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We investigated the time and temperature dependence of photobleaching eff@Bs,u;0;_5 single
crystals (R=Y,Pr) by Raman spectroscopy and Monte Carlo simulations based on the asymmetric next-
nearest-neighbor Ising model. In a temperature range between 40 and 300 K the bleaching slows down on
cooling, displaying a pronounced change in dynamics around 160 R$0f. To model this behavior we
extended the Ising model by introducing a single energy barrier which impedes oxygen movement in the plane
unless the oxygen atoms are excited by light. We obtain a time- and temperature-dependent development of
superstructures under illumination with the fastest change at intermediate model temperatures. The chain-
fragment development in the simulation thus matches the experimental low-temperature dynamics of Raman
photobleaching, providing further support for oxygen reordering in the chain plane being at the origin of
Raman photobleaching and related effects.
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[. INTRODUCTION temperatures even after the illumination has been stopped,
but reversible when the material is heated to room tempera-
In oxygen-deficientRBa,Cu;O;_s @ number of unusual ture.

effects observed with various methods are related to struc- While the relation between these experiments is not yet
tural changes in the chain plane of the material. Samplefilly understood, some properties are remarkably similar. All
guenched from high to about room temperature show sporeffects occur only in samples with oxygen deficiency, they
taneous reordering of oxygen atoms in the chain sites on are frozen in(or metastablgat low temperatures but active
time scale between hours and daysThe structural devel- (or reversiblg at or above room temperature, the crossover
opment has been monitored with x-ray and neutron scattebeing around 250 to 280 K. This range matches the glass
ing, both verifying a shortening of the crystallographic axestransition of the thermal expansion coefficient found in un-
and the formation of superstructure patterns with full andderdoped materialé~0.1), which was also assigned to a
empty chains for values of oxygen deficiency aroufid chain-forming contributiod? Another common property is
~0.52>While theR=Y compound has been the most thor- the functional form of the dynamics displayed in transport,
oughly investigated, superstructure ordering has also beemnealing, and Raman experiments. All show a stretched ex-
found for otherRBa,Cu;0;_s materials®’ Along with this  ponential behavior, which is typical of disordered systems
reorganization the critical temperature of the samples wawith a broad, statistical range of relaxation times and is often
observed to increase, pointing to the close connection bdeund in the context of glassy materials.
tween chain length and carrier concentration in the supercon- The reordering of oxygen atoms in the chain plane can
ducting planeg.Calculations of the Cul valence in different account for at least part of these experimental observations.
oxygen surroundings explain the charge transfer invofved.It has been shown that ordered superstructure patterns of full
This correlation between structure and electrical propertieand empty chains in the chain plane are energetically favor-
has also been shown by application of pressure, after whichble and provide a higher doping level of the superconduct-
the critical temperature also remains enhanced as long as timey planes than statistically distributed vacanéide struc-
sample is kept cool, but relaxes when it is warmed up taural phase diagram of YB&u;O,_s has been simulated
room temperaturg.Other metastable effects are induced bywith the Monte Carlo based asymmetric next nearest neigh-
illumination, such as persistent photoconductivity, where afbor Ising (ASYNNNI) model as developed, e.g., by Ander-
ter exposure to visible light conductivity and, in supercon-sen et al®>23-2” For spontaneous oxygen reordering above
ducting samples, critical temperature show a metastableoom temperature, x-ray and neutron diffraction provide di-
increasé®14 Among the optical methods, Raman spectros-rect evidence for the link of transport properties to axis short-
copy is particularly suitable for the investigation of oxygen ening and superstructure developm&nhtBoth pressure and
reordering effects, as the spectra show a group of peaks rdlumination reduce the-axis length and increase the critical
lated to vibrations of the chain oxygens, which lose intensitytemperature due to the charge transfer they indd@ahis
under illuminationt>2% Again, this change is stable at low suggests that the microscopic process is similar to that for
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spontaneous reordering. With decreasing temperature, this
spontaneous reordering freezes. YBa,Cu,0,, PrBa,Cu.0,,
Although the precise origin of the Raman signal with its
uncommon bleaching behavior is not fully understood, the
relationship to the Cu-O-chain plane is evident. First, the
Raman peaks appear in oxygen-deficient material only,
reaching their peak intensity arouids 0.318 Their selection
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rules are such that they appear only with incident and de- g 40 B
tected light polarization parallel to the chain direction; a Ra- & w 5 100
man tensor with this symmetry does not exist in the ideal g - =5 g
crystal?® Second, an isotope site selective experiment with ‘“: - 130
180 displayed a frequency shift appropriate for substitutions § 100 § 160
in the most easily affected chain platfeThe bleaching £ J *"g’
effect as well is tggsglered solely by light polarized along < _J\WWA é 190
the chain directiodt>3! Several mechanisms of Raman acti E \ rs0 | & 210

vation have been discussed, which are all related to chain
formation and defect sites in the chains due to oxygen 190
vacancieg>17.18.20,31

This motivated us to study in detail the bleaching dynam-
ics and its temperature dependence, and to model the chain-
fragment development for comparison with our Raman re-
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sults. Our working hypothesis is that light excitation revives ML/\
the site changes of oxygen atoms, enabling reorddyaigw P A i it il PR P PR SR T
the threshold temperature on a time scale observable in the 200 300 400 500 600 200 300 400 500 600

f -1 . -1
laboratory. Raman spectroscopy is sensitive to this structural Raman shift (cm") Raman shift (cm")

change rather than to changes in the carrier concentration or FIG. 1. Raman spectra of an YE2uOg, untwinned single
mOb'“ty.' . . L crystal (left) and a twinned PrB&£u;Og¢ 7 singlle crystal(right) for

In this paper we present a detailed mve_sugguon of the,4rious temperatures, taken ifyy)z geometry(y=b for R=Y)
temperature dependence of Raman bleaching in the rangg, the 568 nm lineP,=6 mW laser power, and an integration
between 40 and 300 K of the reversible oxygen orderingime of 45 min. The spectra have been normalized to the intensity

effects in YBaCu;Og7 and PrBaCusOg 7 single crystals.  of the B like mode at 339 and 301 citfor R=Y and Pr, respec-
The time constants vary drastically with temperature, showtively, and offset for clarity.

ing much faster decay fdR=Pr and a remarkable change of
behavior for R=Y around 160 K. Using an adapted
ASYNNNI Monte Carlo simulation we explain the form of
decay and its variation with temperature in terms of oxyge
reordering via neighboring site hopping in the chain plane.
A brief description of the sample preparation and the de
tails of the Raman setup in Sec. Il is foIIowgd by the time'cryosta) of an Ar-Kr* laser was focused on a spot of about
and temperature-depgnden_t Raman results in Sec. lll. ln, SeEOO pm in diameter. The laser light served as excitation as
IV_We introduce the simulation setup and compare the SIMUz o as for bleaching the samples. The bleaching was ob-
lation results to the Raman decay. served by taking sequential spectra with an accumulation
time of 90 s for a total illumination period of 45 min.

ostat. All bleaching Raman measurements were recorded in
backscattering geometry on a previously unilluminated spot
'bf the sample using a triple grating spectrometer equipped
with a nitrogen cooled charge-coupled device detector. For
‘excitation the 568 nm lingpower P,=6 mW outside the

Il. EXPERIMENTAL DETAILS

For the Raman experiments samples of crystalline Ill. EXPERIMENTAL RESULTS
YBa,Cu;0g 7 were prepared using the flux-growth technique
with yttria stabilized ZrQ trays. The method and proportions
were the same as in Ref. 32. The chosen crystal was subse- Raman spectra of an untwinned single crystal of
quently detwinned under uniaxial stress as describedBa,CusOg 7 and a twinned single crystal of PrEausOg 7 at
elsewheré® The same procedure was used to grow thevarious temperatures are shown in Fig. 1. The spectra were
PrBaCu;Og ; sample, with special care to choose singletaken with an excitation wavelength ®E568 nm , which is
crystals with no Y contamination from the trays. The oxygenat the center of a resonan¢iill width at half maximum
content reduction for the Y and Pr samples were performed60 meV(Ref. 15] found in the material containing Y. For
at 507°C in an oxygen atmosphere of 14.5 mbar followed bythe structurally similar compounB=Pr the profile, to our
a controlled cooling down proce$s. knowledge, has not been determined, but we assume it to be

The samples were kept at room temperature in the darkimilar. In the YBaCu;Og 7 Spectra, intense defect-induced
for several weeks and quenched from 293 K to low temperamodes with two groups of peaks at 232, 263, 291 and 306,
tures with a cooling rate of 20 K/min using an Oxford cry- and 576 and 596 cm are dominant compared to the Raman-

A. Raman spectra
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allowed modes at 339, 469, and 498¢rf? While being

very distinct at low temperatures, they change around 160 K YBa,Cu0,, PrBa,Cu,0,,
into broader, washed out, and smaller forms. At temperatures

above 250 K the satellite peaks of the largest defect feature T=40K
at 232 cm! become indistinguishable. Thermally induced illumination time A =568 nm

oxygen hopping becomes active in that temperature range,
indicating a connection. For YBE&uOg 7 the defect-related
peaks are more pronounced at low temperat(ifes130 K)
because of the larger time constants for bleaching. All defect-
induced peaks behave similarly in their temporal develop-
ment; hence we take them to be connected to the same physi-
cal origin. In the PrBgCu;0; 7 spectra, the defect-induced
peaks are found at 228, 264, 573, and 607'¢crand the
Raman-allowed modes at 301, 443, and 490'cAllowed

and defect-induced peaks have comparable intensity, possi-
bly because of poorer resonant conditions RxPr. The
shape and number of peaks change little with temperature;
only the features at 264 and 576 Cnmbecome more pro-
nounced at low temperatures. Different intensities in the time
integrated spectra of Fig. 1 are again caused by different

decay rates.
Although the relation to the chains is known, the activa- ! }\,,«J\ ) A

tion mechanism for the defect peaks has not yet been — ) A
clarified!”18.2021.310ne possibility which accounts for the 200 300 400 500 600 200 300 400 500 600
large number of peaks as well as their joint bleaching is that Raman shift (cm”) Raman shift (cm”)
the structures reflect the partial density of states when the

chains and symmetry are broken.

Figure 2 shows sequential spectra of 90 s integration tim
of the two samples af=40 K, starting at the top, to 45 min
total illumination time at the bottom. While all defect-
induced peaks decrease in intensity, the Raman-allowe
modes remain constant; see, e.g., fBg-like mode at
301 cm* in the PrBaCu;Oq 7 sSample. The peaks recover o0 vestigated. The Raman intensityR¥ Pr decreases faster by
their original intensity when annealed at room temperature ity order of magnitude in comparison to Y, in accordance
the dark, but a time-dependent tracing of the process usingith our previous findings in an investigation on a set of

—
i

Raman intensity (arb. units)

Raman intensity (arb. units)
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5

FIG. 2. Sequential Raman spectra of %,BayOg; (left) and
grBe;zCugom (right) taken withA=568 nm and®=6 mW, integra-
tion 90 s at a temperature of 40 K. The spectra have been offset for
clarity, beginning at the top down to 45 min illumination time at the
t()jottom. The defect peaks decrease while Raman-allowed modes
remain unaltered.

Raman spectroscopy is obviously impossilile. samples with differentR at fixed temperaturg: While
PrBaCu;Og 7 as the only nonsuperconducting member of the
B. Time-dependent Raman bleaching RBa,Cu;0;-5 family might be expected to be exceptional,

. we found in previous investigations that its shorter decay
. F|gyre 3 shows the large temperature dependence of tr}ﬁ,ne is in accordance with the oth@®Ba,CO, 5 com-
ggnsn_yl _of\;ge (I?rggst de;e(it-zlr;%ucgf_ Rsrgancfegt@re pounds. PrBgCu;0; 7 has a considerably larger unit cell and
o Cm'llmm'n:t?or:%t' r$i7earl1:o?a mo(r:e dlgta'zed@ d:3 c6:7)t'on is more tetragonal than YB&u;O;_; Both oxygen-atom
Versus tiuminat Ime. ! scripti 'mobility in the chain plane and the chain-building tendency

parameters are extracted ffom the_ Curves in Fig. 3 USING &e then different. The faster decay indicates lower barriers
stretched exponential function, which is typical for heavily against oxygen hopping

disordered systems, to describe the Raman intefity: The exponent3 is shown in Fig. 4b). Interestingly, for

t\A8 R=Y the shape of the bleaching curves changes toward a
(1) =1o exp[— (‘) } +const. (1) steeper beginning and flattened end at temperatures above
about 160 K, which is reflected in a pronounced changg of
The fit parameters are given in Fig. 4. In a different Ramarbetween two fairly constant valug¢6.70 and 0.35+0.05);
investigation on YBgCu;,0,_5 by Panfilovet al, a simple  full symbols in Fig. 4b)]. We found the same property in
exponential function was used; however, it does not describprevious experiments on ceramic YBar0,_; samples?!
our data well, as we clearly find<1.*2 A small value for3  PrBaCu;Og 7 [open symbols in Fig.@)], in contrast, shows
corresponds to curves with high initial steepness and flatonstant 5=0.35 (+0.05. It remains an open question
asymptotic behavior compared to a simple exponential funcwhether PrBgCu;Og ; does not display a change fat all,
tion. The decay times are displayed in Fig. @), showing or the corresponding temperature threshold is below the
that the decay becomes much faster with increasing tempergeach of our investigation.
ture. In the case dR=Y, the decay times exceed the duration = The change of decay in that temperature range points to a
of the experimen{45 min) for the lowest temperatures in- change in the type of dynamics, or maybe to an energy bar-
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FIG. 3. Decrease of the Raman intensity of the peak at 232 cm
in the untwinned YBgCu;Og 7 (@), and at 228 cit in the twinned FIG. 4. Parameters from the fits in Fig. 3; full symbols corre-
PrBaCu;Og ; sample(b) under illumination for various tempera- spond to YBaCusOg 7, Open symbols to PrBEwOg 7. (8) Decay
tures. Solid lines are fits to E¢L); for the fit parameters see Fig. 4. time 7 (note that the values for Pr have been multiplied by, {§)
exponentg, (c) initial intensity, and(d) end intensity from fit and

rier comparable to the thermal energy. Freezing temperaturé§tua! last value of the sequendmes).

for thermally activated oxygen hopping deduced from trans-
port measurements and x-ray monitoring of the structurafleficientRBa,Cu;O;_s. The symmetry is disturbed where a
parameters are considerably higfi@bove 280 K(Ref. 12].  missing oxygen atom interrupts a Cu-O chain, which is
We therefore conclude that illumination-induced oxygentranslation invariant and not Raman active in the ideal struc-
hopping in YBaCu;Og - is governed by a different, smaller ture. lllumination decreases the Raman intensity, so the num-
energy barrier than thermally induced reordering. ber of open chain ends must be reduced by the development
The curves in Fig. 3 show that a slow decay at low tem-of longer full or completely empty chains at the expense of
peratures is combined with high starting points in the firstshort fragments. This implies that light excitation enables
illumination time interval. We mentioned the different initial oxygen diffusion in the plane in a temperature region where
amplitudes in connection with Fig. 1. This behavior is a con-thermally activated movement is frozen. At low tempera-
sequence of the finite accumulation time of 90 s for the firstures, it is reasonable that the equilibrium state is more or-
spectrum of a series. The initial intensities extrapolated fronflered than the frozen-in high-temperature configuration.
the fits [Fig. 4(c)] are roughly constant, showing even a However, the Raman decay shows a temperature dependence
slight increase toward higher temperaturesRerY. with the most efficient bleaching occurring at intermediate
The high-temperature decay ends at higher values of pedmperatures, indicating a nonmonotonic, more complex dy-
intensity than some of the intermediate decays: the most efflamical dependence. In order to discuss this decay data in
ficient bleaching occurs at 190 K in our experiments. This ismore detail in terms of the oxygen-reordering model we set
best seen in Fig.(d), where we put the background values up a simulation of chain fragments in a two-dimensional
(the constant in the stretched exponential fit equatfoom  grid.
the fits as well as the last data point of each set. A discrep-
ancy between these two values indicates that the decay is far
from equilibrium. A comparison emphasizes what is obvious
from the decay times already: Most of the dynamics are com- Monte Carlo simulations using neighboring-site hopping
pleted within the experimental time span of 45 min. Only for (Kawasaki dynamigson a two-dimensional grid were done
the two lowest temperaturé$ <70 K) in R=Y is the decay in order to describe the form and temperature dependence of
slowed down so much that large uncertainties of the fit paRaman intensity decay in the oxygen-reordering model. A
rameters result. description of the anisotropic chain plane interactions in
In the oxygen-reordering model these results can be readBa,Cu;Og ;is provided by the two-dimensionéD) asym-
as follows. The intensity of defect-induced Raman peaks carmmetric next nearest neighbor model as developed, for ex-
quite independently of the actual activation mechanism, be ample, by Anderseat al.in Ref. 5. They were able to model
measure for the density of symmetry breaches in oxygenthe structural phase diagram including the ortho-Ill phase,

IV. SIMULATIONS
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A A
tration, with a set of four parameters. We base our calcula- _{)_
tions on this setup, although there has been much workona I . Voy
more detailed descriptiof¥—2” The dynamical properties of '4% ) T V"{)' T
the ASYNNNI model and oxygen reordering have been stud-  *¢ Vi vy’ 2%
ied in detail in Refs. 35-38, focusing on the range of ther- '¢‘”¢‘ "é"‘é‘ A

mally induced reordering above room temperature. Below A IS L oy
room temperature, Federiet al. have shown that a stretched -<#—-<#——4>—-<1)— 60 62 64 66 68 70
. . . . . . oxygen-concentration
exponential decay of illumination-induced change in trans-
port experiments can be obtained using a cellular automata gig. 5. Left panel: Part of the Cu-O chain plane of a high-
model!® Our aim is the modeling of the main dynamical superconductor of thRBa,Cu;O,_s type (solid lined circles are Cu,
process of the pattern building for a fixed oxygen deficiencydotted circles represent possible oxygen siteish the interaction
matching our samples, explaining the properties of the lowparameters for possible neighboring positions of the oxygen atom
temperature Raman decay within the picture of light-inducedndicated(filled circle). Right panel: Schematic phase diagram of
oxygen reordering. YBa,Cu;0O,_s structure, oxygen content versus temperature. The
Following the arguments from Sec. | and conclusionstransition between ortho-Il and ortho-I f@=0.5 occurs at about
from Sec. lll, we make the following assumptions for the 385 K (Ref. 5.
model. The Raman intensity of the defect-induced peaks is. . o .
taken as a measure of fragmentation in the Cu-O chain pla %'g' 5. We used a 120120 oxygen site matrix with periodic

) . : oundary conditions. All simulations started with a randomly
of RB3,CL50;.5. Light excitation enables reordering of oxy chosen configuration, which was annealed to equilibrium at
gen vacancies within the chain plane at low temperature

| to the th I tvated effect ob q 80x 1073V, /kg simulation temperature. After annealing, it
anaiogous 10 the thermally activated €fiect observed aj ,q guenched to the temperature of interest and left for 3
higher (room) temperature. As in persistent photoconductiv- . 1 57 Monte Carlo steps for the entire ensemble.

ity relaxation, an energy barrier is associated with the ther-  Thg right panel of Fig. 5 displays a schematic diagram of
mally activated recovery proce¥s:* Therefore, an energy the resulting structural phases at different oxygen concentra-
barrier is introduced in the simulations, resulting in “frozen tjons 7-5. The original simulation as well as our setup yield
disorder” when the simulation is quenched from high tem-those patterns, as seen from the real space and fast Fourier
peratures. lllumination triggers further reordering at oW ransform plots in Fig. 6. Randomly distributed fragments in
temperatures by disabling that barrier. The fragment numbege tetragonal phag&ig. 6a)] are opposed to orthorhombic
is then monitored and compared for different temperaturegaiterns at higher oxygen occupati@ntho-I1, ortho-IlI, and
during the simulation, showing the development from agrtho-| in Figs. 6b)—6(d), respectively with the correspond-
frozen-in disordered state toward the equilibrium state. ing peaks in the reciprocal lattice space. For all phases twin-
ning can occur. We see such a twinning in Fi¢c)6vith the
domain boundary running vertically through the middle of
the panel, while the phase shown i{d is untwinned. The
The next-nearest-neighbor interaction energies for fouCu-O chain direction defines which axis is referred to as the
sites relative to an oxygen position are defined in Fig. 5. They axis of a domain. The crystalsandb axes run diagonally
left panel represents part of a Cu-O-chain plane in an Y123 our simulation pictures of Fig. 6 for technical reasons. We
crystal structure, with the solid-line circles marking the po-give the temperature in units of the strongest interaction en-
sitions of Cul atoms at the four corners of a unit cell and theergy V,, since it sets the scale for the temperature depen-
dashed circles representing possible oxygen atom sites. In alence(as a reference, 1001073V, /kg=543 K forV, chosen
simulations presented we use the values for the interactiogs in Ref. 5.
parameter¥; obtained by Anderseet al. in their simulation In addition to the static model setup, the dynamics is cho-
of the experimental phase diagram of YBa;O;_s Vi/kg  sen to model the movement of oxygen atoms in the planes
=5430 K,V,=-0.36V;, V3=0.12/;, andV,=0.04/,;.° Allin-  (Kawasaki dynamigs In a Metropolis step an oxygen atom
teraction energies except for the one favoring chain connecan change to a nearest-neighbor &iterresponding to &,
tions across Cu atoms are repulsive, being strongest for thelative position in Fig. § or to a next-nearest-neighbor po-
smallest distance on sites @andb direction in the same sition corresponding to th¥; direction. The two kinds of
unit cell. The resulting summation of interaction energyjumps are treated identically and the total number of oxygen
terms gives: atoms in a simulation is constant.
Figure {a) shows the number of fragments at the end of a
E=-V, 2 o(Na(r) - Vo 2 o(n)o(r')=V3 2 a(a(t’)  simulation for various oxygen fillings of the lattice versus
(rr’) (rr’) (rr’) simulation temperature. All chains are counted, independent
_ / of direction or length. This includes “single” oxygen atoms,
V4(%) (D)o (), @ because they constitute a structure with a defined direction in
' the plane together with the neighboring copper atoms. The
with o(r) and o(r’) being one for occupied sites and zero number of fragments is related to the number of atoms in the
otherwise, and the sum running up to the number of nearestatrix as well as to the degree of chain formation. At tem-
and next-nearest-neighbor sites as defined in the left panel peratures comparable to the interaction energies, the latter

which is probably the relevant case for our oxygen concen- _¢_ g‘:

tetragonal /  ortho-l

/’" “‘\
\
¢ ortho-ll
:

A. Simulation setup and general properties
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FIG. 7. Total number of fragments in the simulation after equili-
bration.(a) For different oxygen concentration8=0 refers to zero

FIG. 6. Part of simulated Cu-O chain planes of sin& m oxygen deficiencyg=1 to an empty lattice(b) Simulation for en-
=120, after 16 Monte Carlo steps/site for various concentrations ofergy barriers of O(open squarés 0.32 (open circley 0.43 (filled
oxygen atomgfull symbolg in the copper gridlopen symbols rhombi), 0.68(filled triangley, and 1.0%; (filled circles. (c) Open
from different parts of the structural phase diagram in Fig. 5. Onesymbols represent fragment numbers after simulation with zero bar-
quadrant of their Fourier transformations, corresponding to oneier (open squargsand Eg=0.32V/; (open circle$ reproduced from
twin direction, is shown to illustrate their regularity. Zero reciprocal (b) for comparison. Full symbols show simulation cycles of the
lattice vector is at the lower left, the maximum at the upper rightmodeling of bleaching for three different temperatures. The process
corner of the plots. The crystallographic axeandb run along the  of bleaching is modeled as a simulation run at a temperature of
diagonals.(a) 6=0.80, T=370x 1073V, /kg, tetragonal phase(b) 0.11V,/kg (point 1) and then setting a lower simulation temperature
5=0.50, T=95X 1073V, /kg, ortho-ll-phase;(c) 6=0.33, T=55 (point 2). Then the energy barrier is diminished as a consequence of
X 1073V, /kg, ortho-lll-phase; (d) 6=0.15, T=90X 1073V, /kg, light excitation (to point 3. Finally, warming up agair{point 4)
ortho-I-phase. enables relaxatiofpoint 5).

process is dominant. Consequently, the lowest fragmerthe interaction parameters, to ensure that temperatures for
numbers are found for a filled lattice, where chain formationwhich equilibrium is reached overlap with temperatures of
is almost perfect up to temperatures of the ordeipfkg. superstructure-pattern development. The experiment sug-
There the chains disintegrate and the number of fragmeng@ests that the energy barrier under illumination should be
rises quickly. For oxygen-reduced lattices, the fragmentatiosignificantly smaller. In a first approximation, we take it to
is high because short chains exist statistically distributedbe zero. lllumination is then simply modeled as a reduction
When temperatures get low enough, the smaller interactionsf the barrier to zero for all oxygen atoms considered for a
V, 3 4S€t in and superstructure patterns develop, lengtheningjte change.
the fragments and decreasing their number further. For very A simulation cycle emulating bleaching runs as shown in
low simulation temperatures, we encounter thermal freezeFig. 7(c). For comparison, the two curves indicated by open
out. As a result, equilibrium is not reached within the simu-symbols are simulation results for zero energy barrier and for
lation time and the number of fragments remains high belowEg=0.32/; reproduced from Fig. (D). The three sets of full
70X 1073V, /kg. Pattern building and freeze-out in the simu- symbols represent sequential simulations modeling the
lations thus restrict the temperature range for comparison tRaman-bleaching process at three different temperatures. We
experiment. begin with a random, annealed distribution at an upper tem-
To account for the metastable photoexcitation state a turperature of 11 1073V, /kg [point 1 in Fig. 7c)]. The re-
able frozen state is needed in the model. It is introduced asulting oxygen matrix is a twinned region of ortho-Ill phase
an energy barrieEg, which has to be overcome in a site shown in Figs. 8) and &d), similar to the one in Fig. @).
change. Effectively, the barrier reduces the oxygen hoppinghen the temperature is lowered to the range where little or
rate by a value that depends only on temperature. Figilme 7 no oxygen site change occurs due to the energy barrier im-
shows how increasingg pushes the freeze-out point toward posed and the system is frozgoint 2 in Fig. 1c)]. Subse-
higher temperatures. We chose a value of @;32natching  quently, light is switched on, simply increasing the hopping
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some independent information about the excitation rate and
hopping cross section. However, we obtain a reasonable or-
der of magnitude by assuming an absorption rate in the ex-
periment[laser power of 3 mW in a volume of 100 nm pen-
etration depth time&100 um)? spot size, 0.66 oxygen atoms
on the O-I sites per unit cell volume, time scale of the ex-
periment of 1 f and comparing it to the Monte Carlo sam-
pling (3 10’ total simulation steps in a matrix of size 120,
occupation 1/3 For the time scales to match, one in every
107 photons would have to move an oxygen atom. Given the
restraints mentioned, however, we merely attempt a qualita-
tive description of the effect of light and activation energies
on the number of chain fragments and relate it to the behav-

grid sites |3

& T RV K ] ior of Raman signal decay. But even with this qualitative

= [ 178 ] : :

S ook o 8410°V /k 3 character our extension of the ASYNNNI model provides an

8 E . s 8310° V1/kB : understanding of the experimental cooling-illumination-

£ 450F . 101 10_3\/1/; ] reannealing cycle and explains the form and temperature de-

g 5 ot cE ] pendence of chain building and therefore Raman bleaching.

o 400 F L -

@ [ ]

= E ] B. Simulation results

© 350 3 . . .

g : ] Figure §g) contains the number of chain fragments dur-

E 300F \ ; o, E ing the simulation at low temperatures and under illumina-

z 55 L tion as described in the previous section, from point 2 to 3 in
0 1 ,2 3 Fig. 7(c). There is good qualitative agreement between ex-

lllumination time (10° steps) periment and simulations at low temperatures in that the

curves display stretched exponential behavior and the most
efficient bleaching is at intermediate temperatures. The func-
tional form of the time dependence is a consequence of the
type of ordering process. In a situation with many short frag-
ments and single atoms, the probability of reaching an ener-
getically favorable place at a chain end is high, so the initial
decrease in fragment number is steep. Beyond the declining
rate at low temperatures by setting the barrier to Zerov-  number of possibilities for a single atom to join a chain, the
ing to point 3 in Fig. 7c)]. The matrix developing under growing chains provide stable barriers which are not likely to
illumination is displayed in Figs.(8) and §e), showing a be crossed, nor to be moved. In the ordering dynamics above
more pronounced O-llI pattern. Finally, the oxygen matrix isroom temperature these two different ranges of the type of
set back to the initial temperature and value of the energgrdering, building of chains at first and later growth of do-
barrier[Fig. 7(c), point 4 from where it recovers to a state of mains, were identified and described in terms of scaling
increased disordeipoint 5 in Fig. 7c), matrices Figs. @  laws3-3The actual relaxation times are thus sensitive to the
and 8f)], and the cycle is completed. Of these stages, thépecific local distribution, and they are likely to increase
development from point 2 to point 3 corresponds to thealong with the pattern being built, leading to an over expo-
bleaching of the Raman experiments. The other two cycles inential slow-down of reordering. This characteristic corre-
Fig. 7(c) illustrate the effect of moving this stage to higher or sponds to a deeply disordered system with a broad range of
lower temperatures. relaxation times, resulting in the typical stretched exponen-
Note that with the interaction valueg of the literature tial decay as a function of tim&. The observed freeze-out
there is no one-to-one match of the actual temperatures in tHben resembles a critical slowing down of the dynamics
experiment. Moving the simulation cycle down to the appro-rather than a well-defined energy barrier for individual oxy-
priate temperatures is hindered by the critical slowing-dowrgen site hopping, which would be simply exponentigl
effect of the algorithm and would require much longer cal-=1). Thus, the form of the decay shows stretched exponen-
culations. Similarly, we used only 0.82 instead of a barrier tial character resulting from the ordering characteristics with-
of about 1 eV. The static model we adopted was calibratedut any further assumptions.
using the phase diagram, providing a set of correctly related For a more detailed comparison, parameters from fits
parameters for the structural anisotropy which is the drivinganalogous to the experimental data are shown in Fig. 9. In
force of chain development in the first place. The energyFig. 9a) the decay times decrease rapidly with increasing
barrier deduced from the transport experiments is an order démperature, reflecting the exponential change of hopping
magnitude larger than the interaction energies and woulgrobability for a single atom. The low-temperature slow
freeze the simulation above the superstructure temperatudown prevents the development of equilibrium within the
range. Also, we do not impose a calibration of the time scalealculation length chosen, with an effect on the system simi-
in the dynamical simulations, because this would requirdar to that of an effective energy barrier.

FIG. 8. (a), (b), and(c) show part of the matrices for 0.97/kg,
before and after illumination and after warmin@), (f), and (g)
display an increase of ortho-lll pattern fractional peaks in the cor
responding 2D Fourier transformatiorig) Number of chain frag-
ments in a 12X 120 simulation for simulation temperatures be-
tween 1/6 and full initial annealing temperature.
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7 e 1.0 prepreprep———n of switching to a chain site for individual oxygen atoms.
5 al ] sl ] However, we refrained from obscuring the simplicity of the
2 I - model picture with more parameters.
@ 3t 1 =06} i E i Summarizing, we set up a model to follow the dynamics
2.I . 2 . : of oxygen hopping to neighboring sites in a chain plane of
b 2r . ] §04- }E {E . RBa,Cu;0,_s. The interaction energies are defined aniso-
£ 4L [] ;H i 1 tropically, such that the lattice develops superstructure pat-
§ ) ; 02_'b) i terns of chains. For each temperature an equilibrium state
8 bl ool exists, where pattern building and thermally induced disorder
0 g%ljgﬂg?tesn?pﬂoo 0 éﬁn u‘igﬁ c?r?te%?pmo are balanced. An energy barrigg causes the system to re-
(10°V, k) (10°V._ k) main in nonequilibrium within the simulation time at suffi-
300 prerrprrrrrerrrrrrrrrey 600 e ciently low temperatures. Light eliminates the barrier, reac-
g 2 | m fitbackground tivating oxygen hopping under illumination at low
S 250 ] 3500 -~ end values temperatures. At very low temperaturesT<40
% ! . { 2 400k X 1073V, /kg) critical slowing down sets in, preventing fur-
S 200f 12 ¢ ] ther simulations. A cycle of annealing with the barrier at high
E I % *] 300F > ] temperatures, setting to low temperatures, watching the ref-
£ 1503_ 1= ¢ ﬁ'_: ] ormation without barrier, and warming up again, emulates
st % T 200F 7 the experimental cooling-illuminating-warming cycle. A
= 100 '.......c.).................: g 100 E.f‘.)......................5 qualitative agreement with the functional form and tempera-
0 20 40 60 80 100 0 20 40 60 80 100 ture dependence is found. The latter follows directly from the
Simulation temp. Simulation temp. assumption of light triggering reordering into superstructures
(10°V, k") (10°V, k") in a system of frozen-in disorder. The simulations illustrate

the changes induced in the material during low-temperature
illumination and subsequent thermal annealing. The model
and Raman results deviate for room-temperature bleaching,
which is not included in the description.

FIG. 9. Parameters from fits with a stretched exponential func
tion to the simulation data versus temperatgag Decay timer, (b)
exponentB, (c) initial fragment number, ang) end fragment num-
ber from fit and actual last value of simulatigimes). In some of
the simulation fits the background had to be fixed in order to

. - ) V. NCLUSION
achieve convergence of the fgymbols without error bays CONCLUSIONS

, ) We have investigated the Raman-signal decay of resonant
The simulations resemble the results for the YB&O7-;  gefect-induced modes in oxygen-deficient ¥8e,05 ; and
mgtenal in that there is a c_iependence,lbbn temperature PrBaCu,0s, in the temperature range between 40 and
[Fig. 9b)]. The agreement is expected to be better than foRgg K we found a temperature dependence of the bleaching
R=Pr, as the parameter set with the in-built anisotropy wagi 5 sjow decay for low temperatures and an initially steep
chosen to matclR=Y. The change of3 could be shifted in 54 a5t decay at high temperatures, which is well described
temperature by including a second energy barrier againgly, 5 stretched exponential function. In contrast to the more
hopping of light-excited oxygen in the model, or by eXte”d'tetragonaI PrBfCu;0q -, YBa,Cu;Og ; Shows a pronounced
ing the length of the simulations. However, the constraintsthange in curve shabe between 160 and 190 K. We set up
from the critical slowing down prevented us from further \ionte Carlo simulations to follow the dynamics of chain-
pursuing this aspect. fragment development of oxygen superstructures in the chain

An explanqtion for the end valu¢Big. Ad)] also follows lane of(Y , PPBa,Cu,0 . We found qualitative agreement
naturally: at high temperature the pattern changes faster, bétetween simulation and experimental dynamics at low tem-

the system is a"'?‘”g for a less OFdefed equilibr?um state. Aleratures. At room temperature, the description deviates
end states remain far from the ideal _schemauc patten ) the Raman results, as ground-state annealing was not
fragmentathm so that _a.f.urth.er redychon of fragments re- incorporated. Our results support the concept that the
mains poss!ble. The initial Intensity a_nd the backgroun Raman-signal decay can be taken as a measure of the struc-
chc;mpare Fig. €)] are remarkably similar to the Raman .o formation induced by light. Raman spectroscopy com-
ata. ined with a Monte Carlo simulation of oxygen atom hop-

One_ feature is not contained in the model: _the obs_erv_e ing thus provides a tool for understanding the dynamics of
bleaching at room temperatu_re. We assumed light excitatio xygen atom ordering in high-temperature superconductor
to enhance the oxygen hopping rate at low temperatures. Ahaterials

room temperature, where we are already in equilibrium,
switching off an energy barrier does not cause any further
relaxation. In the simulations, illumination will therefore not
change the order in the system. Room-temperature photoex- This work was supported by the Deutscher Akademischer
citation effects are, however, observed in Raman spectrogustauschdienstDAAD) and the Agencia Nacional para la
copy as well as transport experimektdhis could be taken Promocién Cientifica y Tecnolégica of Argentina under the
into account by assuming that light excitation alters the equiprogram PROALAR 2000. We acknowledge helpful discus-
librium state of the entire system or enhances the probabilitgions with J. Guimpel, E. Osquiguil, and S. Reich.
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