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Desorption of oxygen from YBgCu;Og,, films studied by Raman spectroscopy
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Phonons of laser-deposited Y®a,0q,, films on MgQ(100) substrates are investigated in a Raman setup
as a function of laser power density. Investigations of Y880 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 ob&10~ 8 mbar the temperature threshold of the out-diffusion is (498) K. With
increasing oxygen pressure the observed temperature thresholds rise only moderately in contrast to the behav-
ior expected from thep,,-T phase diagram of YB&uOg,,. Even at 1 bar oxygen partial pressure out-
diffusion is observed and tetragonal sites withO develop. These observations can be explained by photon-
stimulated desorption of oxygen. Investigations of YBaOg 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 YBaCu;0; films of (0.19+0.01) eV.[S0163-18206)02730-0

I. INTRODUCTION give evidence that already at 2.41 eV photon-stimulated de-
sorption of oxygen in YBCQ, . films occurs.

YBa,Cu;Og. (YBCOg, ) is one of the most prominent This paper is organized as follows. After the description
high-temperature superconductors. In addition to the wellof experimental details in Sec. Il we present a rep-
known CuQ planes, which are common for all high-com-  resentative laser-annealing measurement of a YB@®@ in
pounds, it posesses (-O(1) chains. These chains serve as Sec. lll. Following the description of laser-induced heating
a doping reservoir for the Culanes, where the supercon- of YBCO; films in Sec. IV we investigate the oxygen out-
ducting coupling is believed to take plateThe chain- diffusion mechanism at low residual pressures in Sec. V. In
oxygen contenk determines the superconducting propertiesSec. VI we describe the results of laser-annealing measure-
of YBCOg,,, Where a maximum transition temperature ments of YBCQ films at high residual pressures up to 1 bar
T.0=91 K is observed ax=0.88% The chain-oxygen con- oxygen. Furthermore, we show measurements of a tetragonal
tent is a function of sample temperature and oxygen partiaYBCOg film in 1 bar oxygen. Micro-Raman investigations
pressuré. At a given temperature, the chain oxygefihas  of laser-annealed sites of the tetragonal film reveal that only
the highest mobility of all the oxygen sitdd\lready at room  a ring of YBCOg 5 develops under these conditions while the
temperature surface degradations with long time scalesienter remains tetragonal. In Sec. VIl we discuss our obser-
which are most likely due to oxygen out-diffusion from vations in terms of thermally activated diffusion and photon-
chain sites, have been observed under UHV condifiohs:  stimulated desorption of oxygen.
ditionally, it has been shown that the chain oxygen migrates

in high ele_ctric_ fieldS and that radiation-induced oxygen Iqss Il. EXPERIMENTAL DETAILS
at the chain site occurs when DyBG@amples are investi-
gated with synchrotron radiation of high intensityhe oxy- We investigate c-axis-oriented YBCQ films on

gen loss in the latter experiment has been assigned tMgO(100 substrates prepared by laser deposittbihe
photon-stimulated desorption of oxygen, with an energyfilms are typically more than 200 nm thick and exhibit criti-
threshold for the desorption of about 15 eV. It is well known cal temperature$, , between 83 K and 89 K. Their critical
that laser beams of high intensity can be used to patteraurrent densitieg. at 77 K are around & cm™2. The films
YBCOg., films by writing or rewriting oxygen-depleted ar- are mounted on the cold finger of a liquid helium cryostat
eas using low or high oxygen partial pressures, respectivelywhich can be evacuated to residual pressyressx 10 ©
Whether or not photon-stimulated desorption of oxygenmbar. The cryostat temperatufg is measured by a silicon
plays an important role in this processes in the visible regimeliode and coincides with the film temperature in the absence
as well has not been investigated so far. of illumination. Calibrated and straylight-corrected Raman
Here we present laser-annealing measurements @pectra are taken in quasibackscattering geometry in a Dilor
YBCOg., films on MgQ(100 substrates using photon ener- XY-Raman spectrometer equipped with a multichannel
gies of 2.41, 2.58, and 2.71 eV and high power densities. ldiode-array detector and a Princeton Instruments CCD cam-
these measurements the laser serves the dual role of heatiet, type LN 1100 PB/VISAR. Details of the calibration and
and investigating the film simultaneously as the measurethe straylight correction are given elsewhéré/e use the
ments are performed in a Raman setifhe Raman spectra Porto notatiorz(x,x)z to describe the spectra. Here the first
are used to determine the oxygen content and the temperand last letters represent the directions of the incoming and
ture in the laser spot. We believe that these Raman spectezattered photons with respect to the crystal axes of the
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. ; ; ; ' ' a c-axis-oriented fraction of (945)% and an in-plane ori-
T, =300 K entation of this fraction of (82 5)%. The oxygen content of

p =5x106 mbar the orthorhombic film turns out to be=0.95+0.05 using
A =514 nm the frequency of the @) mode and the frequency to oxygen
: L content relation by Feilet al!® The investigated tetragonal

YBCOg film has an oxygen content of=0.05+ 0.05 using
b | P, (kwWem™) the frequency of the G&) mode and the frequency to oxy-

: Lo . gen content relation by Burret al'* The thicknesses of both
ik | - 293 films are 240 nm.
I | I i \

IIl. EXAMPLE OF A LASER-ANNEALING
17 MEASUREMENT

146 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 YBCO; film are presented in Fig. 1. This measurement
was carried out with a green argon laser Ilpe=514 nm at
| ! . . a low residual pressure=5x10% mbar. At the lowest
0 100 200 300 400 500 600 power density we observe the four expecfedphonons of
YBCO-,. When the power density is increased to values
above 96 kV\{ cm? new modes begin to develop at 230 ¢m
FIG. 1. Polarized Stokes Raman spectra of a laser-annealin nd 5.85 cm'. Up to a power densny of 150 kW Crﬁ th_e
measurement for different power densitiswith an effective spot tensity of t_h_ese m(.)d.es grows continuously. At still h!gher
radiusr .= 8.4 um. Also depicted is a depolarized spectrum taken atPOWer densmes their !nten5|t|es start to.decrease until they
the lowest power densiti?, =24 kW cm™2. The spectra are offset almost_ yanlsh at the h'gh_eS'F power density of 2_93_k\/\f%m_
as indicated and their intensities are normalized with respect to thi! addition to the above findings, we observe with increasing
power density. The dashed lines correspond toAjghonons of ~POWer density that the @) and Q2)-O(3) modes rise in
YBCO;, dotted lines to infrared-active modes of YBGQ and  intensity, the Ba and the @) modes diminish, and other
the dash-dotted line to the(®+0(3) mode of YBCQ,. modes appear at 280 ¢thand 450 cm*. The mode at 230
cm ! and the modes at 280, 450, and 585 ¢rare described
sample whereas the letters in brackets denote the incomingsing Fano and Lorentz profiles, respectively.
and scattered polarizations. As the films are heavily twinned The modes at 230, 280, and 585 thare infrared-active
we cannot distinguish between theandy polarizations of modes of YBCQ, , dominated by vibrations of G), O(1),
the Raman signal. We therefore useandy to distinguish  and Q4), respectively*>'® They become Raman active for
polarizations perpendicular and parallel to the entrance slit ok~0.5 due to disorder in the occupancy of the chain-oxygen
the spectrometer when they are parallel to the crystal axes @fte. Thus, the appearance of these modes indicates the onset
the substrate. Given the laser power of the Gaussian spot @f oxygen out-diffusion. The mode at 450 ciis a Raman-
the sample P, the maximum power density is active plane-oxygen mode(®+0O(3) of YBCOg4. The re-
P =P/(mryr,). Herer, andr, are the (1¢) radii of the  maining Raman-active phonons of YBG@xpected in the
laser focus in horizontal and vertical directions, respectivelyapplied polarization geometry are the (@umode at 140
The radii are determined from the spot profile measured foem™ and the @2)-O(3) mode at 340 cm®.* These two
each laser line. The effective spot area is described byhodes are in fact observed in the spectrum recorded at the
wr2, with re=\rr,. In the following we will callP_ the  highest power density of 293 kW cth
“power density.” From an analysis of spectra at low power Obviously, with increasing power density oxygen out-
density we obtain the epitaxial quality and the oxygen con-diffusion takes place. In a continuous oxygen-desorption
tent of the films. In these spectra the followiAg modes are  process one would expect that thé4Das well as the C@)
visible at 300 K (see, e.g., the polarized spectrum atmode softens continuously with decreasing oxygen
P_=24 kW cm 2 in Fig. 1): the Ba mode at 120 cnf, the  content:®>'#In contrast, we observe that the frequency of the
Cu(2) mode at 150 cm!, the out-of-phase plane oxygen O(4) mode at 500 crm® remains almost constant while a
mode @2)-O(3) at 340 cm?, and the apex oxygen mode shoulder develops on its low-energy side, making it difficult
O(4) at 500 cm 1. The spectra are fitted using Fano profilesto fit the mode for power densities above 171 kW énThis
for the Ba and the (2)-O(3) mode, Lorentz profiles for the shoulder may result from a phonon at 485 ¢mvhich was
Cu(2) and the @) mode, and an almost constant back-assigned to the @) mode of YBCQ;s.” Furthermore, the
ground. Comparison of the intensities of the2BO(3) line shape of the Q@) mode differs significantly from a
modes and the @) modes in polarized and depolarized Lorentz profile at power densities above 96 kKW ¢min
spectra allows us to determine the epitaxy parameters of thfact, two or three phonons provide a better description of the
film.22 The orthorhombic YBC@film investigated here has spectral range 130—160 ¢th The resulting frequencies and

normalized intensity

Raman shift (cm™)
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FIG. 2. Frequencie$a) and normalized intensitieg) of the
Cu(2) modes in YBCQ,, for x=1 (open circley x~0.5 3
(crossep andx=0 (solid squares The solid line in(b) represents
a straight line which allows us to determine the threshold of the
appearance of the @@)-Og mode.(c) The individual phonon line
shapes. Dashed lines correspond to th€2£0, mode, dotted lines

2
' 5 =0.5
to the 143 cm® mode, and solid lines to the )-O4 mode. For ®) W

convenience the spectra are offset and shifted as indicated. -

intensities are shown in Figs(& and Zb). For power den- 1
sities above 150 kW cif the frequencies almost match the x=0.9

frequencies of the @@) mode in YBCO, (150 cmi ?) and in

x=0.0

intensity

| 1 1 | 1 1
YBCOg (140 cm'}). The slight decrease of the phonon fre- 0 0 100 200 300 400 500 600
guencies with increasing power density results from increas- ) 4
ing spot temperatures which will be discussed in Sec. IV. As Raman shift (cm™)

shown in Fig. 2c) we also observe a mode at 143 ¢tm . ) ]
which corresponds to an intermediate oxygen content of FIG: 3. (a) Optical micrograph of a YBC@film after a laser-
x~0.5 in the measurement recorded at a power density gi"nealing measurement. Dark and bright areas correspoxe 10
146 kW cni 2 This mode is already observed in the two- and>.(=0, respectively. The spots are precipitates on the film sur-
phonon fit of the 122 kw cii? measurement with a com- faf:e, see Ref. 19. Crosses 1 — 5 mark S|tgs where the polquzed
. . . - micro-Raman spectrgb) have been taken with a power density

paratively large width. With the appearance of mfrared-P —65KW cm 2 and an effective spot radius.—0.9.m. The

tive modes above 96 kW crhithe intensity of the C{2)- - - b =S
ac . . Y . pectra are offsets as indicated. Spectra taken at sites 4 and 5 are
O77T0de decregses..C.oncomltantly, the 'mer,]S'ty of t_he 14glmost identical to the spectra of sites 3 and 2, respectively.
cm - mode which originates from regions with=0.5 in-
creases. At power densitites above 150 kW érthe 143  respectively. Only in a narrow region between both areas,
cm ! mode can no longer be resolved as théZDs mode  which is at most 5um wide, is an oxygen content=0.5
becomes too stronigee Fig. 2c)]. The large intensity of the observed. This oxygen content corresponds to the second
Cu(2-O¢ mode is correlated with its high Raman orthorhombic phase YBCg. From both the line shape
efficiency’® The threshold of the appearance of the(@u  analysis in Fig. 2 which leads to separate(Z)unodes and
Og mode turns out to be (1114) kW cm 2. the micro-Raman measurements which reveal a steep transi-

An optical micrograph of the laser-annealed site is detion from x~1 to x=0 we conclude that the spot area con-
picted in Fig. 3a). The oxygen-depleted regions appearsists of regions where either~1 or x=0 is stable, sepa-
brighter because of their higher reflectivitfBue to thermal rated by a narrow region with an intermediate oxygen
expansion of the cold finger during the laser-annealing meacontent x~0.5 which gives rise to the disorder-induced
surement, the spot has moved on the film from the uppemodes. At room temperature the chain oxygen in the narrow
right corner to the lower center of the micrograph. We haveegion rearranges into the second orthorhombic phase
performed micro-Raman measurements in ambient atmo¥BCOg 5. Except for measurements at 98 kW chwe did
sphere at the sites labeled 1-5. Representative spectra aret observe significant changes of the spectra when we re-
shown in Fig. 8b). From the measurements we have detercorded a second Stokes spectrum after about 15 min. Thus,
mined the local oxygen content using the frequencies of the irradiated spot must have reached its equilibrium oxygen
the 4) and Cy2) modes. It turns out that the dark and distribution already before the first Stokes spectrum was
bright areas have oxygen contents closextol andx=0, taken, i.e., 3 min after the power density was adjusted.
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V. DESCRIPTION OF LASER HEATING

700 900
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The heat flow introduced by the absorbed laser light gen-
erates temperature increases in the fiky(r), across the 600
film-substrate boundarj,(r), and in the substrata(r).

The temperature increases in the center of the laser spot de-
fine the maximum spot temperature

Tgias (K)
[6)]
3
Tinax (K)

Tmax=A1(0) +A,(0)+Ag(0) +Tp. 1)

The temperature increases can be calculated according to Eq.

(4) of Ref. 9. They are proportional to the power density 2 O(2)-0(3)
P, and are mainly a function of the film thicknebs the | . 23(2) /,f"'A i
penetration depth, the effective spot radius,, the reflec- A e

tivity R, and the thermal conductivities of film and substrate, Y S b i
x; and kg, as well as of the thermal boundary resistance of ’

the film-substrate interfac®,y. In our calculations the pen- B '4'*'*\.\ ___,_!-—.‘"'_
etration depth and the reflectivity are taken from the __.:»«*“""'\ R

literature®® While the thermal conductivity data can be taken
from the literature as weft?*>?we have determined the ther-

--8-u-4 “e-.9
|
I

(c)

normalized intensity
o

mal boundary resistancB,y=(0.5+0.1)x 10 3 kW cm™~2 - RN . -
of the investigated film as described elsewtere. & Cu(1)ir s
For a laser-heated crysal the lateral distribution of the 3 7
temperature increase at the surface in the limit of great at- | 4
tenuationW=r ./l can be described BY Pdamage o
- \. -
Acrysta(r):AmaxN(RrZ:OaW:w)i 2 0 - v-e-e-Y | | | E
with 0 50 100 150 200 250 300
P, (kWem?®)

2
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FIG. 4. (a) Spot temperature¥g s versus power density. The
temperatures are determined from Stokes and anti-Stokes spectra of
whereA ., is the maximum temperature increase of the il-the laser-annealing measurement partially depicted in Fig. 1. The
luminated crystal, N(R,Z=0W=%«) is a normalized solid line represents the Stokes—anti-Stokes spot temperature calcu-
function23 and Rz}/r a'ndZZ, 2/r.. are coordinates which lated according to Eg4). Also given are the maximum spot tem-
are nor;nalized with eres ect to ethe effective spot radiusperatures calculated according to Ef). Normalized intensities of
Jo(AR) is the Bessel funcption of zero order. In orF()jer to de-the Raman-active moddb) and of the C(l)-ir mode (c) are also
s?:(ribe) ;ﬁe lateral temperature distributioln of the film- given. The solid line ir(c) represents a straight line which allows us

substrate system we replace, in E2), A, by A((0) and :g (t:iﬁéeé?;le the damage threshélg,n.qe Dashed lines are guides
A(0) for the film and the substrate, respectively. The lateral
temperature distribution at the film-substrate interface is de-V. LASER ANNEALING AT LOW RESIDUAL PRESSURES
scribed by a Gaussian with maximutn,(0) which is a con-
sequence of the boundary conditiohsn the following
Tmadr) describes the lateral temperature distribution at th
film surface. Given this temperature distribution we can cal
culate the Stokes—anti-Stokes spot temperalgygs visible

in Raman experiments by integrating the lateral intensity an
temperature distributions. We obtain the relation

In Fig. 4@ we present experimental and calculated spot
emperatures 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
Jmax. In Fig. 4b) normalized intensities of three Raman-
active phonons are depicted. The intensities are normalized
with respect to the power density. We have not included the
1 1 O(4) mode because its intensity cannot be fitéed with high
- - accuracy for power densities above 171 kW ¢émin Fig.
\/E[Af(o)+AS(O)]+ 2 26(0). @ 4(c) we show normalized intensities of the @uir mode

which behave similar to the intensities of thé4®ir mode

Here we have neglected the vertical temperature distributionot shown here.
within the penetration depth as the temperature varies only At power densities below 100 kW cri, the normalized
little there®® The experimental spot temperature is deter-intensities of the Ba and the (2) modes remain constant
mined from a comparison of Stokes and anti-Stokes intensiwhereas the @)-O(3) mode shows a slight decrease of its
ties according to Eq.10) of Ref. 9. It is worthwhile to men- intensity. This is a consequence of the temperature depen-
tion that the lateral temperature distribution according to Eqdence of its Raman efficiené).The variations of the inten-
(3) falls off parabolically close to the center and asrjffar  sities of the Raman-active modes above 100 kW trare
from the spot area. related to the onset of oxygen out-diffusion and the change

Tgas=To+



4304 BOCK, KURSTEN, BRUHL, DIECKMANN, AND MERKT 54

200 T T 2.0 T T T T T

(a)

p =5x10%¢mbar P
KL=514 nm

180

= L

160

140

500420 K +——@—
1 i
radius r/r,
(=] o0
T
\
1

o
[5,]
T

120

Pdamage (kWCm_Z)

©
=)

——@—— 475330 K
480115 K

@+ 500+10 K

—@—

100

80 1 1 I 1 1
200 220 240 260 280

To (K)

]

Ok

o
norm. intensity

FIG. 5. Damage thresholds vs cryostat temperature. The corre-
sponding maximum spot temperatufgg,, are indicated. The ef-
fective spot radius i$,=8.4 um.

of Raman efficiencies with oxygen contéfit® A straight-
line fit to the intensity of the GW)-ir mode up to 150
kW cm ™2 allows us to determine the power density where
the mode starts to develop. We will call this value the “dam-
age threshold’P y;maqdn the following. Also we will use the
spot temperatures calculated from the heat model in the dis-
cussion of the oxygen out-diffusion. A

We have carried out similar laser-annealing measure- 0 30 100 50 200 250 300
ments at cryostat temperatureg= 200, 250, and 275 K and
a residual pressure=5x 106 mbar. Due to the weak tem-
perature dependence of the thermal conductivities and the
thermal boundary resistan&?the cryostat temperature has ~ FIG. 6. (a) Radii of constant temperaturd=500 K and
only little influence on the temperature increases in this temJ =580 K vs power density. The radii are normalized with respect
perature range. In Fig. 5 we depict the damage threshold® the efft_active spot radius,=8.4 um. Normalized intensiti_es of
and the concomitant maximum spot temperatures for thes@® CU1-ir mode (b) and the C(2)-Os mode(c) are also given.
measurements. Apparently, the damage thresholds increa§8“d gymbols represent mea_sured data ar_ld the lines correspond to
with decreasing cryostat temperature. However, the correftensities calcglatgd according to B) with T, =500 K and
sponding maximum spot temperatures remain almost corfiereNt Tz as indicated.

stant. From this we conclude that the oxygen out-diffusion

mechanism is mainly temperature induced when the Iasépeasurement dep|ctec_j in Fig. 1'.AS We can neglect the_ ver
annealing is done at a low residual pressure. The mean vaILE]'é:al temperature profile of the film within the penetration

. th, we can calculate the variation of the intensities of the
of the temperature threshold where desorption of oxygen oczeptn, . :
curs is Ty;=(490+15) K. The threshold of complete de- Cu(1)-ir mode and of the G@)-O, mode using the Gaussian

sorption of the chain oxygef,,, is determined by the ap- distribution of the power density. We obtain

Cu(2)-0,

--- 600K

norm. intensity
1
w
®
o
=

.
i

P (kWem®)

pearance of the GR)-Og mode as shown in Fig. 2. We find 2 (P)

this second threshold &j,=(580*+20) K. Taking also into | (P)=I exd — Ta L

account the results presented in Sec. Ill we have developed Cub-n T LI Cu).0 r2

the following picture in order to describe the oxygen- )

desorption process: Oxygen out-diffusion occurs only in ar- rr . (Pu)

eas whose temperature exceeds the temperature threshold —exg — 2 , (53

Ty1- Unless the local temperature does not exceed the
threshold of complete oxygen desorption,,, these areas 2
) . ) rs (P
can be described by an intermediate oxygen content | (P)=I 1—exg —
x~0.5. Areas whose local temperatures exceed the second €429 "L/ Cu2.0 re
thresholdT,, are tetragonalX=0). ) N _

As described in Sec. IV we can calculate the lateral temWhere |y o andlcy) o are intensities used as fit param-
perature profile at the surface of an illuminated YBC@m. ~ eters. In the above equation we use, (P )=0 for
Knowledge of this temperature profile allows us to determineT (P, )<Ty;, j=1,2. Comparison of calculated intensities
the radiusr+(P,) of a given temperatur@ as a function of with measured datgsee Figs. ) and 4b)] are shown in
the power density. Results of such a calculation are presentdegs. 8b) and c). The agreement between experiment and
in Fig. 6(a for temperatures which correspond to the tem-calculation is fairly good although we have neglected the
perature thresholds,; andT,, of the 300-K laser-annealing effect of lateral oxygen diffusion on the local oxygen con-

] . (5b)
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FIG. 7. Damage thresholds vs excitation wavelength. The cor- ,/
responding maximum spot temperaturgg,, are indicated. The ,’/ e 26
effective spot radius is,=8.4 um. o~ 2(xy)z | |
I l 1 l
tent. Furthermore, it turns out that the observed inner radius 0 100 200 300 400 500 600
is in good agreement with the calculated ¢eee Fig. 8a)]. Raman shift (cm™)
We have also performed laser-annealing measurements
using wavelenghts, =488 nm anch\ =458 nm. The results FIG. 9. Polarized Stokes Raman spectra of a laser-annealing

of these measurements are depicted in Fig. 7. The damaggeasurement for different power densitRgswith an effective spot
thresholds remain almost constant. These measurements amdiusr,=8.3 um. Also depicted is a depolarized spectrum taken at
those performed at different cryostat temperatures indicatehe lowest power densit, =26 kW cm™2. The spectra are offset
that neither the wavelength nor the power density but solelys indicated. The dotted lines correspond to infrared-active modes
the spot temperature is the critical parameter in the oxygenf YBCOgs. Also given are the maximum spot temperatures

out-diffusion observed at low residual pressures. Tmax-
VI. LASER ANNEALING This is in contrast to thg,-T phase diagram of YBCQ ,
AT HIGH RESIDUAL PRESSURES which describes the equilibrium chain-oxygen conteak a

) _._function of the oxygen partial pressupg, and the ambient
In Fig. 8 we show damage thresholds and concomitanyheratyrer.® According to the phase diagram the equilib-

maximum fspot temperatures of Ia_ser-annea:clmg MEASUreum temperature for constantrises by about 400 K within
ments performed af, =300 K andh =514 nm for various  yhis pressure range when the initial temperature is around

residual pressures. Although the pressures rise by eight Ok i Fyrthermore, the Raman spectra taken at the highest
ders of magnitude, the damage threshold remains almogyver density did not depend on the pressure; i.e., they all

constant. Especially, the temperature thresholds .deduc dicate that the illuminated area consisits predominantly
from the damage thresholds rise at most by 40 K, if at aII.Of tetragonal sites withx=0. However, even before

YBCOg., 4 Starts to melt at 1 bar oxyen partial pressure at
L o e e e S B about 1300 K, the oxygen content expected from the phase
diagram isx=0.3. At 900 K and 1 bar oxygen partial pres-

— x
. I" ;2?2 :m < § sure an equilibrium oxygen content »f 0.7 would be ex-
C'VE 1401 L 8§ . pected. Hence, the complete oxygen loss cannot be explained
§ z by thermal activation. Instead of this, we believe that the
P z i laser-anealing measurements on YBCKms carried out at
g e H higher residual pressures give strong evidence for photon-
E %' o stimulated desorption of oxygen in the center of the laser
& o0t % - spot.
% In order to investigate the oxygen in-diffusion we have
performed laser-annealing measurements of tetragonal films
80 1 1 1 L [ 1 1

in 1 bar oxygen. These measurements serve also the purpose
to gain further insight into the presumably photon-stimulated
p {(mbar) desorption of oxygen. Stokes spectra of a typical experiment
are presented in Fig. 9. Due to the high oxygen pressure,
FIG. 8. Damage thresholds vs residual pressure. The corrgOtational modes of oxygen are observed in the low-
sponding maximum spot temperaturBs,, are indicated. The ef- frequency region up to 150 cr. At the two lower power
fective spot radius is.=8.4 um. densities we observe the three expected phonons of Y, BCO

107 102 10° 10°

—_
ok
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FIG. 11. Normalized inner radiug and outer radius, of an
oxidized YBCG; film vs exposure time when illuminated with a
power density o, =282 kW cni 2. The measurements have been
performed in 1 bar oxygen at a cryostat temperalye 300 K and
a maximum spot temperaturg,,= (880=80) K. The radii are
B (b) J normalized with respect to the effective spot radiys8.3 um.

7.0 T T

L { J from the heat model, as we cannot measure the thermal
65 wlm — boundary resistance of a nonsuperconducting film. The ther-
R g " 1 mal boundary resistance is a consequence of the fact that
\ S phonons are refracted at the interface between two media
[ . / L with different phonon band structurs.Removing chain
6.0 T - oxygen from YBCG, results in only slight variations of its
L - phonon  band  structufd. Thus, we assume
prr— 5 5 Fra— Rpq=(170.5x10"3 K cm? W™ which is a typical value of
' - our YBCOy films. The same argument allows us to use the
position (um) thermal conductivity of YBCQ along thec axis for the
tetragonal films, as this conductivity is almost entirely due to
nation with a power density ¢, — 282 KW cm 2 and an effective phonons? With these assumptions we are able to determine

oo : the maximum spot temperaturé€g,,, from Eq.(1). They are
spot radiug =8.3 um in 1 bar oxygen for 1 s(b) Local oxygen . P .
content determined from an analysis of micro-Raman spectra take%Ep'Cted n F!g. 9. However, .the unc_:ertalnty of the thermal
at various sites along the line i@). A representative error bar is oundary resistance results in considerable uncertainties of
shown for the site um left from the center. these temperat_ures. . .

In order to investigate the time dependence of oxygen
absorption and diffusion in the laser-heated film we have
i.e., the C(i2) mode at 140 cr', the O2)-O(3) mode at 340  jjluminated different sites of the tetragonal film with varying
cm™!, and the @)+0(3) mode at 450 cm'.** While the  exposure times. For these experiments we chose a power
spot remains tetragonal for power densities up to 18Qensity of 282 kW cm?, i.e., a maximum spot temperature
kW cm?, the appearance of disorder-induced modes fobf T, _ =(880+80) K where oxygen absorption is observed.
higher power densities indicates the onset of oxygen absorprhe inner and outer radii versus exposure time are given in
tion. The spectrum recorded with the highest power densityig. 11. While the outer radius grows fast for small exposure
is similar to the corresponding one of Fig. 1. A typical opti- times, the growing levels off at longer times. The latter re-
cal micrograph of an illuminated site is given in Fig.(d0  flects the fact that oxygen in-diffusion as well as lateral dif-
In the micrograph a dark ring-shaped region with a highefysion becomes slower in regions away from the center as
oxygen content is observed on the bright tetragonal film¢he temperature is decreasing there. The inner radiue-
Therefore, oxygen in-diffusion takes place in regions awaymains constant within the error bars; i.e., within the inner
from the center whereas the center itself remains tetragongidius the photon-stimulated desorption of oxygen exceeds
in agreement with the results obtained on orthorhombighe thermally activated oxygen in-diffusion for any time. The
films. Results of micro-Raman investigations of the ring per-mean value of the observed inner radiiris=5.5 um or
formed in ambient atmosphere are shown in FigblOThey . =0.66, for this experiment.
reveal that within an inner radius~5 um the film is tetrag-
onal, the dark ring-shaped area with an outer radius
ro~9 um has an oxygen content af~0.5, and the other
regions remain unaltered.

The spot temperatures for the annealing experiments car- Thermally activated diffusion of oxygen in YBCQ, can
ried out on tetragonal films cannot be calculated accuratelpe described by Fick's laysee, e.g., Ref. 29

oxygen content

FIG. 10. (a) Optical micrograph of a YBC@film after illumi-

VIl. DISCUSSION
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jT(x)=DVc(x), (6) subsequent spectra which were taken after an initial illumi-

. ) . nation of 3 min. Hence, the local oxygen content is already
wherej(x) is the oxygen flux resulting from the concentra- i, thermal equilibrium after that time. With increasing spot
tion gradientVc(x) andD is the diagonal diffusion tensor. (emperature the region around the spot center in which oxy-
For directionsj =x,y,z we have the diffusion coefficients gen rearrangement takes place grows. This region can be
described by a mean oxygen content0.5. When the spot

_El
Di=Dlex Ea temperature exceeds 580 K the oxygen content within the
M ke TN HYE2) | penetration depth has decreasecte0.

' ) o ) . In the above-discussed experiments the oxygen desorption

Here E), andDy, are the activation energy and the diffusion geems to be temperature induced. However, several investi-
constant for diffusion in thg direction, respectivelyks is  gations have shown that oxygen out-diffusion in vacuum can
the Boltzmann constant, ant(yx“+y<,z) is the tempera- pe neglected for temperatures below 676°R%" The slow
ture which depends only on=yx?+y? andz for circular  out-diffusion is mainly determined by the desorption pro-
laser spots. In the following we describe the concentratiortess, as oxygen in the bulk becomes remarkably mobile al-
gradient by the difference between the equilibrium oxygernready at room temperature, provided the oxygen content is
contentx.q and the initial oxygen content, of the film. The  pelow x=1.8"%°The short time scale of the desorption ob-
equilibrium content is determined from tipg,-T phase dia- served in our experiments already at 490 K could be related
gram of YBCOs..4.° to photon-stimulated desorption of oxygen at the surface.

In general, a diffusion process consists of bulk and inter- Photon-stimulated desorptidi®?SD) of oxygen from the
face diffusion, where interfaces are, e.g., grain boundaries ®urface can be described by a flux
surfaces. As the process with the lowest diffusion coefficient
will determine the velocity of the reaction, the restriction to a r2
single activation energy as done in ) will always give a Jpsdl)=— CwPLeXF{ - r—z) €, (8)
good description of the diffusion. The bulk diffusion of oxy- €
gen in YBCG;, , is highly anisotropic and takes place pre-

dominately in theab plane, especially at temperatures beIOWdensity andC,, is proportional to the cross section of the

30 ; ; S ;
670 K. Howe_ver,c-axs-onent_ed YBCQ.« films consist _desorption. The cross section will depend on the photon en-
of various grains whose mosaic boundaries act as short Cikrgy as well as on the energy barrier involved in the photo-

. . . ly32 . . . .
cuits for oxygen diffusiorf** Typical activation energies i ated process. The fact that we did not observe a depen-
for bulk and interface diffusion of oxygen in YBGO, aré  gence of the damage threshold on the photon energy
about 1 eV2*"**It was observed that activation energies for i, jicates that this energy barrier would be below 2.41 eV.
oxygen out-diffusion are higher than those for Oxygenppqion.stimulated desorption has been observed in experi-

in-diffusion.*® Furthermore, it was shown that the activation ,ants on DyBCQ samples with synchrotron radiation of
energies decrease with increasing oxygen partial preé%urehigh flux densities and energies down to 10%e%he authors

To give an example, an act?vatipn energy of 0.2 eV W.asexplain their observations by core-level excitations which
reported for the oxygen out-diffusion at 1 bar oxygen partiaigaq 1o oxygen desorption and suggest that shallow core lev-
pressuré! In the following we restrict ourself to oxygen in- els of Ba(%) at 17 eV and of O(8) at 22 eV are involved

aﬁd (?Ut'ldif.f#Si(?n fromﬁ_th_e surface deiﬁribid by effectivej, these processes. Desorption occurring at lower energies is
chemical diffusion coefficient®™ and D®". Then, Eq.(6)  gyplained in terms of second-order light. As our laser ener-

with the power density?, =n% w. Heren is the photon flux

becomes gies are far below these values this process cannot account
_ ae(r,2) for the dgsorption in our .experiments. On the ot.her h_and
jimoutpy = pinfout_—_—~ , (7)  photon-stimulated desorption was also observed in optical-
9z |, activated isotope exchange experiments in Zh@ these
with samples the maximum in the desorption efficiency has been

related to excitonic excitations. Indeed, electronic excitations
— Eljout in the visible regime have been observed in luminescence
KTl spectra of YBCQ. ,.***3They have been related to photo-
ma generation of charges which play an important role in the
in cylindrical coordinates, wher&,,,,(r) is the temperature persistent photoconductivifii. The latter authors suggest
at the film surfacdsee Sec. V. that oxygen vacancies in the Q)-O(1) chains act ag-

At low oxygen partial pressure and sufficiently high tem- centers which trap photoexcited electrons. ThEseenters
perature oxygen will desorb from a YBGCfilm. At the  may play a similar role in the desorption of oxygen from the
surface oxygen out-diffusion has already been observed aurface as excitons do in ZnO. It is worthwhile to mention
room temperature with time scales of several hGxygen that persistent photoconductivity is a bulk effect. Therefore,
from the bulk will follow the concentration gradient to the it is not clear whether the oxygen vacancies at the surface
surface if its mobility is high enough, i.e., if the local tem- will behave in a similar way than those in the bulk. Photon-
perature is high enough. According to our experiments this istimulated desorption at the surface was observed when oxy-
the case for temperatures above 490 K. Then oxygen wiljen monolayers adsorbed on(Ftl) were irradiated with
flow in the bulk and desorb from the surface from regionsphotons whose energy exceeded 2.7*¢Vhese authors ex-
close to the spot center. The new profile of the oxygen conplain the observed desorption efficiency with excitations of
tent establishes very fast, as we did not observe variations ithe adsorbed oxygen molecules whose frontier orbitals split

D/nfout_ Dg'l/outex%
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sidered the experimentally observed inner radius0.66

1.0 ! T T T T ] . . j
) —  Gaussian yields an upper bound of the activation energy

0.81 : — 01ev T EA<(0.19+0.01) eV. Interestingly, such low activation en-

0.6k \‘\\ -T o zx | 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 $®dwis
demonstrates that grain-boundary diffusion plays an impor-

0.4 eV

oxygen flux
o
N

0.2F NN tant role in the thermally activated oxygen in-diffusion into
elle LT —— - — YBCOg., y films.
0.0 1 ! Ty 1 orx
0.0 0.5 1.0 1.5 2.0 2.5 3.0
radius r/r,
VIIl. CONCLUSION
FIG. 12. Normalized lateral distributions of the thermally acti-  In the first part of this work we investigated the behavior

vated oxygen flux into the YBC@film calculated from Eq(7) for of YBCOy films when annealed with a laser beam of high
parameterd ;=300 K, pox=1 bar, T,,5,=880 K, and various acti- power at low residual pressures. Analysis of the spectra and
vation energie€, . For comparison a normalized Gaussian profile of the laser-annealed site, as well as laser-annealing mea-
which represents photon-stimulated desorption is given. surements performed at different cryostat temperatures, al-
lowed us to develop a simple picture of the process of the
due to interactions with Pd orbitals. Whether this orbital oxygen out-diffusion under these conditions. According to
splitting will also occur on YBCQ,, surfaces and if so this picture oxygen starts to diffuse out of the film when the
whether the energy threshold will be below 2.41 eV have noimaximum spot temperature reaches 490 K. With increasing
been investigated so far. spot temperature the region around the spot center in which a
At an oxygen partial pressure of 1 bar thermally activatechew oxygen concentration profile establishes grows. This re-
oxygen in- and out-diffusion has already been observed ajion can be described by a mean oxygen conienDd.5.
low temperatures of 500 R:*>The equilibrium oxygen con-  When the maximum spot temperature exceeds 580 K the
tent at this pressure is aboxe=0.7 when the temperature is oxygen content within the penetration depth decreases to
below 900 K3 From this we expect that even at the highestx=0.
power density thermally activated desorption plays a minor In the second part we presented laser-annealing measure-
role in our experiments on YBCEfilms. Therefore, we ex- ments performed at higher residual pressures. In measure-
plain the fact that oxygen-depleted areas withO are ob- ments on YBCQ films carried out in 1 bar oxygen we ob-
served in laser-annealing measurements by photorserved tetragonal spot centerx=0) at high power
stimulated desorption of oxygen which occurs predominatelyjensities. This is not expected in a thermally activated pro-
in the center of the Gaussian laser spot. Measurements pefess. According to th@,,-T phase diagram the minimum
formed on YBCQ films in 1 bar oxygen helped us to dis- oxygen content of YBC@Q, , is abovex=0.3 even before
tinguish regions where thermally activated oxygen in-the material starts to melt at this pressure. Investigations of
diffusion and photon-stimulated desorption is observedyBCOg films in 1 bar oxygen were used to study oxygen
respectively. According to Ed8) the desorption will have a in-diffusion. We observed that ring-shaped oxidized regions
Gaussian profile. The observed ring-shaped oxidized regiogppear at high power densities.
depicted in Fig. 10 demonstrates that the lateral profile of the |n the last part of this work we showed that oxygen out-
thermally activated oxygen flux falls off slower than a diffusion from YBCO; films at low residual pressure may
Gaussian function. Consequently, in regions far from theyell be explained by thermally activated bulk diffusion and
center the thermally activated oxygen in-diffusion dominateshoton-stimulated desorption of oxygen from the surface.
the photon-stimulated desorption and vice versa. At the innePhoton-stimulated desorption could also account for the ob-
radiusr; the oxygen fluxes due to both processes compenserved tetragonal spot centers at high residual pressures up to
sate, i.e.jT(r;)=—jpsd(ri). As the temperature profile de- 1 bar oxygen and the ring-shaped oxidized regions, observed
velops very rapidly we do not see any time dependence ofthen YBCQ; films are investigated in 1 bar oxygen. These
the inner radius in Fig. 11. rings can be described as a result of competing oxygen fluxes
The lateral profile of the thermally activated oxygen flux due to thermally activated oxygen in-diffusion and photon-
can be calculated according to E@). In this calculation the stimulated desorption. In particular, it turned out that the
lateral temperature distribution at the film surface discussedctivation energy for the thermally activated process must be
in Sec. IV has to be considered. For a given temperaturgelow E;=(0.19+0.01) eV in order to obtain lateral pro-
distribution the profile of the oxygen flux is a sensitive func- files of the thermally activated oxygen flux which fall off
tion of the activation energ&',&‘. In Fig. 12 we show profiles slower than the Gaussian distribution of the power density.
for activation energie€xy= 0.1, 0.2, 0.3, and 0.4 eV con- The underlying mechanism of the photon-stimulated de-
sideringT =880 K as in the experiments depicted in Figs. sorption could not be identified so far. As our investigations
10 and 11. These profiles are compared to a Gaussian funerere performed in the visible regime we can rule out that
tion. The data show that the activation energy of oxygercore-level excitations of Ba@® and O(Z) lead to oxygen
in-diffusion must be below 0.3 eV in order to obtain suffi- desorption which has been suggested as a mechanism in the
ciently flat profiles of the thermally activated oxygen flux at case of DyBCQ samples irradiated with synchrotron radia-
radii higher tharr,. A detailed analysis where we have con- tion of high intensity. There are two other mechanisms
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which may account for photon-stimulated desorption of oxy-related to the spectral dependence of the desorption effi-
gen. One has been investigated on polycrystals of ZnQogiency.
where excitonic excitations have been related to the spectral

dependence of the desorption efficiency. Another has been

investigated on oxygen monolayers adsorbed ¢h0®} sur-
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