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Photoexcited carrier relaxation in YBa2Cu3O72d by picosecond resonant Raman spectroscopy
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The temperature dependence of the energy relaxation of photoexcited~PE! carriers is used as a probe of the
electronic structure of YBa2Cu3O72d in the insulating (d'0.8) and metallic (d'0.1) phases. The energy
relaxation rate to phonons is obtained by measuring the nonequilibrium phonon occupation number,nneq, with
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 virtuallyT independent, while in the latter it is stronglyT dependent. From the
experiment—which shows strong temperature dependence ofnneq—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 cm21 mode. This implies that the localized states are mainly~but not entirely! coupled to out-of
plane vibrations.@S0163-1829~97!02909-3#
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I. INTRODUCTION

An important question in high-Tc cuprates is whether th
carriers that lead to superconductivity in these materials
be described to be in localized polaronic~magnetic or
phononic! states or are in extended, bandlike states, al
somewhat deviating from usual Fermi-liquid behavior due
the shape of the Fermi surface. Since both views can
supported by experimental observations,1 either dual inter-
pretations are possible, whereby the experimental data ca
explained in either picture, or actually both types of carri
are present simultaneously. The latter immediately lead
the possibility of a two-component superconductivity sc
nario, for example a boson-fermion scenario2 or a 211-
dimensional superconductivity scenario3 or even excitonic
superconductivity.4 Experimentally, the presence of localize
states in the metallic phase of the cuprates is sugge
~among others! by photoconductivity measurements on t
insulating precursor YBa2Cu3O72d ~YBCO! ~0.6,d,1.0!,5

which show unambiguously that~i! there are states within 2
eV of EF which are localized and~ii ! that at the insulator-
to-metal transition only the carriers nearEF change their
character giving rise to a crossover from semiconducting
insulating low-frequency conductivitys(v→0), while
s(v) for .800 cm21 ~0.1 eV! changes only gradually with
doping. Thus it is quite likely that states further away fro
EF remain localized and Fermi glasslike in the metal
phase.

In general, it is not possible to ascertain whether el
tronic states are localized or extended using spectrosc
methods which measure the single particle or joint density
states. More indirect methods are required, especially
uE2EFu.kT. By investigating the process of carrier rela
ation and energy loss from photoexcited~PE! states using
550163-1829/97/55~9!/6061~9!/$10.00
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Raman spectroscopy, we present evidence of tempera
activated PE-carrier relaxation through localized sta
within ;2 eV of EF in insulating and metallic
YBa2Cu3O72d ~with d'0.8 andd'0.1, respectively!.

To enable quantitative measurements of the phonon o
pation numbers and avoid possible misinterpretation of th
results, we have employed extensive calibration and cor
tion procedures to quantitatively measure the Raman Sto
and anti-Stokes intensities enabling an accurate interpr
tion of the carrier relaxation process. These are describe
detail in the first section of the paper. In the second sect
we present the experimental results for different YBC
samples with a discussion of calibration procedures and p
sible artifacts, and in the Discussion we first discuss the c
nection between the carrier relaxation and the observa
quantities, then we suggest a model to explain the relaxa
process and finally discuss the origin of the localized sta
in the context of the established knowledge about the e
tronic structure of the material. The conclusions regard
the existence of localized states are reached without assu
tions about the mechanism for the electron-phonon inte
tion and the PE process.

II. EXPERIMENTAL TECHNIQUE
AND INTENSITY CALIBRATION PROCEDURE

The experimental technique used to measure the pho
shakeoff entails the measurement of the nonequilibrium p
non occupation numbernneq by measurement of the Stoke
~S! and anti-Stokes~A! Raman-scattering intensities on a p
cosecond timescale. Details of the pulsed Raman-scatte
experimental setup have been given previously.6 The experi-
ment is performed by exciting carriers and simultaneou
measuring Raman scattered light with 1.5 or 70 ps la
6061 © 1997 The American Physical Society
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pulses. These are generated by frequency doubling a p
compressed~1.5 ps! or noncompressed~100 ps! mode-
locked Nd:YAG laser. The resulting photon energy 2.33
~532 nm! is sufficient to excite interband transitions in th
material both within the CuO2 planes and between th
CuO2 planes and the Cu-O chains depending on the polar
tion of the incident light.7 The photon flux used is typically
1013 photons/cm2/pulse, with estimated peak PE-carrier de
sitiesnc'1018 cm23.

The measurements ofnneq were performed on YBCO
single crystals withd'0.1 ~twinned! andd'0.8 mounted in
a liquid-He flow cryostat. The data are analyzed for theAg
oxygen 340-cm21 plane-buckling vibration (B1g in tetrago-
nal symmetry! and the Ag(A1g) 500-cm21 apical O~4!
Raman-active vibrations. The integrated intensities of th
and A phonon lines are obtained by fitting to either a Gau
ian or Lorentzian line shape in the temperature range 1
320 K. The Gaussian line shape was mainly used for the
cm21 mode, where the frequency resolution of the spectro
eter limited the linewidth.

The ratio of the Stokes and anti-Stokes Raman intens
in backscattering geometry is given by

IS~ t !

IA~ t !
5

j~vL ,vS!

j~vL ,vA!

vSh~vS!

vAh~vA!

Qab~vL ,vS,vp!

Qba~vA ,vL ,vp!

np~ t !11

np~ t !
.

~1!

Herevp is the phonon frequency,np is the phonon occupa
tion number,\vL is the incident-photon energy,\vS and
\vA the S and A scattered-photon energies, respectiv
h(v) is the frequency dependent refractive index of t
crystal andQab is the appropriate Stokes component of t
Raman tensor for incident polarizationa and scattered polar
ization b, while Qba is the same for anti-Stokes scatterin
We take into account that due to time-reversal symme
Qab(vL ,vA ,2vp)5Qba(vA ,vL ,vp).

8 The factor
j(vL ,v) takes into account penetration depth and reflect
of incident and scattered light on the surface of the crysta
vL andvS or vA , as well as diffraction of the scattered ligh
upon exiting the crystal:9

j~vL ,v!5
@12R~vL!#@12R~v!#

k~vL!1k~v!

1

h2~v!
, ~2!

whereR(v) andk(v) are the reflectivity and the absorptio
coefficients, respectively.

Since it is known from experiment that the photoinduc
reflectivity changeDR/R ;1023 for photoexcited carrier
densities10 of ;1021 cm23, we assume that the change
optical constants by photoexcited carriers with our car
densities typically of;1018cm23 is sufficiently small to ig-
nore. Since the relevant matrix elements for both the Ram
and dielectric tensors are related to each other, we ass
that the same also holds for the Raman ten
Q(vL ,vs ,vp).

The nonequilibrium phonon occupation number is defin
by nneq(t)5np(t)2neq(vp ,T), where at temperatureT for a
phonon with frequencyvp , neq is given by

neq~vp ,T!5FexpS \vp

kBT
D21G21

. ~3!
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Since we are performing photoexcitation and Raman sca
ing with the same laser pulse, the measured nonequilibr
phonon occupation number is a weighted time average o
the probe laser pulse duration:

nneq5
*g~ t !nneq~ t !dt

*g~ t !dt
, ~4!

whereg(t) represents temporal shape of the laser pulse.
To obtain accurate values ofnneqone must account for the

fact that magnitudes of the Raman-tensor components
the optical constants are different for S and A photons du
the finite width of the resonances with electronic states. F
tunately resonance Raman scattering has been extens
investigated in YBa2Cu3O72d ,

11,12 and we use these dat
together with dielectric constant data7 to calculatenneq from
the measured S and A intensities.

The spectrometer spectral response was calibrated
measuring the spectrum of a tungsten lamp mounted in p
of the sample. We assume that the lamp spectrum is pro
tional to a black-body spectrum in the frequency range
interest.13 Since there was a spread in the ratio of the spec
responses atvS andvA due to spectrometer grating filling
effects and lamp alignment, we averaged over several c
bration cycles to determine the spectrometer response
check our calibration procedure and whether the freque
dependence of the Raman tensor and optical constants t
from the literature give the correct value ofnp , the CW-laser
intensity dependence of the phonon temperatureTp was de-
termined from theIS/IA ratio. The phonon temperature
then given by

Tp5
\vp

kBln@gp~ I S /I A!#
, ~5!

wheregpis the calibration constant to be determined for t
phononp including correction factors for the frequency d
pendence of the spectrometer spectral response as well a
frequency dependence of the Raman tensor and optical
stants. To check whethergp is correctly determined, we
measureTp @as determined using Eq.~5!# using a CW laser
as a function of laser power where under stationary con
tions, the phonon temperature is equal to the lattice temp
ture in the scattering volume. We find thatTp extrapolates to
the ambient temperature at zero incident laser power, c
firming that our calibration procedure is correct and givi
an error inTp of less than a 10 K.

The lattice temperatureT0 of the scattering volume is
somewhat higher than the ambient cryostat temperature
to absorption of laser energy. This needs to be corrected
if we wish to obtain an accurate value fornneq(T) from our
measurements. The temperature rise in the scattering-vol
can be divided into two parts. The first part,DTCW is a
time-independent average rise of temperature which is a c
sequence of heat buildup in the sample. This is very sim
to the heating due to absorption of a CW-laser beam w
equivalent beam parameters and average power, and dep
on the sample geometry, the sample thermal conductivit
and thermal coupling of the sample to the sample hold
Since all three components of the thermal conductivity t
sor in YBCO are virtually temperature independent down
100 K,14 this is also true forDTCW. We thus use the room
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FIG. 1. The phonon Raman spectra of th
apical-oxygen phonon ~a! and the planar-
buckling phonon~b! in d'0.1 YBCO as a func-
tion of temperature at the 70-ps excitation. Th
spectra are vertically shifted for clarity. At lowe
temperatures the planar-buckling-phonon li
shape is distorted due to the low spectrome
resolution.
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temperature value ofDTCW measured with an Ar1-ion CW
laser with a photon energy of 2.41 eV~cf. 2.33 eV for the
Nd:YAG! as a function of laser powerP0 to obtain an accu-
rate calibration ofDTCW versusP0.

The second correction is the transient temperature rise
to each pulseDTtr , and is determined mainly by the he
capacity of the scattering volume. We calculate15–17 that
there is only a;50% increase in the transient part ofDT for
the 1.5 ps pulses in comparison to the 70 ps pulses, f
which we deduce that most of the generated heat remain
the scattering volume for the duration of the laser pul
DTtr is calculated16 to be below 0.5 K/mW for both 1.5 p
and 70 ps pulse lengths when focused to a 30mm diameter
spot. This is an order of magnitude smaller than the obser
phonon heating determined from the ratio of the S and
phonon intensities at room temperature and is therefore
glected. Below 120 K, the nonequilibrium effects we a
trying to measure become comparable to the effects of
time-dependent part of the temperature increaseDTtr , and so
we do not discuss data below this temperature.
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III. EXPERIMENTAL RESULTS

A. The nonequilibrium phonon temperature
and nonequilibrium occupation numbers

The normalized Raman spectra at different temperatu
for YBCO with d'0.1 are shown in Fig. 1 for the two dif
ferent polarizations showing the A and S spectra of the t
phonons. We see that the A peaks become smaller with
creasing temperature and disappear below 100 K. The t
perature dependence of the nonequilibrium phonon temp
tureDTp , defined asDTp5Tp2T0 is plotted in Figs. 2 and
3 for d'0.8 andd'0.1, respectively. In both cases panel~a!
shows the apical 500 cm21 phonon and panel~b! the 340
cm21 phonon values.

In the d'0.8 sample~Fig. 2!, a significant nonequilib-
rium phonon heating is observedonly for the 1.5 ps-pulse
excitation. The nonequilibrium apical-oxygen phonon he
ing is the most significant, reaching 250 K at room tempe
ture. With decreasing temperature, the heating monotonic
drops and it saturates atDTp;30 K below 100 K. On the
other hand, the nonequilibrium planar-buckling-phonon he
ing is smaller and it drops faster with decreasing tempera
g
l-
-
t
an
FIG. 2. The nonequilibrium phonon heatin
as a function of temperature for the apica
oxygen phonon~a! and the planar-buckling pho
non~b! in thed'0.8 YBCO. Error bars represen
standard errors obtained from fits of the Ram
intensities.
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FIG. 3. The nonequilibrium phonon heatin
as a function of temperature for the apica
oxygen phonon~a! and the planar-buckling pho
non~b! in thed'0.1 YBCO. Error bars represen
errors obtained from fits of the Raman intensitie
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reaching a minimum around 150 K. Below 100 K,DTp rises
again with decreasing temperature because the drop in
heat capacity17 below this temperature results in a meas
able transient increase in the lattice temperature as discu
in the previous section.

In the d'0.1 sample, similar nonequilibrium heating
observed for both laser pulse lengths at room tempera
~Fig. 3!. However, the actual values ofDTp are smaller than
in the d'0.8 sample. Temperature dependence of the n
equilibrium apical-oxygen phonon heating is different for t
different excitation-pulse lengths@Fig. 3~a!#: with 1.5-ps
pulse excitation,DTp steeply drops with decreasing temper
ture and reaches zero between 200 and 250 K. The dro
DTp with decreasing temperature is less steep with 70
laser excitation and saturates at;25 K below 200 K.

The planar 340 cm21 phonon in thed'0.1 sample shows
a smallerDTp than the apical-oxygen@Fig. 3~b!# over the
whole range of temperatures, but the difference betw
phonons is less dramatic than in thed'0.8 sample. The
difference in behavior at different pulse lengths is also l
clear for the planar 340 cm21 phonon due to a larger scatte
in the data, which is a consequence of the smaller Ram
intensity for this phonon at thed'0.1 doping.
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Since the nonequilibrium-phonon occupation numb
nneq is related to the carrier relaxation rate, its temperat
dependence for both phonons is plotted in Arrhenius plot
Fig. 4 for d'0.8 and Fig. 5 for thed'0.1. The important
observation is that in all casesnneq shows a strong tempera
ture dependence. Fitting the data with an Arrhenius law,
obtain activation energiesEa in the range 56–210 meV in
the metal (d '0.1) depending on pulse length, and 60–1
meV in the insulating phase (d'0.8). Below 120 K the tran-
sient laser heating becomes comparable to the effec
nneq, which is probably the reason for the departure from
activated behavior~Fig. 5! at low temperatures. In the meta
for the apical O vibration, measurement with both laser pu
lengths is possible and we observe a significant differenc
the activation energy in the two cases, which—as we s
see in the Discussion—arises probably because of the ef
of the temperature dependence of the effective carrier l
time.

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

In the measurement of Raman intensities, it is very i
portant to take into account all possible effects, to av
e
m

FIG. 4. Arrhenius plots ofnneq
d50.8 versus tem-

perature for the apical-oxygen phonon~a!, and
the planar-buckling phonon~b! in the d'0.8
YBCO. The solid lines are Arrhenius fits to th
data. Error bars represent errors obtained fro
fits of S and A intensities.
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FIG. 5. Arrhenius plots ofnneq
d50.1 versus tem-

perature for the apical-oxygen phonon~a! and the
planar-buckling phonon~b! in thed'0.1 YBCO.
The solid lines are Arrhenius fits to the data. E
ror bars represent errors obtained from fits of
and A intensities.
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erroneous interpretation of the results. We thus proceed
a detailed analysis of the possible artefacts with a deta
justification of all the assumptions made. For the calculat
of nneq from experimental S/A intensity ratios at differe
temperatures it was assumed that correction factors and
man tensor components in Eq.~1! are temperature indepen
dent. These may nevertheless have some, albeit small
perature dependence, and so the approximation was che
on the basis of data available in the literature. Since only
ratio of the correction factors and Raman tensor compon
at the Stokes and anti-Stokes frequency appear in expres
~1!, the frequency-dependent part of the change of opt
constants and the Raman-tensor component with chan
temperature has the largest effect on the calculatednneq,
while the frequency-independent part of the change has
little effect.

For in-plane polarized light (Euua,b) Holcomb et al.18

measured the thermal difference reflectance in ad'0 YBCO
thin film. They find that the quantity

R~v,T!21
]R~v,T!

]T
~6!

is below 431024 K 21 around 2.3 eV photon energy in th
90–300 K temperature range and the difference of its va
at vS andvA is below;1024 K 21. By taking into account
that the reflectivity around this energy7 is 0.14 the total
change of reflectivity in this temperature range is estima
to be;0.012, giving a relative change of;8% with a dif-
ference atvS andvA of ;2%. Because this is too small t
be observed in our measurements it is ignored.

Inferring further from the work of Fugolet al.,19 the op-
tical absorption in thed'0.15 YBCO film increases linearly
by ;2% with increasing temperature in the temperat
range 100–140 K. Extrapolating to room temperature t
would give a 10% increase at 300 K. However, the incre
is almost the same at 1.7 and 2.7 eV indicating a weak
quency dependence and hence this would have neglig
effect on the ratio of S and A intensities. The Raman-ten
component for the incident and scattered light polarizati
parallel to the CuO2 planes decreases with increasing te
perature by;25%,20 but again the decrease is virtually th
th
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same at 2.34 eV and 2.6 eV and is very similar at 1.92
having no effect on the S/A ratio ornneq.

The changes of thefrequency dependenceof optical con-
stants and the Raman-tensor component with temperatur
light polarized parallel to the CuO2 planes is therefore esti
mated to be small enough that the correction factors for
planar-buckling phonon can be considered temperature in
pendent in our experiment.

Regarding thec-axis-polarized optical response, as far
we are aware there are no published temperature depend
data for the visible region. However, ford'0.1 the low-
temperature resonant Raman scattering data11 give the same
value of the S/A intensity correction factor at room tempe
ture as measured by the CW Ar1 laser measurement, indi
cating that its temperature dependence is negligibly sma

For d'0.8, the experimental data on the temperature
pendence of optical response in the visible region are a
not available. The data of Fugolet al.19 indicate that absorp-
tion for light polarized parallel to the CuO2 planes in a
d'0.7 YBCO film is almost temperature independent at
eV, while it shows temperature dependence in the region
the 1.75-eV Cu-O charge-transfer absorption peak. Howe
since this peak does not extend above 2 eV, we expect th
does not influence absorption at 2.33 eV significantly. In
absence of other experimental data we expect that also
d'0.8 YBCO temperature dependence of the correct
constants is small enough that it does not significantly in
ence our interpretation of the results, while the data
d'0.1 are, in principle, more reliable, and the assumptio
are experimentally verified. In summary all the necess
correction factors can be accurately obtained and cr
checked experimentally giving us confidence in the accur
of the measurednneq.

IV. DISCUSSION

A. Estimate of the carrier lifetime and discussion
of the probing process

In a system as complex as YBCO there are many lo
energy excitations apart from optical phonons~e.g., mag-
nons! that can take up the relaxing-PE-carrier energy. In o
experiment, only the optical-phonon part of the relaxed
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ergy can be accessed. Despite unknown branching ratio
observed optical phonons, the magnitude of the effective
carrier lifetime can be estimated by comparing data for
1.5 and 70 ps experiments in terms of a simple model.

In the model we describe the PE carriers with their v
ume density,nc , and the effective lifetimetc . The effective
lifetime includes the PE-carrier relaxation to all possib
channels. The time dependence of the carrier number de
nc is given by a simple relaxation-time approximation:

dnc~ t !

dt
52

nc~ t !

tc
1kg~ t !, ~7!

wherek is the absorption coefficient andg(t) is the incident
photon flux density following the temporal profile of the l
ser pulse. Assuming that at least a part of the PE-car
energy is transferred to optical phonons whose anharm
lifetime is tp~a part of the PE carrier energy may be as w
transfered to other low-energy excitations!, the time depen-
dence ofnneq is described by

dnneq~ t !

dt
52

nneq~ t !

tp
1
cpc
Np

nc~ t !

tc
. ~8!

The second term on the right-hand side is the phonon g
eration rate wherecpc is the average number of phonon
created by a carrier, which implicitly includes also th
branching ratio to optical phonons, andNp is the number of
different phonon modes per volume unit involved in the
laxation process.

Since a pump pulse is simultaneously a probe, the m
sured nonequilibrium-phonon occupation numbernneq is
given by Eq.~4!. The laser pulse shapeg(t) is assumed to
have a Gaussian temporal profile,

g~ t !5A2

p
j 0
T

tL
expS 2

2t2

tL2
D , ~9!

wheretL is the laser pulse length,T is the pulse repetition
period andj 0 is the average photon flux density.

Equations~7!, ~8!, and ~4! are numerically integrated to
obtainnneq as a function of the inverse PE-carrier relaxati
time, tc

21 . The resulting curves for the two experiment
pulse lengths and different phonon lifetimes are shown
Fig. 6. For 1.5-ps pulsesnneq increases almost linearly with
increasingtc

21 for long PE-carrier lifetimes and it saturate
when tc

21 approachestL
21 . For the 70-ps pulses the initia

increase is less steep, saturation is stronger due to the sm
value oftL

21 and it sets in at smaller values oftc
21 . For both

pulse lengthsnneq increases with increasing phonon lifetim
with a stronger increase for the 70-ps pulses.

To enable comparison of the experimental data with
model, we estimate the phonon lifetimes from the phon
Raman linewidths. At room temperature ford'0.1,
Dv'50 cm21, and Dv'20 cm21 for the apical-oxygen
phonon and the planar-buckling phonon, respectively.
d'0.8, the apical-oxygen phonon linewidth isDv'30
cm21 and the planar-buckling phonon one isDv'18
cm21. Although this includes also inhomogeneous broad
ing we can estimate the lower limit for the phonon lifetim
which is sufficient for our discussion. We obtaintp;0.2 ps
for the apical-oxygen phonon andtp;0.4 ps for the planar-
to
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buckling phonon. This is consistent with the values
;0.5 ps obtained for both phonons from experimental te
perature dependences of phonon linewidths.21–23

The room-temperature value ofnneq in the superconduct-
ing sample withd'0.1 is nearly the same for both 1.5 an
70 ps pulse lengths. Taking the room-temperature pho
lifetime of;0.5 ps we estimate from the cross section of t
curves fortp50.5 ps~the curves with square symbols in Fig
6! an effective PE-carrier-energy lifetime to be in the ran
10–100 ps. Here we use the fact that the position of the c
section along abscise does not depend on the unknown
pling parametercpc /Np and therefore on the branching ratio
to different excitations. We stress here that this is an estim
of the time it takes for the carrier to reach equilibrium a
not of its lifetime in the excited state as implied by th
model, which uses only a simple relaxation-time aproxim
tion for description of the PE-carrier system.

Using the result that the phonon lifetime is apparen
much smaller than the effective PE-carrier lifetime, the nu
ber of emitted phonons per unit volume is

Np'
cpc
nneq

tp
tc
nc. ~10!

In our experiment, the PE-carrier densitync;431018

cm23. Since the photon energy is 2.33 eV and the phon
energy;50 meV, 10–40 phonons are released per absor
photon. Taking the room-temperature experimental value
nneq, we getNp ; 1018 cm23 which is much smaller than
the density of phonon modes in an optical-phonon bran
Since Raman scattering probes the phonons with wave
tors near the center of the Brillouin zone, this would imp
that the PE carriers relax primarily by emitting low mome
tum optical phonons near the center of the Brillouin zon
Alternatively, in a scenario which is consistent with the r
laxation mechanism proposed in the next section—toge
with the low dispersion and short anharmonic lifetime of t
optical phonons—thek-selection rule is no longer valid an

FIG. 6. The calculated nonequilibrium phonon occupation nu
ber ~4! as a function of the inverse PE-carrier relaxation tim
tc

21 , for two different pulse lengths and different phonon lifetime
tp . The number of photons per pulse as well as ratiocpc /Np are the
same for both pulse lengths. In this modeltc

21 is proportional to the
PE-carrier energy relaxation rater E .
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the vibrational modes excited by carriers are local modes
which the Ramank→0 selection rule is not relevant.

From Fig. 6 it can be seen thatnneq increases with increas
ing phonon lifetime and decreases with decreasing PE-ca
relaxation ratetc

21 . Sincetp increasesslightly with decreas-
ing temperature, we can state with confidence that the
served strong temperature dependence ofnneq is not a result
of the temperature dependence oftp . The temperature de
pendence ofnneq can as well be a consequence of tempe
ture dependence of the coupling parametercpc /Np . In this
case however, the observed temperature dependence onneq
should be the same for different excitation laser pu
lengths, which is not the case in our experiment. We the
fore conclude that the observed strong temperature de
dence ofnneq is mostly a consequence of a decrease of
PE-carrier energy relaxation rate with decreasing temp
ture.

B. Carrier relaxation via localized states

The hot-carrier energy relaxation rate,r E , in semiconduc-
tors with hot-carrier energyE@kT and where carriers ar
assumed to relax viaextendedstates is virtually independen
of the lattice temperature irrespective of whether
electron-phonon interaction is via deformation potential
via polar optical scattering.24

In contrast, the measurements ofnneq in YBCO show a
strong temperature dependence ofr E for both d'0.1 and
0.8. In addition, we find an unusually long room-temperat
effective PE-carrier lifetime~which is the total time the car
rier is out of equilibrium! so we propose that the PE-carri
relaxation in YBCO proceeds byhopping through a band o
localized states.There are however other possible mech
nisms giving temperature dependence of the PE-carrier
laxation rate~e.g. strong band dispersion or/and correlat
effects!. But the fact that PE-carrier relaxation virtual
freezes out at low temperatures~as indicated by almost two
orders of magnitude drop of thenneq with decreasing tem-
perature! definitely favors the PE-carrier localization.

The temperature dependence of electronic relaxation
localized state systems has so far been discussed in d
only in the context of charge transport and the frequen
dependent conductivitys(v).25–27 The relaxation processe
discussed in these works generally consider the hopping
havior of carriers nearEF , since they are interested prima
rily in low-frequency properties of such materials. In o
case the carriers are excited far above equilibrium and
these models cannot be directly applied, although the b
mechanisms for hopping can be similar and indeed the
dicted temperature dependence of the conductivity is sim
as we observe for the PE-carrier energy relaxation rate.

The relaxation of PE carriers can proceed either via
tragap defect states as in a Fermi glass,5 or through self-
trapped polaron states. The existence of polaronic s
trapped states in superconductor insulator precursors
binding energies in the range 60–100 mV has been kno
from photoinduced absorption and fits to the midinfrared
gion ~0.1–0.5 eV!.28 The T dependence of the hopping ra
in this case is essentially determined by the barrier he
W, which is related to the polaron binding energyEB and so
the temperature dependence ofr E is essentially given by the
expression for activated hopping.25
r
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Alternatively in the Fermi-glass picture, the carriers rel
to lower energy mainly by tunneling through a cascade
neighboring states. However, occasionally they have to
upwards because there are no neighboring sites with lo
energies available giving rise to a temperature-dependen
laxation. The probability for transition upwards is propo
tional tow0exp(2W/kBT), whereW is the energy difference
between neighboring localized states, andw0 is the probabil-
ity for transition downwards. Ifp is the probability that dur-
ing relaxation a carrier hops to a site with all neighbori
sites at higher energy, then the carrier energy change a
N hops is

DE5WNp2WN~12p!5WN~2p21!. ~11!

The average time needed forN hops is

Dt5NpFw0expS 2
W

kBT
D G21

1N~12p!w0
21 , ~12!

since the average time for a hop is inversely proportiona
the transition probability. The energy relaxation rater E is
then given by

DE

Dt
52

w0W

p F12p

p
1expS W

kBT
D G21

. ~13!

At low enough temperatures, such thatkBT
,W/ ln@(12p)/p#, and neglecting the temperature depe
dence ofw0, we obtain

DE

Dt
'2

w0W

p
expS 2

W

kBT
D .

To enable such behavior up to room temperature as
served in our experiment,p has to be larger than;0.2. If a
uniform distribution of localized states over an energy int
val is assumed, then for a localized state which lies in
middle of the energy band, the probability that all its neig
boring sites are at higher energy is 0.25 when each site
two neighbors~chains! and 0.0625 in the case of four neigh
bors ~planes!, so our experiments suggest that carriers
localized in a one-dimensional~1D! structure.

For d'0.1, the chains are the most obvious 1D feature
YBCO. However, apart from the chains there are also ot
possibilities of 1D structures, for example a cross section
twin boundaries and the CuO2 planes, in-plane stripes29 or
1D charge-density-wave structures30 which have all been re-
ported in YBCO. However, the latter two are observed o
at lower temperatures, while the relaxation scenario wh
we are discussing is essentially the same at room temp
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ture, apparently making these two possibilities less likely.
the insulator, withd'0.8 there are no fully occupied chain
and no twin boundaries, but the number of neighbors is sm
and there is some local chain formation31 in the basal plane
so the picture is also consistent with the proposed Fer
glass relaxation mechanism. The activation energies we
tain from the fits in Figs. 4 and 5 are consistent with t
values obtained in transient photoconductiv
measurements,5 and also with polaron binding energies o
tained from fits to the midinfrared conductivity spectra
YBCO.28 Although the valueEa5210 meV obtained for the
apical O vibration in the insulator is rather high, the imp
cation of a deeper potential for carriers trapped in the Cu
chains is consistent with calculations.33

C. Discussion of the implications regarding
the electronic structure

In our experiments the carriers are excited within 2.33
of the EF . To determine the final states of the PE proce
one has to identify the relevant optical transitions at a giv
photon energy. Fortunately, ford'0.1 YBCO, the optical
transitions can be identified with the help of local-dens
approximation ~LDA ! band-structure calculations togeth
with experimental ellipsometry data.7 For c-axis-polarized
light the transitions are from the in-CuO2-planepds anti-
bonding bands lying;1 eV below the Fermi energy to th
chain antibonding O~4!-Cu~1!-O~1! pds band.32 For light
polarized parallel to the CuO2 planes, transitions are largel
~although not exclusively! with both initial and final states in
the CuO2 planes. The initial states lie;2 eV below the
Fermi energy, and the final states lie just aboveEF . In ad-
dition, there are also some transitions between differ
Cu~1!-O~1! chain bands for light polarized along theb axis.

In insulating YBCO withd'0.8, optical transitions in
this energy range are somewhat harder to identify, since
to strong electron correlation effects LDA calculations ca
not be used as a reliable guide to the transitions involve7

However, from the resonant Raman data ond'0.9 samples,
Heyenet al.12 conclude that for light polarized parallel to th
CuO2 planes the transitions involved in the energy range
to ;2.5 eV are from the charge-transfer band to the up
Hubbard band~UHB!. For c-axis-polarized light, the transi
tions in the same energy range are assigned12 to transitions
from initial states in the occupied Cu~1!d3z22r2-O~4!pz
dumbbell band to final states in the UHB which has a
some Cu~2!d3z22r2 character.

Thus both in insulating and metallic YBCO, PE involve
electronic transitions from planes to chains@or Cu~1!-O~4!
dumbbells in the case of insulating YBCO# or vice versa for
c-axis-polarized light and mostly transitions in the CuO2
planes for in-plane polarized light. However, since the
carriers can partially relax before localization, the position
localized states relative to theEF cannot be inferred from the
position of the initial PE states, which is only the upp
boundary. Taking into account that in the present exp
ments only the PE carriers with energies above the pho
energy are detected, the observed localized states are at
one phonon energy away from theEF . We cannot determine
n
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whether the localized states are above or belowEF since
either holes or/and electrons can relax producing opt
phonons.

In insulating YBCO withd'0.8 the apical oxygen pho
non shows significantly higher nonequilibrium phonon occ
pation numbers than the planar-buckling one. This is con
tent with stronger localization in the basal plane or in t
Cu~1!-O~4! dumbbells. On the other hand, ford'0.1, the
difference between planar-buckling and apical-oxygen p
non nonequilibrium phonon effects is less dramatic, b
somewhat surprising is the implication by the data that loc
ized states exist also in the CuO2 planes in the normal stat
of the optimally doped material.

The origin of the carrier localization is still not clea
Single-particle spectra from angle-resolved photoemiss
spectroscopy35 imply the existence of a narrow band close
the Fermi energy. The origin of the band narrowing could
Holstein narrowing due to lattice polarons for example, or
effect of electronic correlations, or most likely both. Th
bandwidth observed experimentally is comparable tokT and
lattice imperfections or defects can easily lead to carrier
calization within such a band. However, it is also appar
from angle-resolved photoemission spectroscopy that a,
sibly incoherent, background has nonzero spectral weight
tending up to the Fermi energy, and these states could
be responsible for the temperature-dependent carrier re
ation. In any case, any tendency for carrier self-localizat
effects will be enhanced even further by the significant d
order present in these materials.

V. CONCLUSIONS

In conclusion, the pulsed resonant Raman-scattering
periments show quite clearly—and independently of
model for the relaxation process—that some PE-carrier
laxation proceeds via localized states. The comparison of
measurements with 1.5-ps and 70-ps laser pulses indic
that in metallic (d'0.1) YBCO the effective room-
temperature PE-carrier lifetime is in the range 10–100
while for d'0.8 the lifetime is shorter, probably in the 1 p
range. The present data and relaxation scenario are in ag
ment with recent photoinduced absorption measurement
Thomaset al.34 who observed a long-lived relaxation com
ponent after laser photoexcitation in metallic YBa2Cu3O6.9
and Bi2Sr2CaCu2O81d which they also attributed to carrie
localization effects in the normal state of the superconduc

Theoretically, relaxation via either polaronic states or
Fermi-glass relaxation scenario can both reproduce the
perimental temperature dependence of the carrier relaxa
the latter model suggesting that the states through which
relaxation takes place are in one-dimensional chains.
though the position of the localized states in real space
be discussed with some degree of certainty, we can only s
that the localized states lie within a 2.3 eV wide band arou
EF and relaxation measurements—either Raman or tim
resolved photoinduced absorption—with different las
wavelengths would be necessary to determine their ene
more precisely. The presence of localized states in the o
mally doped superconductors is believed to have impor
consequences both for superconductivity and hot-carrier
vice design using these materials.
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