-
served tetragonal spot centers at high residual pressures up to
1 bar oxygen and the ring-shaped oxidized regions, observed
when YBCO6 films are investigated in 1 bar oxygen. These
rings can be described as a result of competing oxygen fluxes
due to thermally activated oxygen in-diffusion and photon-
stimulated desorption. In particular, it turned out that the
activation energy for the thermally activated process must be
below EA

in5(0.1960.01) eV in order to obtain lateral pro-
files of the thermally activated oxygen flux which fall off
slower than the Gaussian distribution of the power density.

The underlying mechanism of the photon-stimulated de-
sorption could not be identified so far. As our investigations
were performed in the visible regime we can rule out that
core-level excitations of Ba(5p) and O(2s) lead to oxygen
desorption which has been suggested as a mechanism in the
case of DyBCO7 samples irradiated with synchrotron radia-
tion of high intensity. There are two other mechanisms

FIG. 12. Normalized lateral distributions of the thermally acti-
vated oxygen flux into the YBCO6 film calculated from Eq.~7! for
parametersT05300 K, pox51 bar,Tmax5880 K, and various acti-
vation energiesEA

in . For comparison a normalized Gaussian profile
which represents photon-stimulated desorption is given.
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which may account for photon-stimulated desorption of oxy-
gen. One has been investigated on polycrystals of ZnO,
where excitonic excitations have been related to the spectral
dependence of the desorption efficiency. Another has been
investigated on oxygen monolayers adsorbed on Pt~100! sur-
faces, where excitations of frontier orbitals of adsorbed oxy-
gen which split due to interactions with surface atoms are

related to the spectral dependence of the desorption effi-
ciency.
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