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Photoexcited carrier relaxation in YBa,Cu;0-_ 5 by picosecond resonant Raman spectroscopy
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The temperature dependence of the energy relaxation of photoeelBedarriers is used as a probe of the
electronic structure of YBgCu3;0-,_ 4 in the insulating §~0.8) and metallic §~0.1) phases. The energy
relaxation rate to phonons is obtained by measuring the nonequilibrium phonon occupation mygberith
pulsed Raman Stokes/anti-Stokes spectroscopy using 1.5 and 70 ps long laser pulses. We can distinguish
between relaxation via extended band states and localized states, since theoretically in the former, the relax-
ation is expected to be virtuallf independent, while in the latter it is strongly dependent. From the
experiment—which shows strong temperature dependencg.gf-we deduce that at least part of the PE-
carrier relaxation proceeds via hopping between localized states and we propose a simple theoretical model of
the relaxation process. In addition, we compare the coupling of different vibrational modes to the carriers to
find that the apical O vibrational mode is significantly more involved in the energy relaxation process than the
in-plane 340 cm! mode. This implies that the localized states are malbiyt not entirely coupled to out-of
plane vibrations[S0163-18207)02909-3

I. INTRODUCTION Raman spectroscopy, we present evidence of temperature-
activated PE-carrier relaxation through localized states
An important question in high~, cuprates is whether the within ~2 eV of Eg in insulating and metallic
carriers that lead to superconductivity in these materials caBa,CO;_ 5 (with 6~0.8 ands~0.1, respectively
be described to be in localized polaronimagnetic or To enable quantitative measurements of the phonon occu-
phononig states or are in extended, bandlike states, albeipation numbers and avoid possible misinterpretation of these
somewhat deviating from usual Fermi-liquid behavior due toresults, we have employed extensive calibration and correc-
the shape of the Fermi surface. Since both views can b#on procedures to quantitatively measure the Raman Stokes
supported by experimental observatidnsither dual inter- and anti-Stokes intensities enabling an accurate interpreta-
pretations are possible, whereby the experimental data can ftien of the carrier relaxation process. These are described in
explained in either picture, or actually both types of carriersdetail in the first section of the paper. In the second section,
are present simultaneously. The latter immediately leads twe present the experimental results for different YBCO
the possibility of a two-component superconductivity sce-samples with a discussion of calibration procedures and pos-
nario, for example a boson-fermion scenarir a 2+1-  sible artifacts, and in the Discussion we first discuss the con-
dimensional superconductivity scendrior even excitonic nection between the carrier relaxation and the observable
superconductivity. Experimentally, the presence of localized quantities, then we suggest a model to explain the relaxation
states in the metallic phase of the cuprates is suggestgafocess and finally discuss the origin of the localized states
(among othersby photoconductivity measurements on thein the context of the established knowledge about the elec-
insulating precursor YBgCuzO,_ 5 (YBCO) (0.6<§<1.0),°>  tronic structure of the material. The conclusions regarding
which show unambiguously th4i) there are states within 2 the existence of localized states are reached without assump-
eV of Eg which are localized andii) that at the insulator- tions about the mechanism for the electron-phonon interac-
to-metal transition only the carriers neBg change their tion and the PE process.
character giving rise to a crossover from semiconducting to
insulating Iow—fregllJency conductivityo(w—0), whil@T II. EXPERIMENTAL TECHNIQUE
o(w) for >800 cm™= (0.1 eV) changes only gradually with AND INTENSITY CALIBRATION PROCEDURE
doping. Thus it is quite likely that states further away from
Er remain localized and Fermi glasslike in the metallic The experimental technique used to measure the phonon
phase. shakeoff entails the measurement of the nonequilibrium pho-
In general, it is not possible to ascertain whether elechon occupation numben,., by measurement of the Stokes

tronic states are localized or extended using spectroscopyp) and anti-Stoke$A) Raman-scattering intensities on a pi-
methods which measure the single particle or joint density o€osecond timescale. Details of the pulsed Raman-scattering
states. More indirect methods are required, especially foexperimental setup have been given previoGsie experi-
|E—Eg|>kT. By investigating the process of carrier relax- ment is performed by exciting carriers and simultaneously
ation and energy loss from photoexcitédE) states using measuring Raman scattered light with 1.5 or 70 ps laser
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pulses. These are generated by frequency doubling a puls&ince we are performing photoexcitation and Raman scatter-
compressed(1.5 pg or noncompressed100 p3$ mode- ing with the same laser pulse, the measured nonequilibrium
locked Nd:YAG laser. The resulting photon energy 2.33 eVphonon occupation number is a weighted time average over
(532 nm is sulfficient to excite interband transitions in the the probe laser pulse duration:

material both within the Cu@ planes and between the

CuG, planes and the Cu-O chains depending on the polariza- n :fg(t)nneq(t)dt ()
tion of the incident light. The photon flux used is typically ned fogtydt
10" photons/cm/pulse, with estimated peak PE-carrier den-

_3 whereg(t) represents temporal shape of the laser pulse.

sitiesn,~10' cm
The measurements af,., were performed on YBCO
single crystals withb~0.1 (twinned and 5~ 0.8 mounted in
a liquid-He flow cryostat. The data are analyzed for &g
oxygen 340-cm! plane-buckling vibration B,4 in tetrago-

To obtain accurate values of,,,0ne must account for the
fact that magnitudes of the Raman-tensor components and
the optical constants are different for S and A photons due to
the finite width of the resonances with electronic states. For-

_ . tunately resonance Raman scattering has been extensivel
nal symmetry and the Ag(A;g) 500-cm™* apical Q4) vestigated in YBaCuz0,_ 4,112 anc? we use these data Y

Raman-active vibrations. The integrated intensities of the ogether with dielectric constant datm calculaten, e, from

and A phonon lines are obtained by fitting to either a Gaussfhe measured S and A intensities.

ian or Lorentzian line shape in the temperature range 100— The spectrometer spectral response was calibrated by

320 K. The Gaussian line shape was mainly used for the 34%easuring the spectrum of a tungsten lamp mounted in place

71 . !
cm .m'ode, whgre the frequency resolution of the spectromof the sample. We assume that the lamp spectrum is propor-
eter limited the linewidth.

) . . ... tional to a black-body spectrum in the frequency range of
in g:fk;ig?tg:irggegi?mkee?rﬁ?sd ;\r;(tal-nstt)(;kes Raman INeNSIeR, o rest® Since there was a spread in the ratio of '_che s_p_ectral
responses abg and w, due to spectrometer grating filling
effects and lamp alignment, we averaged over several cali-
(1) - t(0L,05) ws7(0g) Oap(wL,0s,0p) np(t)+1. bration cycles to determine the spectrometer response. To
Ia(t) (oL, 0p) wan(wa) Opa(wa, @, w,)  Np(t) check our calibration procedure and whether the frequency
1) dependence of the Raman tensor and optical constants taken
from the literature give the correct valuemf, the CW-laser

Here w, is the phonon frequency, is the phonon occupa- . )
tion number,#w, is the incident-photon energyws and  INtensity dependence of the phonon temperalyyevas de-

hwa the S and A scattered-photon energies, respectivel;}ermin?d from thels/l, ratio. The phonon temperature is
n(w) is the frequency dependent refractive index of thethen given by
crystal and® ., is the appropriate Stokes component of the

Raman tensor for incident polarizatianand scattered polar-

T keIl y, (11T
ization b, while ©®,, is the same for anti-Stokes scattering. BNl Yp(ls/1a)]
We take into account that due to tgme-reversal Ssymmetryyhere y,is the calibration constant to be determined for the
Oap(@L,0p,— 0p) =Opa(wp, 0L, 0p). The  factor  phononp including correction factors for the frequency de-
§(w, ) takes into account penetration depth and reflectiomendence of the spectrometer spectral response as well as the
of incident and scattered ||ght on the surface of the CryStal aﬁ‘equency dependence of the Raman tensor and 0ptica| con-
w_andwsor wa, as well as diffraction of the scattered light stants. To check whethey, is correctly determined, we

ﬁwp

®

upon exiting the crystal: measureT , [as determined using E¢6)] using a CW laser
as a function of laser power where under stationary condi-
Hop0)= [1-R(o)][1-R(w)] 1 @ tions, the phonon temperature is equal to the lattice tempera-

L K(w )+ k(o) 7°()’ ture in the scattering volume. We find thgs extrapolates to

o ~ the ambient temperature at zero incident laser power, con-
whereR(w) and«(w) are the reflectivity and the absorption firming that our calibration procedure is correct and giving
coefficients, respectively. an error inT, of less than a 10 K.

Sinc_:g it is known from experiment that the _photoind_uced The lattice temperaturd, of the scattering volume is
reflectivity changeA%/% ~102 for photoexcited carrier  somewhat higher than the ambient cryostat temperature due
densities” of ~10°* cm™2, we assume that the change in 1o absorption of laser energy. This needs to be corrected for
optical constants by photoexcited carriers with our carrieff we wish to obtain an accurate value foFe{T) from our
densities typically of~10'%m ™2 is sufficiently small to ig-  measurements. The temperature rise in the scattering-volume
nore. Since the relevant matrix elements for both the Ramagan pe divided into two parts. The first pattTcy is a
and dielectric tensors are related to each other, we assUniene-independent average rise of temperature which is a con-
that the same also holds for the Raman tensogequence of heat buildup in the sample. This is very similar
O(wL,05,0p). . . ~ to the heating due to absorption of a CW-laser beam with

The nonequilibrium phonon occupation number is definecbquivalent beam parameters and average power, and depends
by Nped(t) =Np(t) —Nef(wp, T), where at temperatufBfor a  on the sample geometry, the sample thermal conductivities,
phonon with frequency,, Neq is given by and thermal coupling of the sample to the sample holder.

1 Since all three components of the thermal conductivity ten-
hawp sor in YBCO are virtually temperature independent down to
o 1] ¥

Ned @p, T)= 100 K this is also true fo\T¢y,. We thus use the room-
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YBa,Cu304 ¢ apical O phonon YBa,Cu30¢ ¢ planar O phonon
- @ 1 ®) W/\
g é ;wa 304K FIG. 1. The phonon Raman spectra of the
5 ; 282K apical-oxygen phonon(a) and the planar-
s 7 1 5 263K]| buckling phonon(b) in §~0.1 YBCO as a func-
= ; W/\Wr 24K] tion of temperature at the 70-ps excitation. The
2 316K | B . . )
= WW/\«\ 2wk & /\,M spectra are vertically shifted for clarity. At lower
5 46Ky 8T 187K temperatures the planar-buckling-phonon line
£ Ww—f”/\\“"% 28y B L 152K] .
= w/\\««w 213K o~ - shape is distorted due to the low spectrometer
T 1] e 3 resolution.
S 137K e
e — 116K, [ 98K |
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temperature value ok Ty, measured with an Af-ion CW Il EXPERIMENTAL RESULTS
laser with a photon energy of 2.41 €¥f. 2.33 eV for the A. The nonequilibrium phonon temperature
Nd:YAG) as a function of laser powd?, to obtain an accu- and nonequilibrium occupation numbers

rate calibration ofA Ty versusP. Th lized R tra at diff it i
The second correction is the transient temperature rise dL*e € normaiizéd Raman spectra at difterent temperatures

to each pulseAT,, and is determined mainly by the heat for Y?C? V\'/ithtlémo.lhare' sh;)r:/vnAin Fijg.sl for tthe tv]:/?hdift-w
capacity of the scattering volume. We calculaté’ that ~ 'c'ent polarizations showing the A and > Spectra of the two

there is only a~50% increase in the transient partot for phon(_)ns. We see that the A peaks become smaller with de-
the 1.5 ps pulses in comparison to the 70 ps pulses, frorfireasing temperature and disappear below 100 K. The tem-

which we deduce that most of the generated heat remains Rlerature dependence of the nonequilibrium phonon tempera-

the scattering volume for the duration of the laser puIseFureATP’ defined aAT,=T,— Ty is plotted in Figs. 2 and

- 3 for 6~0.8 ands~0.1, respectively. In both cases paftel
AT, is calculatetf to be below 0.5 K/mW for both 1.5 ps . -
and 70 ps pulse lengths when focused to gu30 diameter shows the apical 500 cm phonon and panefb) the 340

-1
spot. This is an order of magnitude smaller than the observed" phonon values.

phonon heating determined from the ratio of the S and Ariurlr? tr%%r?;()ﬁseast?nmpilsei:?s;e?/’eslISIQf]grmt%aeml gonigullll':é
phonon intensities at room temperature and is therefore n P g y ~ PSP

S %xcitation. The nonequilibrium apical-oxygen phonon heat-
gle_cted. Below 120 K, the nonequilibrium effects we areing is the most significant, reaching 250 K at room tempera-
trying to measure become comparable to the effects of thg, o \yith decreasing temperature, the heating monotonically
tlme-depenQent part of the tempgrature incres$g, and so drops and it saturates atT,~30 K below 100 K. On the

we do not discuss data below this temperature. other hand, the nonequilibrium planar-buckling-phonon heat-
ing is smaller and it drops faster with decreasing temperature

300 YBa,Cu;304 , apical O phonon 100 YBa,Cu;304 , planar O phonon
@ (®)
250 & 7=15ps {1 8 ¢ 7=15ps } .
3
2001 1 r 1 FIG. 2. The nonequilibrium phonon heating
. * as a function of temperature for the apical-
M 150 . 1 40} $ 4 oxygen phonor(a) and the planar-buckling pho-
% non(b) in the 5~0.8 YBCO. Error bars represent
100 * | 20 ] standard errors obtained from fits of the Raman
- g X3 3 intensities.
o #S 44
50 «* . 0 *
0 1 1 1 L 1 20 1 1 1 L L
50 100 150 200 250 300 50 100 150 200 250 300

T(K) K
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YBa,Cu30q ¢ apical O phonon

YBa,Cu;304 ¢ planar O phonon

120 120
@® 3 (b)
100- o 7 =15ps § 1 190F & 7 =15ps i
ol © 2 70 ps ¢ ol © 2~ 70 ps |
60 - 60 ] FIG. 3. The nonequilibrium phonon heating
) % as a function of temperature for the apical-
< 40l Q§ % 40k 4 oxygen phonor(a) and the planar-buckling pho-
< §° oo o0 Q non(b) in the §5~0.1 YBCO. Error bars represent
20} ng@;guc% . L 1 20l 4 errors obtained from fits of the Raman intensities.
. * 4
0 Sudlit I s** 5* o —TH A $
W = I3 :’tjl 1}1 ﬁi
_20 l = 1 § 1 20
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reaching a minimum around 150 K. Below 100 KT, rises Since the nonequilibrium-phonon occupation number
again with decreasing temperature because the drop in theq iS related to the carrier relaxation rate, its temperature
heat capacity/ below this temperature results in a measur-dependence for both phonons is plotted in Arrhenius plots in
able transient increase in the lattice temperature as discussEtf. 4 for 6~0.8 and Fig. 5 for the5~0.1. The important

in the previous section. observation is that in all cas@ge, shows a strong tempera-

In the 5~0.1 sample, similar nonequilibrium heating is ture dependence. Fitting the data with an Arrhenius law, we
observed for both laser pulse lengths at room temperaturebtain activation energieg, in the range 56-210 meV in
(Fig. 3. However, the actual values afT , are smaller than the metal ¢ ~0.1) depending on pulse length, and 60-110
in the 6~0.8 sample. Temperature dependence of the nonmeV in the insulating phases¢-0.8). Below 120 K the tran-
equilibrium apical-oxygen phonon heating is different for thesient laser heating becomes comparable to the effect of
different excitation-pulse lengthfFig. 3@]: with 1.5-ps  Nneq, Which is probably the reason for the departure from the
pulse excitationA T, steeply drops with decreasing tempera-activated behaviofFig. 5) at low temperatures. In the metal,
ture and reaches zero between 200 and 250 K. The drop &®r the apical O vibration, measurement with both laser pulse
AT, with decreasing temperature is less steep with 70- pgngths is possible and we observe a significant difference in
Iaser excitation and saturatesa25 K below 200 K. the activation energy in the two cases, which—as we shall

The planar 340 cm* phonon in thes~0.1 sample shows see in the Discussion—arises probably because of the effects
a smallerAT, than the apical-oxygefiFig. 3(b)] over the of the temperature dependence of the effective carrier life-
whole range of temperatures, but the difference betweeHme.
phonons is less dramatic than in tl#e=0.8 sample. The
difference in behavior at different pulse lengths is also less
clear for the planar 340 cit phonon due to a larger scatter
in the data, which is a consequence of the smaller Raman In the measurement of Raman intensities, it is very im-

B. Discussion of possible artifacts
in the Stokes/anti-Stokes ratios

intensity for this phonon at thé~0.1 doping.

YBa,Cu;04 , apical O phonon

portant to take into account all possible effects, to avoid

YBa,Cu30g , planar O phonon
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FIG. 4. Arrhenius plots ofi,.>® versus tem-
perature for the apical-oxygen phondéa), and
the planar-buckling phonorib) in the §~0.8
YBCO. The solid lines are Arrhenius fits to the
data. Error bars represent errors obtained from
fits of S and A intensities.
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YBa,Cu;30y ¢ apical O phonon YBa,Cu304 ¢ planar O phonon
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© 7,=T70ps - FIG. 5. Arrhenius plots ofi.>* versus tem-
E, =56 meV o perature for the apical-oxygen phon@ and the
g a5 |3 planar-buckling phonofb) in the 5~0.1 YBCO.
=102 oo 3 i 102} The solid lines are Arrhenius fits to the data. Er-
o ror bars represent errors obtained from fits of S
o { and A intensities.
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erroneous interpretation of the results. We thus proceed withkame at 2.34 eV and 2.6 eV and is very similar at 1.92 eV
a detailed analysis of the possible artefacts with a detailetiaving no effect on the S/A ratio ot
justification of all the assumptions made. For the calculation The changes of thizequency dependenaé optical con-
of n,eq from experimental S/A intensity ratios at different stants and the Raman-tensor component with temperature for
temperatures it was assumed that correction factors and Rhght polarized parallel to the CuPplanes is therefore esti-
man tensor components in E@d) are temperature indepen- mated to be small enough that the correction factors for the
dent. These may nevertheless have some, albeit small templanar-buckling phonon can be considered temperature inde-
perature dependence, and so the approximation was checkpdndent in our experiment.
on the basis of data available in the literature. Since only the Regarding thes-axis-polarized optical response, as far as
ratio of the correction factors and Raman tensor componentse are aware there are no published temperature dependence
at the Stokes and anti-Stokes frequency appear in expressidata for the visible region. However, faf~0.1 the low-
(1), the frequency-dependent part of the change of opticalemperature resonant Raman scattering’dafae the same
constants and the Raman-tensor component with changinglue of the S/A intensity correction factor at room tempera-
temperature has the largest effect on the calculaigg, ture as measured by the CW Araser measurement, indi-
while the frequency-independent part of the change has onlgating that its temperature dependence is negligibly small.
little effect. For 6~0.8, the experimental data on the temperature de-
For in-plane polarized lightE||a,b) Holcomb et a pendence of optical response in the visible region are also
measured the thermal difference reflectance =@ YBCO  not available. The data of Fuget al® indicate that absorp-
thin film. They find that the quantity tion for light polarized parallel to the CuQplanes in a
6~0.7 YBCO film is almost temperature independent at 2.7
eV, while it shows temperature dependence in the region of
the 1.75-eV Cu-O charge-transfer absorption peak. However,
since this peak does not extend above 2 eV, we expect that it
is below 4x 104 K 1 around 2.3 eV photon energy in the does not influence absorption at 2.33 eV significantly. In the

90-300 K temperature range and the difference of its valuegPsence of other experimental data we expect that also for
at ws andw, is below~10"4 K ~1. By taking into account 9~0.8 YBCO temperature dependence of the correction

that the reflectivity around this energys 0.14 the total constants is small enough that it does not significantly influ-
change of reflectivity in this temperature range is estimate@nCe our interpretation of the results, while the data for
to be ~0.012, giving a relative change of8% with a dif- ©~0.1 are, in principle, more reliable, and the assumptions
ference aiws and w, of ~2%. Because this is too small to '€ experimentally verified. In summary all the necessary
be observed in our measurements it is ignored. correction factors can be accurately obtained and cross

Inferring further from the work of Fugoeét al,'® the op- checked experimentally giving us confidence in the accuracy

tical absorption in theé>=~0.15 YBCO film increases linearly ©Of the measured .
by ~2% with increasing temperature in the temperature
range 100-140 K. Extrapolating to room temperature this
would give a 10% increase at 300 K. However, the increase
is almost the same at 1.7 and 2.7 eV indicating a weak fre-
guency dependence and hence this would have negligible
effect on the ratio of S and A intensities. The Raman-tensor In a system as complex as YBCO there are many low-
component for the incident and scattered light polarizationgnergy excitations apart from optical phonofsg., mag-
parallel to the Cu@ planes decreases with increasing tem-nong that can take up the relaxing-PE-carrier energy. In our
perature by~25% ° but again the decrease is virtually the experiment, only the optical-phonon part of the relaxed en-

|18

JR(w,T)

R(w,T)~* T

(6)

IV. DISCUSSION

A. Estimate of the carrier lifetime and discussion
of the probing process
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ergy can be accessed. Despite unknown branching ratios to ——rry ———

observed optical phonons, the magnitude of the effective PE- g 7=15ps 7,=70ps
carrier lifetime can be estimated by comparing data for the § - rpj?.s P o r,,i?.s ps xrxrff
1.5 and 70 ps experiments in terms of a simple model. gl T ST
In the model we describe the PE carriers with their vol- & | —v— c=4ps —v— r=dps /"_.-.--‘ ]
ume densityn,, and the effective lifetime.. The effective g | R %:vwvv'v-v-v—;
lifetime includes the PE-carrier relaxation to all possible = | R ]
channels. The time dependence of the carrier number density "R, ., | ﬂwﬂéw?jﬁfg%j :
n. is given by a simple relaxation-time approximation: B f M XXX/::/ 0O REEIIIRI00000:0:0-0
Ry [ e u o [
dn.(t n(t S| o e T 1

DM, o i g

103 |
n Pl |

wherek is the absorption coefficient arg{t) is the incident
photon flux density following the temporal profile of the la-
ser pulse. Assuming that at least a part of the PE-carrier 2! (ps!)

energy is transferred to optical phonons whose anharmonic o _
lifetime is 7,(a part of the PE carrier energy may be as well FIG. 6. The calculated nonequilibrium phonon occupation num-

transfered to other low-energy excitationthe time depen- ber (4) as a function of the inverse PE-carrier relaxation time,
dence ofn., is described by rc_l, for two different pulse lengths and different phonon lifetimes,
neq

7, . The number of photons per pulse as well as regigN,, are the
dnne({t) nneq(t) Cpe ng(t) same for both pulse lengths. In this mod§t1 is proportional to the
== R — (8) PE-carrier energy relaxation rate .
dt T Np 7¢

10-1 100

The second term on the right-hand side is the phonon gerbuckling phonon. This is consistent with the values of
eration rate where, is the average number of phonons ~0.5 ps obtained for both phonons from experimental tem-
created by a carrier, which implicitly includes also the perature dependences of phonon linewidths?

branching ratio to optical phonons, ahg is the number of The room-temperature value df,q in the superconduct-
different phonon modes per volume unit involved in the re-ing sample withd~0.1 is nearly the same for both 1.5 and
laxation process. 70 ps pulse lengths. Taking the room-temperature phonon

Since a pump pulse is simultaneously a probe, the medifetime of ~0.5 ps we estimate from the cross section of the
sured nonequilibrium-phonon occupation numbgf is  curves forr,= 0.5 ps(the curves with square symbols in Fig.
given by Eq.(4). The laser pulse shamt) is assumed to 6) an effective PE-carrier-energy lifetime to be in the range

have a Gaussian temporal profile, 10-100 ps. Here we use the fact that the position of the cross
) section along abscise does not depend on the unknown cou-

g(t)= \Ej lex;{ _ ZL) ©) pling parametec,./N, and therefore on the branching ratios
707 TL2)’ to different excitations. We stress here that this is an estimate

. : | - of the time it takes for the carrier to reach equilibrium and
where 7 is the laser pulse lengtfl, is the pulse repetition ot o jis Jifetime in the excited state as implied by the

period andj, is the average photon flux density. model, which uses only a simple relaxation-time aproxima-
Equations(7), (8), and (4) are numerically integrated to tion for description of the PE-carrier system.
obtainn.qas a functiqn of the inverse PE-carrier re!axation Using the result that the phonon lifetime is apparently
time, 7, *. The resulting curves for the two experimental jy,ch smaller than the effective PE-carrier lifetime, the num-
pulse lengths and different phonon lifetimes are shown iner of emitted phonons per unit volume is
Fig. 6. For 1.5-ps pulses,, increases almost linearly with
increasingr, * for long PE-carrier lifetimes and it saturates Cpe Tp
when 7_ * approaches !. For the 70-ps pulses the initial Np~ = —"Ne. (10
increase is less steep, saturation is stronger due to the smaller nea “e
value of 7 ' and it sets in at smaller values gf *. Forboth  In our experiment, the PE-carrier density,~4x 10
pulse lengths,.qincreases with increasing phonon lifetime cm 3. Since the photon energy is 2.33 eV and the phonon
with a stronger increase for the 70-ps pulses. energy~50 meV, 10—40 phonons are released per absorbed
To enable comparison of the experimental data with thephoton. Taking the room-temperature experimental value of
model, we estimate the phonon lifetimes from the phonom,,,, we getN, ~ 10'® cm~2 which is much smaller than
Raman linewidths. At room temperature fof~0.1, the density of phonon modes in an optical-phonon branch.
Aw~50 cm !, and Aw~20 cm ! for the apical-oxygen Since Raman scattering probes the phonons with wave vec-
phonon and the planar-buckling phonon, respectively. Fotors near the center of the Brillouin zone, this would imply
0~0.8, the apical-oxygen phonon linewidth 8w~30 that the PE carriers relax primarily by emitting low momen-
cm ! and the planar-buckling phonon one Bw=~18 tum optical phonons near the center of the Brillouin zone.
cm™ L. Although this includes also inhomogeneous broadenAlternatively, in a scenario which is consistent with the re-
ing we can estimate the lower limit for the phonon lifetimeslaxation mechanism proposed in the next section—together
which is sufficient for our discussion. We obtaip~0.2 ps  with the low dispersion and short anharmonic lifetime of the
for the apical-oxygen phonon ang~0.4 ps for the planar- optical phonons—thé&-selection rule is no longer valid and
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the vibrational modes excited by carriers are local modes for Alternatively in the Fermi-glass picture, the carriers relax

which the Ramark— 0 selection rule is not relevant. to lower energy mainly by tunneling through a cascade of
From Fig. 6 it can be seen thag.qincreases with increas- neighboring states. However, occasionally they have to hop

ing phonon lifetime and decreases with decreasing PE-carriepwards because there are no neighboring sites with lower

relaxation rater; L Sincer, increasesslightly with decreas- energies available giving rise to a temperature-dependent re-

ing temperature, we can state with confidence that the obaxation. The probability for transition upwards is propor-

served strong temperature dependence,gfis not a result tional to woexp(—W/kgT), whereW is the energy difference

of the temperature dependencef. The temperature de- between neighboring localized states, angis the probabil-

pendence oh,e, can as well be a consequence of temperaity for transition downwards. Ip is the probability that dur-

ture dependence of the coupling parametgl/N,. In this  ing relaxation a carrier hops to a site with all neighboring

case however, the observed temperature dependentgof sites at higher energy, then the carrier energy change after

should be the same for different excitation laser pulsey hops is

lengths, which is not the case in our experiment. We there-

fore conclude that the observed strong temperature depen-

dence ofn,eq is mostly a consequence of a decrease of the AE=WNp-WN(1—p)=WN(2p—1). (11)

PE-carrier energy relaxation rate with decreasing tempera-

ture.

B. Carrier relaxation via localized states The average time needed fhirhops is

The hot-carrier energy relaxation rate,, in semiconduc-
tors with hot-carrier energf>kT and where carriers are
assumed to relax viaxtendedstates is virtually independent At=Np
of the lattice temperature irrespective of whether the
electron-phonon interaction is via deformation potential or
via polar optical scatteringf:

In contrast, the measurements gf,, in YBCO show a
strong temperature dependencergffor both §~0.1 and
0.8. In addition, we find an unusually long room-temperatur
effective PE-carrier lifetimgéwhich is the total time the car-
rier is out of equilibrium so we propose that the PE-carrier
relaxation in YBCO proceeds Hyopping through a band of AE M[l_—vaex;{ ﬂ)
localized statesThere are however other possible mecha- At p p kgT
nisms giving temperature dependence of the PE-carrier re-
laxation rate(e.g. strong band dispersion or/and correlation
effecty. But the fact that PE-carrier relaxation virtually At low —enough temperatures, such thatkgT
freezes out at low temperaturéss indicated by almost two <W/In[(1—p)/p], and neglecting the temperature depen-
orders of magnitude drop of the,e, with decreasing tem- dence ofwo, we obtain
perature definitely favors the PE-carrier localization.

The temperature dependence of electronic relaxation in
localized state systems has so far been discussed in detalil AE woW w )

-1
+N(1-p)wyt, (12

W
WoeX kB_T

since the average time for a hop is inversely proportional to
the transition probability. The energy relaxation rateis
ethen given by

-1
(13

only in the context of charge transport and the frequency- At Tp R T GT

dependent conductivity-(w).2>~2’ The relaxation processes
discussed in these works generally consider the hopping be-

havior of carriers neakE, since they are interested prima- 14 enable such behavior up to room temperature as ob-
rily in low-frequency properties of such materials. In OUr sarved in our experimenp, has to be larger than-0.2. If a

::r?se the dcalrrlers ar(ta bexz@ed Jar abtln_vz e?tl:]'"b”ﬁr?hang SBniform distribution of localized states over an energy inter-
€se models cannot be directly appied, atthoug € bas| al is assumed, then for a localized state which lies in the

mechanisms for hopping can be similar and indeed the Pr&hiddle of the energy band, the probability that all its neigh-

dicted temperature dependence of the conductivity is simila{)Oring sites are at higher energy is 0.25 when each site has

as we observe for the PE-carrier energy relaxation rate. : X . .
The relaxation of PE carriers can proceed either via in{0 N€ighborschaing and 0.0625 in the case of four neigh-

tragap defect states as in a Fermi gfass, through self- bors.(plan.es, so our expgriments suggest that carriers are
trapped polaron states. The existence of polaronic selfoc@lized in a one-dimensionglD) structure. _
trapped states in superconductor insulator precursors with For 6~0.1, the chains are the most obvious 1D feature in
binding energies in the range 60—100 mV has been know{BCO. However, apart from the chains there are also other
from photoinduced absorption and fits to the midinfrared repossibilities of 1D structures, for example a cross section of
gion (0.1-0.5 eV.28 The T dependence of the hopping rate twin boundaries and the CuOplanes, in-plane strip&or

in this case is essentially determined by the barrier heightD charge-density-wave structut®svhich have all been re-

W, which is related to the polaron binding enefgy and so  ported in YBCO. However, the latter two are observed only
the temperature dependencer gfis essentially given by the at lower temperatures, while the relaxation scenario which
expression for activated hoppig. we are discussing is essentially the same at room tempera-
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ture, apparently making these two possibilities less likely. Inwhether the localized states are above or belwsince
the insulator, withs~0.8 there are no fully occupied chains either holes or/and electrons can relax producing optical
and no twin boundaries, but the number of neighbors is smatbhonqns.

and there is some local chain formatfibin the basal plane, In insulating YBCO with5~0.8 the apical oxygen pho-
so the picture is also consistent with the proposed Ferminon shows significantly higher nonequilibrium phonon occu-
glass relaxation mechanism. The activation energies we ofation numbers than the planar-buckling one. This is consis-
tain from the fits in Figs. 4 and 5 are consistent with thetent with stronger localization in the basal plane or in the
values  obtained in  transient  photoconductivity CU(1)-O(4) dumbbells. On the other hand, fér=0.1, the
measuremenfsand also with polaron binding energies ob- difference between planar-buckling and apical-oxygen pho-
tained from fits to the midinfrared conductivity spectra in 1O nenequilibrium phonon effects is less dramatic, but
YBCO.28 Although the valueE, =210 meV obtained for the §omewhat surprising is the implication py the data that local-
apical O vibration in the insulator is rather high, the impli- ized states exist also in the Cy@lanes in the normal state

cation of a deeper potential for carriers trapped in the Cu- fthe Opt'.ma"y doped mqterlal. o .
o i . . The origin of the carrier localization is still not clear.
chains is consistent with calculatiofrs.

Single-particle spectra from angle-resolved photoemission
spectroscopy imply the existence of a narrow band close to
the Fermi energy. The origin of the band narrowing could be
Holstein narrowing due to lattice polarons for example, or an
effect of electronic correlations, or most likely both. The
In our experiments the carriers are excited within 2.33 eVbandwidth observed experimentally is comparable Taand
of the Ex. To determine the final states of the PE procesdattice imperfections or defects can easily lead to carrier lo-
one has to identify the relevant optical transitions at a givercalization within such a band. However, it is also apparent
photon energy. Fortunately, faf~0.1 YBCO, the optical from angle-resolved photoemission spectroscopy that a, pos-
transitions can be identified with the help of local-densitySibly incoherent, background has nonzero spectral weight ex-
approximation (LDA) band-structure calculations together t€nding up to the Fermi energy, and these states could well
with experimental ellipsometry dafaFor c-axis-polarized bg responsible for the temperature—depe.ndent carrier rglax—
light the transitions are from the in-Cugplane pdo anti- ation. In any case, any tendency for carrier sqlf-lppahzaﬂpn
bonding bands lying-1 eV below the Fermi energy to the effects will be _enhanced even further by the significant dis-
. . . 32 . order present in these materials.
chain antibonding @)-Cu(1)-O(1) pdo band?* For light
polarized parallel to the CuPplanes, transitions are largely
(although not exclusivelywith both initial and final states in V. CONCLUSIONS
the CuQ, planes. The initial states lie-2 eV below the
Fermi energy, and the final states lie just ab&e In ad-
dition, there are also some transitions between differen

Cu(l)-.O(l) cham bands fqr light polarlzgd along t_b,eax'sj laxation proceeds via localized states. The comparison of the
In insulating YBCO with 6~0.8, optical transitions in yaaqurements with 1.5-ps and 70-ps laser pulses indicates
this energy range are somewhat harder to identify, since du§ st in metallic ©~0.1) YBCO the effective room-
to strong electron correlation effects LDA calculations Can-emperature PE-carrier lifetime is in the range 10-100 ps,
not be used as a reliable guide to the transitions invoTved.Wh“e for 5~0.8 the lifetime is shorter, probably in the 1 ps
However, from the resonant Raman data®n0.9 samples, range. The present data and relaxation scenario are in agree-
Heyenet al.* conclude that for light polarized parallel to the ment with recent photoinduced absorption measurements by
CuO; planes the transitions involved in the energy range uprhomaset al3* who observed a long-lived relaxation com-
to ~2.5 eV are from the charge-transfer band to the uppeponent after laser photoexcitation in metallic Y&u304
Hubbard bandUHB). For c-axis-polarized light, the transi- and Bi,Sr,CaCu,Qg. s which they also attributed to carrier
tions in the same energy range are assightaltransitions localization effects in the normal state of the superconductor.

C. Discussion of the implications regarding
the electronic structure

In conclusion, the pulsed resonant Raman-scattering ex-
eriments show quite clearly—and independently of the
odel for the relaxation process—that some PE-carrier re-

from initial states in the occupied C)ds,2_,2-O(4)p, Theoretically, relaxation via either polaronic states or a
dumbbell band to final states in the UHB which has alsoFermi-glass relaxation scenario can both reproduce the ex-
some C(2)ds,2_,2 character. perimental temperature dependence of the carrier relaxation,

Thus both in insulating and metallic YBCO, PE involves the latter model suggesting that the states through which the
electronic transitions from planes to chaims Cu1)-O(4) relaxation takes place are in one-dimensional chains. Al-
dumbbells in the case of insulating YBQOr vice versa for though the position of the localized states in real space can
c-axis-polarized light and mostly transitions in the CuO be discussed with some degree of certainty, we can only state
planes for in-plane polarized light. However, since the PRhat the localized states lie within a 2.3 eV wide band around
carriers can partially relax before localization, the position ofEg and relaxation measurements—either Raman or time-
localized states relative to ti& cannot be inferred from the resolved photoinduced absorption—with different laser
position of the initial PE states, which is only the upperwavelengths would be necessary to determine their energy
boundary. Taking into account that in the present experimore precisely. The presence of localized states in the opti-
ments only the PE carriers with energies above the phonomally doped superconductors is believed to have important
energy are detected, the observed localized states are at leastisequences both for superconductivity and hot-carrier de-
one phonon energy away from thg . We cannot determine vice design using these materials.
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