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Annealing disorder and photoinduced order of oxygen chains in detwinned YBa2Cu3O6.65 single
crystals probed by Raman scattering

A. Fainstein, B. Maiorov, J. Guimpel, G. Nieva, and E. Osquiguil
Centro Atómico Bariloche, Comisio´n Nacional de Energı´a Atómica, 8400 San Carlos de Bariloche, Rio Negro, Argentina

~Received 25 June 1999!

Raman scattering in detwinned YBa2Cu3O6.65 single crystals is studied as a function of photoexcitation and
annealing. Copper-oxygen chain-related forbidden Raman bands that are known to strongly bleach with illu-
mination at low temperatures, increase their intensity with chain fragmentation induced by annealing at high
temperature. This contrasting behavior proves the conjunction of short Cu-O fragments into longer chains on
photoexcitation. We interpret the Raman modes as due to vibrations at the end of CuO chain fragments and
Cu-O-Cu monomers, and use their evolution with illumination and annealing as anisotropic sensitive markers
of oxygen reordering processes. The identification of the ‘‘forbidden’’ Raman bands is discussed in the context
of our results and recent literature in the subject. We also present absorption measurements performed on
GdBa2Cu3Ox thin films with varying oxygen content. These experiments show that the 2.2-eV absorption and
the chain-related Raman peaks have different dependencies with oxygen content and illumination, ruling out an
explanation that suggests that the Raman intensity reduction of these modes is due to a photobleaching of
intermediate defect states. These results highlight the potentialities of Raman scattering for oxygen dynamics
studies and demonstrate the presence of photoinduced oxygen ordering in these high-Tc superconductor
compounds.
m

r a
e

tie
to
f

o
a

d
he
ity

d
t
ri
ig

p
th
ll
f
o
e
e

ht
re

e
xy-
is-

to
and
a-

ob-
and

ion
re-

ated
ng
g of
of
an

na-
de-

xci-

-
the
e
ort
us
nd
I. MOTIVATION

The physical properties of YBa2Cu3Ox depend critically
upon oxygen content, and on the way in which oxygen ato
are rearranged in the basal@Cu~1!-O~1!‘‘chain’’ # planes. In
fact, several phases characterized by different chain orde
possible and can coexist for a given oxygen content, th
detailed structure being a determinant of the CuO2-plane car-
rier doping and through it of the superconducting proper
of the material. This structure depends on the thermal his
of the sample: quenched samples show an increase oTc

with time ~typically days at room temperature!, which has
been assigned to a reordering effect through formation
longer chains.1,2 Based on transport measurements, it h
been proposed that oxygen ordering can also be induce
continuous illumination, and that this effect would be at t
origin3 of the phenomena of persistent photoconductiv
~PPC! and photoinduced superconductivity~PS!.3–9 Notwith-
standing the years passed after the discovery of PPC an
it has only been recently, probably motivated by the iden
fication of some chain-related modes, that Raman-scatte
experiments have been reported bringing important ins
into the problem.10–12

It is known that illumination with visible or UV light
induces an increase in the conductivity~PPC! and the super-
conducting critical temperature~PS! of oxygen-deficient
YBa2Cu3Ox .3–9 These changes are metastable if the sam
is kept at temperatures below 250 K, and relax back to
equilibrium state at higher temperatures. It is genera
agreed on that the phenomena are due to photodoping o
CuO2 planes by electron-hole pair excitation. The electr
trapping mechanism, however, has not been conclusively
tablished. Basically two scenarios are considered, nam
photoassisted oxygen ordering3 and trapping at oxygen
PRB 610163-1829/2000/61~6!/4298~7!/$15.00
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vacancies.8,9 In the first model, the photoexcitation is thoug
to induce oxygen ordering into longer chains, which a
known to constitute better hole dopants~and hence electron
traps! than shorter fragments.13 In the second model, on th
other hand, the photoexcited electron is trapped into an o
gen vacancy in the Cu-O chain layer, leading to a local d
tortion that acts as a barrier for recombination.8,9

Raman scattering is a microscopic technique sensitive
the atomic rearrangements taking place during annealing
photoexcitation. The first report of optically induced met
stabilities in the Raman spectra of detwinned YBa2Cu3O7

~fully oxygenated! single crystals was published in 1991.14

However, at that time no complete assignment of the
served spectral features was available. The field of PPC
PS, on the other hand, had not yet fully developed.5,6 An
early Raman study devoted to the microscopic identificat
of photoinduced changes linked with PPC and PS was
ported on underdoped YBa2Cu3O6.4 films.15 This latter study
established the reduction of the two-magnon peak associ
with the antiferromagnetic order existent in the insulati
phase, in agreement with the idea of photoinduced dopin
the CuO2 planes. However, due to the low oxygen content
the film studied the reported spectra did not show Ram
lines related to CuO-chain vibrations and thus clear sig
tures of photoinduced oxygen rearrangements were not
tected.

We have recently reported a Raman study of photoe
tation and oxygen disorder effects on GdBa2Cu3Ox thin films
with x ranging from 6.5 to 7.11 These results rely on chain
related forbidden Raman lines assigned to vibrations at
end of Cu-O fragments.16,17 Based on this assignment, th
reported results provide evidence for the conjunction of sh
Cu-O fragments into longer chains with photoexcitation, th
strongly supporting the oxygen ordering model of PPC a
4298 ©2000 The American Physical Society
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PS.3 Almost at the same time, however, other Rama
scattering investigations of the photoinduced metastabili
were reported.10,12 Interestingly, in an alternative picture
Käll et al.10 interpret the observation of the CuO-chai
related lines as due to a resonant Raman process mediat
electronic defect states located at the chains, without
assumption on the details of the related chain vibrations.16,17

This picture heavily relies on the 2.2-eV absorption feat
identification as a signature of these defect states. Thus
conclusions drawn from the two pictures, regarding the P
and PS phenomena, differ.

In order to test these contrasting interpretations of
observed photobleaching of Raman lines in YBa2Cu3Ox ,10,11

we present Raman scattering experiments as a functio
annealing and photoexcitation in oxygen-deficient detwinn
YBa2Cu3O6.65 single crystals that extend previously report
Raman studies in GdBa2Cu3Ox thin films.11 As compared to
thin films, in detwinned single crystals the selection ru
enable a more precise identification of the Raman modes
addition, anisotropy sensitive studies of the chain oxyg
dynamics are possible providing further evidence for
mode assignment and for the understanding of the phys
processes under play. We also report transmission mea
ments performed on a series of GdBa2Cu3Ox thin films. We
argue that the oxygen content and photoexcitation dep
dence of the 2.2-eV absorption is not compatible with
defect resonance interpretation of the Raman l
bleaching.10 These results agree with the accepted ass
ment of the chain-end modes11,16,17highlighting their poten-
tialities as fragment counters in chain oxygen dynamics s
ies. Furthermore, we believe that they provide conclus
evidence for the contribution of chain oxygen ordering to
phenomena of PPC and PS.

The paper is organized as follows. Section II describes
samples and the experimental setup. In Sec. III we pre
our results and discussion, and some conclusions are
stowed.

II. SAMPLES AND EXPERIMENTAL SETUP

The YBa2Cu3Ox crystal was prepared using the flu
growth technique with Yttria stabilized ZrO2 trays, as de-
scribed in Ref. 18. No impurities were found in the crys
using energy dispersive spectroscopy with a scanning e
tron microscope. The detwinning process is doneas grown
by applying uniaxial pressure at 550 °C in an oxygen atm
sphere. In a first step, oxygenation up tox;7 ~optimal dop-
ping! was performed by annealing the crystal for 15 days
450 °C in oxygen atmosphere. Zero-field ac susceptibi
measurements showed aTc of 92 K with 1 K superconduct-
ing transition width, as derived from the 90–10 % jump
the transition. In a latter step, the oxygen content was se
as to maximize the Raman signals due to chain-end mo
Deoxygenation down tox56.65 was achieved by annealin
the crystal for 12 days at 450 °C at a controlled oxyg
pressure.19 At this latter stage,Tc561 K with a transition
width of 1 K. Inspection using a microscope with polariz
light showed that the crystal was well detwinned. Polariz
Raman spectra~parallel and perpendicular to the Cu
chains! taken with spots of'50 mm diam were highly uni-
-
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form through the crystal surface, also indicative of a w
detwinned sample.

The GdBa2Cu3Ox thin films described here are the sam
used for the Raman and PPC experiments reported in Re
and Ref. 20, respectively. Fabrication details may be fou
there. Typical film thicknesses were around 2000 Å. T
oxygen content of the samples was adjusted in a contro
manner using the isostoichiometry line annealing metho19

Samples with nominal oxygen content fromx56.35 to x
57 were studied.

Raman spectra were collected with a triple Jobin-Yv
T64000 spectrometer equipped with a liquid-N2-cooled
charge-coupled-device camera. The 514.5-nm line of an
ion laser was used for excitation in an almost backscatte
geometry. For the detwinned crystals, Raman spectra w
acquired as a function of annealing with light polarized p
allel or perpendicular to the Cu-O chains, and as a funct
of illumination time with light polarized parallel to the Cu-O
chains. During the illumination periods the same laser l
used for Raman data collection was also used as the
source for photoexcitation. We verified, by measuring Sto
and anti-Stokes components of the Raman spectra, that la
induced heating of the sample was kept below;10220 K.
In all cases the sample temperature and laser power de
were such that changes of oxygen content due to in or
diffusion ~as in Refs. 16 and 17! could be ruled out. For the
absorption experiments in thin films a halogen lamp w
used as light source. The transmitted light was disper
with the Raman spectrometer and detected with a photom
tiplier with conventional photon counting techniques. T
scanning times and light intensity were set to avoid rela
photoexcitation effects. Typical resolutions were around 2
cm21 and 2 nm for the Raman scattering and the absorp
spectra, respectively.

III. RESULTS AND DISCUSSION

A. Raman scattering

We begin describing the room-temperature (;25 °C) Ra-
man spectra collected with both thez(a,a) z̄ and z(b,b) z̄
scattering configurations~labeled with Porto’s notation21! in
a YBa2Cu3O6.65 detwinned single crystal, and shown in Fig
1~a! and 1~b! with thick solid curves. Spectra acquired fo
the sample annealed at higher temperatures are also sho
Fig. 1 and will be discussed afterwards.a andb correspond
to the crystal directions perpendicular and along the Cu
chains, respectively. The spectra are characteristic of a w
detwinned oxygen deficient YBa2Cu3Ox single crystal.22–25

Phonon lines due to Raman-active~z!-polarizedAg symme-
try modes are observed at 110 cm21 ~Ba!, 140 cm21

(CuO2-plane copper!, 330 cm21 ~pseudotetragonalB1g sym-
metry CuO2-plane oxygen out-of-phase mode! and at 442
cm21 (CuO2-plane oxygen in-phase mode!.

Besides these Raman-allowed bands many additio
spectral features usually appear in oxygen-defici
YBa2Cu3Ox samples. Due to local changes of the atom
environment otherwise Raman-forbidden modes
activated.22–25 Iliev et al.17 have identified some of thes
bands as due to a superposition of the ortho-I, ortho-II, a
tetragonal structures. In our spectra, the two small peaks
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4300 PRB 61A. FAINSTEIN et al.
served at 181 cm21 and at 495 cm21 @most clear forz(b,b) z̄
polarization at 77 K, Fig. 1~c!# can be associated wit
ortho-II components.17 The peaks that will be the subject o
our research here, on the other hand, are those observe
tween 220 and 290 cm21. Three peaks can be distinguishe
in our room-temperature single-crystal spectra in this sp
tral region: one narrow peak around 224 cm21 ~230 cm21 at
77 K!, and two overlapping features with maxima at 2
cm21 and 281 cm21 ~264 cm21 and 289 cm21 at 77 K,
respectively!. We note that, for the thin films reported in Re
11, only one broad line centered around 270 cm21 could be
identified instead of these latter two peaks. The three li
we will analyze are characterized by a Raman tensor w
only ayyÞ0, thus suggesting their connection with Cu-
chain vibrations.14 In addition, the associated frequencies
dicate that they are copper-related modes. For the same
sons, the large broader peak appearing also forz(b,b) z̄ con-
figuration around 580 cm21 is associated withoxygen atom
vibrations in finite chains.16,17 However, since it is usually
overlapped with a disorder-induced polarization independ
signal, quantitative analysis based on it is more cumberso

In their pioneer work on photoinduced metastabilities
the Raman spectra of YBa2Cu3O7 single crystals, Wake
et al.14 showed that these chain-related modes are optic
bleached for photon energies in the visible spectrum. T
metastability of the photoinduced state is evidenced by
fact that, in the dark, the bleached lines reappear wit
temperature-dependent recovery time indicative of an act
tion mechanism.10 These observations were recently used
a series of Raman studies10–12 devoted to understanding th
microscopic origin of PPC and PS. Though all these wo
conclude that the CuO chains are related with the obse
forbidden Raman peaks and with the PPC phenomena

FIG. 1. Raman spectra taken under different annealing and

toexcitation conditions.~a! z(b,b) z̄ configuration~sensitive to the
b -oriented fragments! at three different annealing temperatures.~b!

z(a,a) z̄ configuration~sensitive to thea-oriented fragments! at two
different annealing temperatures. Note the inverted intensity of
230 and 264 cm21 lines with respect to theb-polarized spectra. In
~a! and ~b! the thicker curves correspond to the room-temperat

spectra (25 °C).~c! z(b,b) z̄ configuration before and after illumi
nation at 77 K.
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precise assignment of the modes and the identification of
induced metastability differ. In order to clarify this centr
issue we have carried out Raman-scattering studies as a
tion of annealing, in addition to illumination. If photoin
duced chain ordering is playing a role in the PPC pheno
ena, as proposed in Ref. 3, annealing-induced chain diso
at high temperatures should be viewed as a sort of oppo
process to photoinduction.20 Moreover, detwinned single
crystals enable anisotropy sensitive studies that can pro
further insight into the mechanisms under study.

In Fig. 1 we show such experiments performed on
YBa2Cu3O6.65 single crystal. Part~a! displays the Raman
spectra obtained forz(b,b) z̄ configuration at different an-
nealing temperatures. This Raman geometry is sensitiv
the b-oriented chains.14 Figure 1~b! shows similar spectra
along a @z(a,a) z̄ configuration#, sensitive to a-oriented
chain fragments. Note that in these latter spectra the inten
of the 230 cm21 and 264 cm21 lines are inverted with re-
spect to thez(b,b) z̄ configuration, showing that the signa
are intrinsic to thea direction and not due to polarizatio
leakage. Finally, spectra measured at 77 K before and af
long exposure to laser illumination are presented in part~c!

for z(b,b) z̄ geometry. The chain-related modes forz(a,a) z̄
configuration were too weak to allow a reliable photoblea
ing study. Several observations can be drawn from th
spectra:~i! most parts of the spectra are independent of il
mination or annealing~except for some small broadenings
the latter case!; ~ii ! changes are observedin the same spec
tral regions for the two processes, on the chain-relat
modes involving copper~230–290 cm21) and oxygen~450
–600 cm21) vibrations; ~iii ! bleachingof these modes oc
curs on illumination, and anincreaseof their strength is
observed on annealing;~iv! for these chain-related modes th
intensity increases alonga monotonically with annealing
temperature@Fig. 1~b!#, but behaves nonmonotonically alon
b, where an increase followed by a decrease is observed@Fig.
1~a!#.

The qualitative observations discussed above are qua
tatively displayed in Figs. 2 and 3. Figure 2 presents
illumination time dependence of the peak intensity for t
three forbidden Raman modes assigned to chain Cu vi
tions. For reference purposes, the intensity of the 337 cm21

B1g Raman-allowed mode is also shown. The signal inten
is defined as the peak area obtained from Lorentzian func
fits to the data. While theB1g mode is clearly independent o
illumination time, as expected, the Cu-chain modes are o
cally bleached down to almost complete suppression. T
result coincides with those previously reported.10–12,14In ad-
dition, it confirms our previous observation11 that the forbid-
den mode at 230 cm21 ~corresponding to the larger chain
related peak! decreases with illumination time relatively les
and with a slower rate as compared with the smaller pe
around 264 cm21.

The temperature dependence of the 230 cm21 peak inten-
sity is shown in Fig. 3 for polarizations alonga andb, and
compared with the corresponding dependence of theB1g
mode. TheB1g mode integrated intensity remains constant
the studied temperature range. In contrast, the same for
den peaks susceptible to optical bleaching display a c
anisotropic annealing temperature dependence. For light
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PRB 61 4301ANNEALING DISORDER AND PHOTOINDUCED ORDER . . .
larized alonga, where the signals are almost unobserva
under normal conditions, the forbidden modes continuou
develop with increasing annealing. Along the chains (b), on
the other hand, the signal first starts increasing its stren
but decreases afterwards for larger chain disorder. We
that similar experiments performed onc-textured
GdBa2Cu3Ox thin films showed a continuous increase of t
chain modes Raman signal with annealing temperature.11 We
believe these results provide strong evidence of the intim
relation between chain ordering and the observed phot
duced metastabilities, and bring important information use
for the assignment of the observed modes. This discus
will be further developed below, after presenting our tra
mission data obtained on GdBa2Cu3Ox thin films as a func-
tion of oxygen concentration.

B. Absorption

Though it is quite clear from the above-presented Ram
data that the photoexcited metastability is linked to chan

FIG. 2. Illumination time dependence of the Raman intens
~integrated area of Lorentzian fits to the data! for the B1g Raman
allowed peak~solid squares!, and for the chain-related ‘‘forbidden’
copper modes at 230 cm21 ~full circles!, 264 cm21 ~open squares!,
and 289 cm21 ~full triangles!. The data correspond to spectra tak
at 77 K.

FIG. 3. Annealing temperature dependence of the Raman in
sity ~integrated area of Lorentzian fits to the data! for the B1g Ra-
man allowed peak~open circles!, and for the chain-related ‘‘forbid-

den’’ copper modes at 230 cm21 in z(b,b) z̄ configuration~full

circles! andz(a,a) z̄ configuration~full triangles!.
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in the CuO-chain basal planes, there have been two cont
ing interpretations of the microscopic process involve
photoinduced ordering of the CuO-chains,11 and the photo-
induced reduction of the number of intermediate-step re
nant electronic states.10 In order to account for the oxygen
concentration dependence of the intensity of t
‘‘forbidden’’ Raman lines, which are maximum aroundx
56.7 and disappear forx56.5 andx57, Käll et al.10 con-
cluded that theelectronic defect statesshould be localized a
the chain ends. This contrasts with Ref. 11 where this c
clusion follows from the assignment of thephonon modesas
being localized at chain ends.16,17Note that the stable oxyge
structures forx57 andx56.5 are the so-called ortho-I an
ortho-II structures, characterized both by infinitely lon
chains.11 The most important fact supporting the ‘‘resona
localized state’’ model is the existence of a rather stro
Raman resonance of the chain modes for laser excitat
around 2.2 eV,14 and the reported observation of a narro
absorption feature at that energy that is claimed to ble
upon illumination.26 Elucidation of this point is central to the
discussion, in view of the implications that each scenario
respect to the two models proposed at the origin of PPC
PS. In fact, within the scenario proposed by Ka¨ll et al.10 no
definitive conclusion can be drawn from the Raman data:
bleaching of Raman lines could be due both to the filling
intermediate defect electronic states, or to the ordering
duced decrease of chain ends. The first possibility would
consistent with the vacancy model of PPC and PS~on the
assumption that the chain-end electronic states are rel
with such trapping centers!, while the second would be con
sistent with the photoinduced chain-ordering model.

In order to clarify this point we have performed low
temperature~80 K! transmission measurements on a series
GdBa2Cu3Ox thin films with nominal oxygen content rang
ing from x56.35 tox57, before and after long exposures
high-power green laser light~514.5 nm!. The films thickness
~around 2000 Å! were such that sufficient laser illuminatio
along the full depth sensed by the transmission meas
ments could be assured. Representative transmission
corresponding to some of the studied samples are displa
in Fig. 4, for the energy region of interest. A small absor
tion is observed around 2.2 eV, that broadens and blues
with increasing oxygen content. This feature is clearer
x56.35, almost unobservable atx56.7, and disappears in
the ‘‘fully oxygenated’’ sample. These observations agr
with the spectroscopic ellipsometry results reported
Kircher et al. ~see Figs. 4 and 5 in Ref. 27!, and do not
follow the same oxygen content dependence as the inten
of the ‘‘forbidden’’ CuO chain-related Raman lines. The la
ter are not present forx56.5, are well defined only forx
.6.5, have a maximum aroundx56.7, and disappear in
fully oxygenated samples corresponding tox57.10,11 More-
over, we have not observed within our experimental er
any difference of the absorption spectra taken before
after laser-light illumination. An example of this is shown
Fig. 4 for x56.35.

C. Discussion

Two related issues need to be discussed: first, the ass
ment of the additional Raman lines in the spectral reg
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2302290 cm21 and, second, the description of the observ
annealing and photoexcitation dependencies of these p
based on this assignment, and its implications concerning
microscopic mechanism for the phenomena of PPC and

In the most recent publications on the subject, basic
two assignments have been given to explain the appear
of these additional lines, namely, vibrations of copper ato
localized at the end ofshort chain fragments,16,17 and
infrared-active chain vibrations made Raman active by re
nant processes atelectronic stateslocalized at chain ends.10

Several of our results can be used to discard this sec
option: ~i! an absorption is, in fact, observed around 2.2
that could be related with the electronic intermediate sta
responsible for the resonant behavior of the Raman e
ciency, but its variation with oxygen content and illumin
tion cannotaccount for the respective dependencies of
Raman lines;~ii ! we have observed that both in thin films11

and single crystals, the additional ‘‘forbidden’’ modes i
crease their intensity with increasing temperature, someth
difficult to explain from the point of view of resonant pro
cesses. Though it is true that the number of chain ends
creases with disorder, any resonant process should
washed out by the reduced lifetime of the intermediate e
tronic states. The latter is determined by the movemen
oxygen atoms within the CuO planes, and is known to
drastically shortened above room temperature.3,20 We hence
conclude that the photobleaching of the Raman peaks ca
be due to the variation of the number of intermediate re
nant states responsible for the yellow resonance.14

The peaks under consideration have been recently
signed toAg-symmetry stretching vibrations of copper atom
at the end ofshort chain fragments.16,17 Within this picture,
these modes become Raman active in oxygen-defic
YBa2Cu3Ox due to the loss of inversion symmetry of th
atomic sites, and are thus forbidden for infinite~or long with
respect to the laser wavelength! chains. This identification
confirmed by detailed studies of local oxygen arrangeme
~microdomains!,17 is based on several observations. First
site-selective isotopic substitution of tetragonal

FIG. 4. Transmission spectra taken at 77 K for GdBa2Cu3Ox

thin films of different oxygen content. Note the small absorpti
observed around 2.2 eV, probably associated with the ‘‘yell
resonance’’~Ref. 14! of the CuO-chain-related additonal mode
The dashed curve was taken without moving the sample after a
expossure to green laser light. No difference in the absorption s
tra, within experimental error, was observed before and after
mination.
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YBa2Cu3
18O6.2 microcrystals with16O, indicates that a peak

in the same spectral region appears upon the incorporatio
oxygen atoms at the chain sites, disappearing later for
creasing mean chain lengths.16 A group theory analysis of
the proposed Cu-O chain fragment modes can be foun
Ref. 16. Second, this assignment is also consistent with
copper and oxygen Raman-allowedvibrations of thedouble
Cu-O chains of the ‘‘124’’ YBa2Cu4O8 compound,28 ob-
served around 250 cm21. Third, these modes have max
mum intensity aroundx56.7, and are not observed forx
56.5 and x57, for which the most stable ortho-II an
ortho-I structures, respectively, are characterized by i
nitely long chains. All vibrations involving the movement o
atoms in these ‘‘infinite’’ chains are Raman forbidden.21,22

The reason for the activation of these modes in finite fr
ments can be easily explained in a practical way start
from a bond-polarizability model~BPM!, as explained in
Ref. 11. The BPM implies that the main part of the observ
Raman signal arises from vibrations of the atoms at the
of Cu-O fragments, the other neighbors contributing w
rapidly decreasing intensities.11 It follows that the magnitude
of these modes can be used as acounterof chain fragments.

The above picture is able to explain the appearance
Raman signals in the spectral region around 250 cm21. It is
not sufficient, however, to describe the details of the spec
which are characterized not by one, but a series of w
defined peaks. For samples of different origins the numbe
peaks is not always the same, but they are alwaysat the same
frequencies. The most prominent one is observed at ro
temperature around 230 cm21, smaller ones appearing a
260, 290, and 305 cm21.10–12,24 The relative intensities of
these secondary peaks, on the other hand, do not follo
general rule. Panfilovet al.12 have proposed that they are du
to local ordered chain arrangements leading to a folding
the infrared-active chain mode dispersion and thus to an
tivation of new k50 modes. Such kind of folding is wel
known to occur and leads to new observable Raman mo
in, for example, artificially grown semiconductor multip
quantum wells.29 It is difficult to reconcile, however, this
description for the additional peaks with the experimen
observations noted above and our annealing results: firs
new periodicity common to all the studied samples with d
ferent oxygen contents would be required to account for
universally observed phonon frequencies. Second, if pres
the folding periodicity and consequently, the Raman mod
should disappear with annealing induced disorder, in cont
with our observations~see Fig. 1 and Ref. 11!. Third, the
stretching chain modes should have a negativek dispersion
so that the folded modes should havelower, and not higher,
energy compared with the main 230-cm21 vibration. And
fourth, the relative intensity of the observed peaks does
agree with the expected decay for increasing folded m
order.29 Note, in particular, that in our spectra polarize
alonga @Fig. 1~b!# the relative intensities arereversed.

We have proposed in Ref. 11 a tentative assignment
the Raman peaks observed in our GdBa2Cu3Ox thin film
experiments. In these films, in addition to the larger line
230 cm21, a single broader peak was observed around
cm21. We suggested, following Ivanovet al.,16,17 that the
main line derives from copper atoms vibrating at the end
finite fragments, while the broader higher-frequency peak
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flects an unresolved series of closely lying frequencies a
ing from monomers in different local environments~occu-
pied or unoccupied neighbor oxygen sites, coupling to ot
monomers, etc.!. A ‘‘monomer’’ is defined by the shortes
possible fragment, i.e., Cu-O-Cu. We believe this is a pl
sible explanation that can be extended to account for
richer single-crystal spectra. In fact, irrespective of the o
gen concentration all these Cu-O arrangements should
present,16,17 and might be spectrally discernible in high
quality single crystals. We believe that the somewhat lar
sensitivity of the additional smaller peaks to photoexcitati
together with the observation of their larger intensity for t
z(a,a) z̄ configuration as compared with the 230-cm21 peak,
are also consistent with this scenario. Unfortunately, no r
able calculation of Cu-O fragment or cluster phonon f
quencies in oxygen-deficient YBa2Cu3Ox are available at the
moment to firmly establish this point. Such results wou
greatly enhance the potentialities of Raman scattering
oxygen-dynamics studies in these compounds.

Having established the assignment of the larger 230-cm21

line as originating from vibrations at the end of cha
fragments,11,16,17and thus its intensity as a sort of ‘‘fragme
counter,’’ several facts can be drawn from the experime
First, our results demonstrate the connection between
thermal treatment~annealing above room temperatures
constantoxygen content! and illumination with laser light: it
is quite clear thatthe same spectral featuressuffer changes
upon annealing or illumination. Second, the data in Figs
and 3 serve to follow the evolution of the chain fragme
distribution during the two processes. It can thus be firm
established that short Cu-O fragments conjoin into lon
chains with photoexcitation, and that the long fragme
break into shorter ones with annealing at increasing temp
tures. The latter conclusion is the counterpart of the w
known oxygen reordering effect that favors the formation
longer chains in samples quenched from high to ro
temperature.1,2 To be more precise, the above conclusi
could be viewed as a quite general implication of our Ram
data, irrespective of any line assignment: the additional ‘‘f
bidden’’ peaks increase their strength with annealing indu
disorder11 and, consequently, their bleaching with illumin
tion reflects the underlying photoinduced oxygen orderi
This reordering has been previously monitored through
man scattering in a rather indirect way by analyzing the l
shape of the Raman-allowed band due to theneighbor
apical-oxygen vibrations.30,31 Use of specific local probe
such as the chain modes we are discussing here, clearly
vides a new and more precise means to study such proce
We note that the conjunction of short fragments into lar
ones upon photoexcitation, supports the role of oxygen
dering in the PPC and PS phenomena.3–9 As proposed by
y
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Osquiguilet al.,3 extra charge is transferred to the condu
ing CuO2 planes by photoinduced oxygen ordering, thus g
erating a metastable state with lower resistivity~PPC! and
higher superconducting transitionTc ~PS!.

Knowledge of the vibrations involved in the Rama
peaks, however, enables a much richer view into the mic
scopic processes under play. As argued above, the la
peak at 230 cm21 due to phonons involving the Cu atoms
the end of chain fragments, can be used through an ap
priate modeling as a probe of the fragment distribution. I
interesting in this context to discuss the anisotropic beha
displayed in Fig. 3. Unfortunately, we do not have reliab
data on monomers, but a mechanism of redistribution of o
gen ions between ana and b direction, as well as betwee
long chain fragments and monomers, might be as follows.
a function of annealing temperature, the first increase of
230-cm21 line intensity for light polarized alongb implies a
fragmentation of long chains into shorter fragments and
indicated by thea spectra, movement of single oxygen atom
to the orthogonal vacant sites alonga. On increased anneal
ing induced disorder, however, the number of long ch
fragments alongb should start decreasing in favor of in
creased number of monomers. This should result in a
crease of the signal intensity alongb, while the signal along
a should keep increasing, as observed. This rather qualita
description considers the Raman line intensity as dire
proportional to the fragment number. It would be highly d
sirable, however, to have a more detailed description of
dependence of the Raman process on the chain leng
dependence not taken into account in our crude approac

In summary, we have presented a Raman-scattering s
in a detwinned YBa2Cu3O6.65 single crystal as a function o
photoexcitation and annealing at constant oxygen con
that demonstrates the intimate connection between persi
photoconductivity and photoinduced oxygen ordering
these superconductor compounds. We hope these re
stimulate theoretical work on the phonon frequencies a
Raman efficiencies of CuO chain fragments with differe
surroundings. Raman scattering would hence be a m
more powerful tool for probing the concentration depe
dence of the oxygen local order and diffusivity32 in the
YBa2Cu3Ox family of compounds.
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