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We report on bidirectional photoswitching associated with the CuO chains in oxygen-deficiey@¥%Bg.
single crystals. By varying the wavelength of light polarized along the CuO chains, the material can be
reversibly switched between two metastable states characterized by the existence or absence of a specific
Raman scattering resonance. A comparison of the spectral efficiencies for this photoswitching with analogous
data for the persistent photoconductivity and photoconductivity quenching effects suggests that the two phe-
nomena have the same microscopic origin. We argue that the effects are due to photoinduc@dcBarge-
transfer excitations, which destabilize chains of different length depending on wavelength, and promote the
growth of thermally inaccessible oxygen ordering configurations.
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l. INTRODUCTION nance Raman scatterifig* These papers consider in detail
the photobleaching behavior of so-called Raman forbidden
Strongly correlated low-dimensional systems are ofter(defect-inducefimodes occurring at 230/248 and 596¢m
characterized by a mixing of charge, spin, and lattice degrees Y123 (Refs. 10, 12, and J3and RBa,Cu;Og.y (R=rare
of freedom, and a rich phase diagram sensitive to externgarth elemenj$"1* under laser light illumination. Their in-
perturbations, such as magnetic field or pressure. Since higkensity is maximal ak~0.7 (Refs. 10 and 1Rand a strong
T. superconducting cuprates exhibit a sharp insulator-tof€sonance enhancement occurs for excitation enérgy
metal transition under carrier doping, considerable attentio™ 2-1 €V>*° It has been established that these particular
has been focused on the idea of modulating carrier densitponons originate athain endsi.e., the observable as such

and thus superconducting properties, of these materials d?hintimzijtelyflir;]ke_d_to oxygen vacancies in the CuO chains.
external perturbations. In the case of oxygen-deficienf '€ Study of their intensity versus time, temperature, excita-

g _ Eion energy, and oxygen content shows a reordering or a
ggr?g[zgn?m}bﬁ:)%ozfé:du%t:i%\ity?ﬁsﬁg m;r:g erp(:ortiipnoéhscgg redistribution of the oxygen sublattice due to photoinduced

L .~ . _hopping of oxygen atoms. Moreover, the dynamical changes
3 1
superconductivity 3 have demonstrated that a perturbation iNi the CuO chains and their time scale are very similar to

the form of an external photon field can have a large a”‘%hose observed in thermal relaxation of the FBEe Ref. 3
permanent effect on the transport properties 'of a SUPErcoNyg annealing effects on oxygen reorderfig® and sug-
ductor. These changes are stable after |Ilum|'nat|on at te’TEests an interpretation along the lines of the phenomenologi-
peratures below 200 K, but thermal relaxation occurs agg) "photoassisted oxygen orderfngnodel%-12n this sce-
room temperature and can be described with a stretchegrario, altering the order by photoactivated diffusion of chain-
exponential, so-called Kohlrausch's ldwin addition in oxygen atoms, which increases the length of chain
heavily oxygen-deficient Y128x=0.3-0.4, the PPC state fragments, would result in a decreased defect density and an
can bepartly quenched by near-infrarg®IR) light.56 increased doping of superconducting Gu@anes, which is
From the beginning, it was clear that these photoinduced¢ompatible with both transport and Raman-scattering experi-
phenomena somehow rely on the oxygen-deficient CuOments. However, in spite of the similarities between the two
chain layers, which contribute holes to the Gu@lanes types of experiments, some important points should be clari-
through photoassisted oxygen ordefirgg electron capture fied in order allow for Raman analysis of PPC and PPC-
at oxygen vacanci€sindications of photoinduced structural quenching effects: First, the microscopic mechanism of acti-
modifications in the CuO chains have been found in resovation and deactivation of the defect-induced Raman
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resonance needs to be at least qualitatively accounted fol CuO chain
and secondly, one needs to understand whether the dynamir
of oxygen ordering can account for both photobleaching and
quenching effects.

In this study, we utilized resonance Raman scattering, in
combination with a tunable pumping excitation, asirasitu Unbleached 9
probe of structural changes in Y123 under illumination. This Ef’/’\—“fn"h'0"‘*"

515nm, 60 min

approach can potentially delineate electronic states with dif- 900nm, 60 minE 1N

ferent energy depths, offering a unique tool to study meta- ’\ ?Té'ﬁ;lf'i'o",'ﬁ(

stability. Here, we show that two metastable states can be Mh\‘"‘gz;};j“l‘]‘ff);‘f:i ,
reversibly regulated by light. By measuring the photon en- ' 100°° 200i% 800 © 400 T BO0:T 600 00T 0
ergy dependence of this bidirectional photoswitching effect, Raman shift (cm™)

and comparing with analogous data for the PPC/PPC- ) _

quenching effect, we show that the two phenomena have the_F'C- 1. (Colon Photoinduced changes in the Raman spectra of
same microscopic origin. Investigations of the photon polar-' 522Ct%0Oe.72 at 20 K with incident and scattered light polarized
ization dependence allow us to conclusivelv link the hOto_parallel to the CuO chains. Top spectrum is collected during the first
induced pﬁenomena to the CuO chains in );123 and Fio ou 10 s of illumination with 514.5 nm lightEllb). After 1 h of irra-

i : ic int tati : titati diation with 514.5 nm light, the photoinduced changes are then
vl\:i]t?] Zargcroscoplc interpretation in quantitative agreemen?nonitored during alternating cycles induced by different illumina-

tion wavelengths and polarizations. The time evolution of the
232 cn1t chain-end phonon intensity under illumination can be fol-
Il. EXPERIMENT lowed in Fig. Za).

The samples were YB&U;Oq. (Y123) single crystals  man modeg232, 263, 290, 305, and 592 ch associated
grown by a flux method using a BaZgQ@rucible!® After  \yith chain ends. Before photoexcitation with 514.5 nm light,
growth, the crystals were placed with Y123 buffer powderthe system is in theinbleachedphase, characterized by in-
materials in a gas volumetric titration system that allowstense resonantly enhanced phonon scattering from CuO
slow cooling over several weeks under variable oxygen parchains, most notably for the 232 chmode. The intensity of
tial pressures in order to provide the desired oxygen contenhis mode is proportional to threefold coordinated Dhgi,
Data were obtained on twinned crystals with oxygen contomgfi.e., Cu1) sites with only one oxygen vacancy neigh-
tentsx=0.6, 0.72, and 0.8. Additional data were obtained onyoy i long CuO chaing and the observable is thus inti-
detwinned crystals with oxygen context0.77. The details  mately linked to the detailed microscopic structure, i.e., oxy-
of the structural properties are described elsewfere. gen vacancies in the CuO chafé® Visible illumination

The Raman and illumination measurements were made ifg,;ses the CuO-chain resonance to almost complekehch
a microscope/spectrometer setup modified so that two Ias%{way, a behavior identical to the reported phonon
beams of different wavelengths could simultaneously i”umi'bleaching‘?—l“ This spectral change can be attributed to the
nate the same are@-2 um?) on the sample, which was photoinduced structural transition into the metastable or-

glued to the cold finger of a He microcryostat. The lines fromgered state characterized by a greatly reduced number of the
Ar*/Kr*, dye, and Ti:sapphire lasers were used for illumina-threefold coordinated G) chain

tion, and the 514.5 nm line from an AKr* laser was used After 1 h of irradiation with 514.5 nm light, when the
for the Raman scattering measurements. The Raman speclonon line has bleached to one-quarter of the original in-
were meqsured in the backsca}tterlng geometry using a SUsnsity, the time evolution of the defect-induced phonon in-
tractive triple spectrometefJobin-Yvon Co. Ltd. T64000 tensity is followed during alternating illumination cycles us-
equipped with a liquid-nitrogen-cooled charge-coupled-jng different wavelengths and polarizationsTat20 K. The
device detector. The spectra were obtained at 20 K, excepftensity is monitored at sequential time intervals by very
for the study of temperature dependencies. To avoid heatinghort measurements using 514.5 nm Raman excitation. We
and nonlinear effects at high incident laser powers, the poweignd that the photoinducethleached state isquenchedy

was usually 1 mW outside the cryostat which limits local e chain-polarized NIR light. The time evolution of the
heating to less than-10-20 K, as confirmed by recording 232 cni phonon intensity under illumination can be fol-

anti-Stokes spectra. lowed in Fig. 2. A comparison of the upper and lower panels
of Fig. 2 shows that the peak intensity is almost completely
[ll. RESULTS AND DISCUSSION recovered(“unbleachet) when the NIR light is polarized

along the CuO chainsEllb) while polarization across the
chains (Ella) has no effect at all. Note that this result is
unaffected by the twinning of the single crystal: the strict
Figure 1 shows photoinduced changes in the Raman spepolarization dependence of the observatflee chain-end
tra of a Y123(x=0.72;T,=74 K) single crystal with incident phonon$ guarantees that only twin domains oriented parallel
and scattered light polarized parallel to the CuO chaingo the probe-beant-field are sampled. No thermal relax-
(Ellb) at T=20 K. The photoinduced structural modification ation of the bleached state is seen during the following
is observed as a switching behavior of several resonance R30 min in the dark, and the continued bleaching/unbleaching

A. Raman spectroscopic evidence for bidirectional
photoswitching in Y123
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FIG. 2. Intensity of the 232 cm chain-end Raman line during
alternating cycles of photoinduced bleaching and unbleaching in-
duced by different illumination wavelengths Bt20 K. The verti-
cal and horizontal arrows denote light polarized parallel and per-
pendicular to the CuO chains, respectively.
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cycles demonstrate that the photoswitching effect is fully re- o*
versible and repeatable below room temperature. (.b). T
Figure 3 shows the unbleaching effect for various NIR 1= 15 2 25 3
laser intensities ai=20 K. As shown in the inset, the data
can be rescaled with the cumulative photon dose, which to- Photon energy (¢V)

gether with the polarization sensitivity in Fig. 2 demonstrates _ _ . _
that the phenomenon is a true; i.e., a nonthermal, photoin- FIG. 4. (a) Bleaching and unbleaching efficiency as a function
duced effect. Further, the dependence on cumulative photo?‘[ photon energy. Data were obtalnled at different wavelengths but
dose follows a stretched-exponential Kohlrausch's4as,is at the same photon density levelC” photons/crf). (b) Spectral
also the case for the phonon bleaching effeand the PPC efficiency of PPC and PPC quenching from Refs. 21 and 6.

and PPC-quenching phenomé¥faThe photoswitching was

found in all investigated samples with different oxygen con-_.. . o >
tents (x=0.6—0.8, but with the largest absolute change in efficiency exhibit plateaugat aroundfiov>2.2 eV andhaw

) . t th hai d d . in_ th <1.3 eV, respectivelyand a broad transitional region cen-
Intensities - of the chain-end modes occurring it etered at a crossover photon energy of around 1.6 eV. The
YBa,Cu;Og 72 SAaMple.

: . . - data in Fi were acquired with the same cumulative
Figure 4 shows the bleaching and unbleaching efficiencie 9. 43 d

- . £ oh B&20 K. The oh tch Bhoton dose irrespective of wavelendthh illumination at
as a function of photon energy a - The photoswiteh- 3 p1 yhgtons/crd). The nearly equal spectral efficiencies in
ing phenomenon does not require any unique illuminatio

natory, e plateau regions thus means that it takes approximately
wavelengths, as can be seen from the spectral efficiency,o same number of photons to go from the bleached state to
the unbleached state with, e.g., 900 nm NIR light, as it takes
to go in the reverse direction with visible illumination. This

indicates that the quantum efficiencies of the bleaching and

curves in Fig. 4a). Both the bleaching and the unbleaching

1

)

g

-g 0.8 the unbleaching processes are more or less the same. In Fig.

= 4(b) we have replotted previously published spectral effi-

‘§ 0.6 ciencies for the PPC efféet as a comparison to Fig(d). It

2 is clear that the datasets are very similar; e.g., the PPC-

‘" 04 quenching efficiency reported by Bubét al® vanishes

g around 1.6 eV, which equals the bleaching/unbleaching

-g 0'2‘_ 0 crossover energy in Fig.(d). Together with the similarities

g _ﬁ‘_?mg 0 5 10 15 20 3 in the thermal relaxation process and the temporal behavior

5 oL e 1mW PhotonDose(10") noted above, Fig. 4 constitutes experimental evidence for a
0 50 100 150 200 common microscopic mechanism behind the photoinduced

Time (min) effects observed by Raman spectroscopy and transport mea-
surements.

FIG. 3. Time dependence of the 232 @nshain-end Raman line
intensity under illumination with 900 nm NIR light of different
powers. Inset shows the unbleaching efficiency normalized to cu-
mulative photon dose dt=20 K. The dashed lines are guides tothe ~ We now consider the origin of the photoswitching phe-
eye. nomenon. As noted in the introductory paragraph, the

B. Model for the photoswitching and possible connection
to the persistent photoconductivity
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hw>1.6eV ho<1.6eV verse effects would occur if oxygen ions were kicked out of
as a potential well of length.=nb populated withN elec-
trons, whereb=3.9 A is the lattice parameter amtis the
number of chain segments. The excitation energy for the di-
pole transition from the highest occupied level to the lowest

long chains by NIR light.
)
e J’r

Visible

. »

4. ......

. NIR

unoccupied level is then

In order to get a rough idea of how the chain length could
FIG. 5. Schematic illustration of the proposed model for revers-

influence the relevant electronic transitions, we use a simpli-
fied version of the “particle-in-a-box” problem of basic
quantum mechanics, which has been used successfully to
explain the variation of absorption band position with chain
length in conjugated dye molecul&sWe consider the chain

ible photoswitching of structural and transport properties in Y123. _

Chain-polarized visible light breaks short nondoping chain frag- ho= 2me|_2

ments and some oxygen recombine and form longer chain frag-

ments, acting as dopants, thereby reducing the number of chawhich confirm the aforementioned inverse dependence on

ends(A — B). These chain-fragments are broken by chain-polarizecchain lengthL. Interestingly, if we assume that a chain seg-

2

1+N), (2

NIR light (B—A). ment contributes two “free” electrons, i.&=2n, we obtain
. . . 1 2

“oxygen-ordering model” has provided a phenomenological ho = [—2 + —]2.60 ev, (€)]

rationale for interpretations of the photoinduced metastabil- n~n

ity in Y123. However, the microscopic mechanism has re e, the correct energy range for optical transitions in short
mained obscure. We believe that the data presented here ptRains. Note that Eq3) for n=4 yieldsw=~1.5 eV, which
severe constraints on a microscopic model. Most importantyatches the crossover photon energy between PPC and PPC
the exclusivelyy-polarized character of both the primary gquenching as well as Raman line bleaching and unbleaching
photo effect(phonon bleaching, PBGind the reverse pro- shown in Fig. 4 surprisingly well.

cess(unbleaching, PPC quenchingtrongly indicates that In Eq. (1) and Fig. 4 we have used the/®Band 3/1° L

the optical transitions involved are directed along the CuGstates of a neutral CuO molecule to indicate the ground and
chains. Transitions within or between the tetragonal elementéptica"y excited states, respectivélyThe real states of a

of the Y123 structure, such as the Cuflanes or the Cu9  cu0 chain are of course mixed, leading to noninteger ionic
dumbbells, can be ruled out. Moreover, the similar quantungharges and highly dispersive energy bands for the infinite
efficiencies of the primary and reverse processes indicate thghain. However, the simple interpretation suggested above
only one type of transition is involved. We propose that thiscan be compared to both theoretical and experimental data
transition is dipole allowed and has a substantigl,@t0-  on the optical conductivit$?26 which in addition provides
Clenain charge-transfer character of the type support for the charge-transfer character of the optical tran-
sition of small CuO-chain clusters. Based ori-& model,
o . Aligia et al. found several low-frequendiw=1-4 e\) ex-

- CUOP - +hw— - CUO™ - L) citonic conductivity peaks, in which a hole of mainly Cu

Both lattice dynamical calculations and experimental ob-Character is transferred to an oxygerthe positions of these
servations show that the CuO chains are only marginallfharge-transfer excitations vary strongly with doping and,
stable against oxygen displacements indfdirection?223A ~ Most important, _thls stut;iy rgve_als a chain I_ength dept_andence
charge transfer excitation will decrease the-C® Coulomb ~ ©f the lowest lying excitation in long chains according to
attraction, and therefore lower the already small energy baft@>1/(n+1), wheren is the number of chain oxygen ions
rier against oxygen movement out of the chains. Chainil an |solated. chain fragment. In a very recent study on
polarized visible illumination will therefore promote chain- reflectance-anisotropy spectfaBruchhauseret al. reported
oxygen diffusion. The experimental observations describedhat well-resolved spectral features at 2.2 and 4.1 eV either
above can be understood if we assume that the Charggjeached or enhanced on photoexcitation pararell to the
transfer excitation energgecreases with increasing chain Cu(1)—O(1) chains, a behavior similar to that observed in
length L A schematic illustration of the proposed model for phonon bleaching. They ascribed these changes to the time
reversible photoswitching in Y123 is shown in Fig. 5. If this evolution of the number of Cy,i; atoms belonging either to
is the case, then long-wavelengttNIR) and short- O(1)—Cu—O(4), short chain fragments with threefold co-
wavelength (visible) illumination will tend to destabilize ordination (transiton at 2.2eYy and to isolated
long chains and short chains, respectively. Oxygen ions thgtu(1)—O(4), clusters with twofold coordinatioritransi-
are kicked out of short chains by visible light will be able to tions at 4.1 eV. If we use the relationshifjw>1/(n+1) also
recombine into longer chains, causing a net reduction in théor short chains and our results, and assume it [iso-
chain-end densityfphonon bleaching effectand a net in- lated C1)—O(4), chaing corresponds tdw~4.5 eV, the
crease of the CuPplane hole dopingPPC effect The re-  highest energy reported for the PPC efficiefcyhen the
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low-energy flank in the PPC and phonon-bleaching efficienrandomly distributed oxygen vacancies, the density of frag-
cies in Fig. 3 (hw=1.6—2¢eV would correspond ton ments of lengthL scales agx—1)?xt, which is maximal at
~3,4[transition involving electronic states of Ay in short  x=2/3 for L,=4. This agrees well with the intensity maxi-
chain fragments with small clusters, £, CwO;4], while  mum of the chain-end phonons at arourg0.71012 |t

the optimal wavelengths of the PPC-quenching and phononwould be interesting to investigate this possibility throwdh
unbleaching efficiencyzw=~1.3 eV) would correspond to initio cluster calculations including phonon degrees of free-
n=5 (Cus0y4 clusters. It is generally believed that chain dom. Additionally, such calculations could possibly resolve
fragments with lengths below a critical oiie,<4) do not  fundamental questions regarding the stability of small chain
contribute to the intrinsic chain-to-plane doping mechanisnfragments in various optically excited states.

in Y12327 This suggests a coherent interpretation of the PPC

and PPC-quenching phenomena; namely, that transitions im- IV. SUMMARY

mediately above and below the crossover enefdw ) ) )
=1.6 e\) in Fig. 3 are charge-transfer excitations that desta- V& have shown that the intensity of resonant chain-end

., - honons in Y123 can be regulated by light polarized parallel
bilize the | t nond hortest hain fragP® > ¢an be reg
rrltlazn?s, r?esgggtei}\?elg.on onor and shortest donor chain ragto the CuO chains. Visible lighzw>1.6 eV) bleaches the

phonons, while the reverse effect occurs for near-infrared
illumination (Aw<1.6 eV). The spectral, thermal, and tem-
poral responses are essentially identical and analogous to the
Finally, we briefly discuss the origin of the chain- persistent photoconductivity effect in Y123. We suggest a
polarized Raman resonance in Fig. 1. This is a matter ofommon microscopic mechanism based on charge-transfer-
continued debat®;'? and is also of practical interest as the type chain-polarized optical transitions for which the excita-
resonance enhancement severely complicates the suggestrh energy varies inversely with chain length and for which
use of the chain-end phonanmtensityas a simple measure of the excited state is unstable against oxygen movement in the
the actual chain-endensity™* Of the proposed mechanisms, a direction. Depending on the incident photon energy, illu-
electric-quadrupole/magnetic-dipole ' transitions in infinitemination therefore destabilizes different CuO chains and al-
chaind and fransitons within special oxygen |ows for the buildup of thermally inaccessible chain-length
superstructuré$ have been ruled out due to the resonanceyistributions with altered macroscopic optical and transport
dependence on oxygen content and temperaturgyoperties.
respectively}>12 An origin related to vacancy states in long
CuO chain&!remains a possibility. Returning to the data in ACKNOWLEDGMENTS
Fig. 4, we see that the resonance profile coincides with the
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